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Abstract
This paper considers the application of a vibration-based damage assessment approach based on signal correlation for the purposes of delamination assessment in composite structures. The method uses the cross-correlation between two signals measured in different points on the structure in order to diagnose the delamination. The linear cross-correlation as well as a new measure for nonlinear cross-correlation, the average mutual information are introduced and applied for the purposes of delamination assessment. The delamination assessment is based on the comparison of the measures for the healthy and the damaged state of the structure. Both methods are experimentally validated for the case of a composite beam made of carbon fiber. The two measures are applied with measured free decay acceleration responses. They are used for delamination detection and localization.
Introduction
Maintenance and operation costs are usually among the largest expenditures for most structures - civil, aerospace, and military. An ageing structure may reduce profits with increased maintenance costs and down time and it can become a hazard for its users. The ability to access the integrity of a structure and discover a fault at a rather early stage, before it has developed so that it can cause damage to the structure, can significantly reduce these costs. A large class of the structural health monitoring (SHM) methods are vibration-based methods where the state of the structure is assessed using its vibration response. 
Structures made of composite materials have an increasing importance in many contemporary industrial, civil and military applications and in particular in the aviation field. They are progressively replacing traditional materials due to their advantages. A composite material is made of two or more materials in order to achieve better properties. The greatest advantage of composite materials is the possibility to make them very strong and light at the same time, compared to traditional ones. Technology has developed a large number of composite materials, the most important of which is the laminate. Laminates are structures made of two components: fibers and resin. Fibers are often made of carbon, glass or Kevlar, while resin is commonly epoxy. Resin keeps the fibers together and gives toughness to the component, while fibers carry on the loads and provide stiffness and strength. Composite laminates are layered structures and the ply orientation depends on the expected directions of the loads. Besides the number of excellent properties, composite materials and especially laminates also present some difficulties, particularly related to their layered nature, which induces the formation of new failure modes. Delamination is probably the most common failure mechanisms for composite materials: repeated cyclic stresses, impact, deformations cause the layers to separate and induce a significant loss of mechanical strength. Delamination is particularly dangerous because structures made of composites can lose up to 60% of their stiffness, and still remain visibly unchanged. 
[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK3]This work focuses on the use of the vibration response of structures made of composite laminate materials for their integrity and health assessment. Laminates are very difficult to inspected and almost impossible to repair, thus the evaluation of the health state of such structures is a must for most industrial applications. We are using a vibration-based structural health monitoring (VSHM) approach. VSHM methods can be largely divided into two main categories [1] model-based methods and non-model based ones. The first category uses a vibratory model of a certain structure in order to assess its health and condition, while for the second category of methods no model is assumed and/or required. Most of the model-based methods use a linear structural model. The methods used for structures made of composites tend to be non-model based ones because of the complexity of their material properties which are difficult to model accurately. [2] provides a comprehensive review of the vibration-based structural health monitoring techniques developed for characterization of delaminated composite structures. 
From a different view point regarding the response that a certain method uses, the VSHM methods can classified as modal-based methods, those that use the frequency response of  structure and methods that use the time domain vibration response.  The first several natural frequencies of structure are easy to obtain from experiment which makes them attractive as damage features. A lot of the VSHM methods targeted for structures made of composites use the structural resonant frequencies as damage/delamination features. The authors of [1] mention that the presence of delamination in a structure would decrease structure’s natural frequencies and increase its modal damping as compared to the intact structures. Adams, et al. [3] tested glass-reinforced plates to attempt to detect damage after both static and fatigue torsional loading. They found damping to be more sensitive than frequencies for detecting the onset of delamination. They also noted that some changes in the dynamic properties in the early stages of damage could be recovered after a rest period. Cawley and Adams [4] apply a frequency-shift-based damage detection routine to several damage cases (holes, saw cuts, crushing with a ball bearing, local heating with a flame, and impact) in composite materials (CFRP plates and honeycomb panels with CFRP faces). They were able to locate low levels of damage accurately. Sanders, et al. [5] measured the modal parameters on damaged graphite/epoxy [0/903]s beams. Damage was induced by tensile loading the beams to 60%, 75%, and 85% of the ultimate tensile strength. It was diagnosed using a sensitivity method based on the measured natural frequencies. Results agreed well with independently obtained findings based on static stiffness measurements and crack densities from edge replication. Because this damage was approximately uniform throughout the beam, the ability of the method to localize damage was not demonstrated. Diaz Valdes and Soutis [6] used a novel method known as resonant ultrasound spectroscopy to determine the modal frequencies of a composite beam obtained from an eight-ply [0/90/90/0]s carbon/epoxy laminate of size 330 mm x 300 mm. The laminate was fabricated using T800-924C prepreg tapes. They used commercial, brass backed, piezoceramic transducer and a piezoelectric film element (AMP Inc., LDTO-028-K) bonded near the beam's fixed end and operated as actuator and sensor respectively. Changes of the modal frequencies after delamination initiation, compared to those of a non-delaminated specimen, gave a good indication of the degree of damage, demonstrating the feasibility of using measured changes in the vibration characteristics to detect damage. In [7] the authors of the current study make use of the resonant frequencies of a composite beam for the purposes of delamination assessment. 
But it should be noted that there are a number of examples when these frequencies turn out to be insensitive to a certain kind of damage especially in its initial state when it has not developed enough [2,8].  The frequency changes induced by small delamination in certain structures tend to be of the order of the variance of the estimates. On the other hand for most application one would be interested to detect delamination in its earliest possible stage before it has developed to size when it can cause damage to the structure and/or the environment. It should be also noted that structures made of composites on a lot of occasions demonstrate quite well expressed nonlinear behaviour, while most of the above mentioned methods use a linear model. The nonlinear behaviour is mainly due to their material properties and the fact that they are inhomogeneous. Traditional spectrum analysis and modal analysis are applicable to structures with linear dynamic behaviour and thus strictly speaking they cannot be applied to structures made of composites. Moreover on a lot of occasions the measured vibration response signal from structures made of composites is a nonlinear one and thus it is difficult and on some occasions even impossible to extract information, including the natural frequencies, from its frequency domain representation. Thus most of the above mentioned methods might be inapplicable for structures made of composites. 
Monitoring methods based on the time-domain vibration signatures represent a relatively new paradigm in SHM [7-9]. These methods are mostly based on non-linear dynamics tools and signal analysis and most of them utilize statistical characteristics. They represent a very attractive alternative, especially for structures made of composites, since they do not assume any model or linearity of the structure under interrogation and they only require the measured structural vibration signals in the current and possibly in a baseline (undamaged) state.
The method suggested here falls into this category and does not require any model and is not based on any assumptions for linearity. It is only based on two signals measured in two different points on the structure. In this study it as applied to a composite beam. The natural frequencies of the beam in this case turned out quite difficult or rather impossible to use especially for diagnosing small delamination. Thus this particular application called for a different method. In this paper we use two different versions of the cross-correlation – namely the linear cross-correlation and a nonlinear version of correlation between two signals defined by the mutual information that two signals share with each other. 
Background of the method
Signal cross correlation and its application as a damage metric.
Cross-correlation is a measure of similarity of two signals as a function of a time-lag applied to one of them. Let x(t) and y(t) are the two signals measured on the structure. The cross correlation between two discrete signal is defined as follows [10]:

		(1)
The cross correlation is a signal as well. It has a maximum when the two signals are aligned. The normalized cross-correlation function between two signals is defined as [9]: 

		(2)

where Rxx and Ryy are the autocorrelations of x and y respectively. It should be noted that  for all m.
If y is the same signal as x their cross-correlation will have a maximum for 0. If x and y are linearly related then y will be a shifted and amplified/attenuated version of x. So their cross-correlation will have a maximum and their normalized cross-correlation will be 1for the shift between the two signals. On the other hand the normalized cross-correlation will be 0 or close to 0 for all time lags m if two signals are not linearly related.
Let the two signals x(n) and y(n) be  measured on the same vibrating structure and let us assume that it is linearly vibrating. Then the signals x and y will be linearly related. Hence their normalized cross correlation (2) will have a maximum of 1 for the shift between the two signals. When the maximum normalized cross correlation between two signals measured on a vibrating structure is less than 1, then this is due to noise and any nonlinearities present in the structure. For a real structure with close to linear behavior (when there is not a lot of noise interference) the maximum normalized cross correlation will be close to 1. When delamination (or other damage) is introduced in a structure this can be shown to decrease the dependence between the signals x and y. This is why cross correlation can be used for damage assessment in linearly vibrating structures or in structures with close to linear vibratory behavior. 
In this study the maximum normalized cross correlation is used as a delamination metric:

                                                                                                                                      (3)
The cross correlation has been suggested as a measure for damage assessment by other authors although in a different form [10]. 
The mutual information and its application as a damage metric.
A lot of vibrating systems cannot be considered linear especially at high amplitude vibrations and/or at high frequencies. For such systems we suggest a nonlinear analogue of the cross-correlation - the mutual information. The mutual information is a theoretic idea that connects two signals and it determines the amount of information that one of the signals “learns” from the other, or in other words, it determines their mutual dependence in terms of information [9,12,13]. 
Let x(i) and y(j) be two signals measured on a vibrating system. The mutual information function between x and y is defined as:

		 (4)
The right hand side of (4) is the mutual information between the signals x and y which can be expressed as [12]:

		(5)
where Pxy is the joint probability density function of the signals x(i) and y(j), and Px and Py are the individual probability densities of x(i) and y(j) respectively. 

The mutual information measures the full dependence between the signals x and y, while the cross-correlation only measures linear dependence (the linear part). It can be shown for instance that if the signals x and y are linearly related (y is a shifted and attenuated/amplified version of x) then both, their cross correlation and their mutual information, will be nonzero  [11,12]. But if the relation between two signals is purely nonlinear (e.g.   ) then it can be shown that their cross-correlation is zero for all m, while their mutual information is nonzero and thus can be used as a measure for their dependence [12]. 
The average over all measurements of the mutual information statistic, the average mutual information (AMI) between x(i) and y(j), is

		(6)

It measures the average amount of information learned between the two signals. The AMI varies between 0 and 1. It will be 0 if two signals are completely independent so that . 
On most practical occasions the mutual information of two signals should be estimated from observations. It is known from information theory that the mutual information between two signals is the limit of the mutual information between their quantized versions [13]. Thus the average mutual information can be estimated from observations by partitioning the signals x and y into non-intersecting intervals. The estimate of the mutual information is simply calculated as a finite sum over all the cells of the partition. In this study the algorithm from [13] is used to obtain an estimate of the average mutual information between two signals. 
Now let the signals x and y be measured on a vibrating structure. For a linearly vibrating structure the situation was explained above in &2.1. For a nonlinearly vibrating structure the cross-correlation is not likely to be able to detect the nonlinear dependence between the two signals and thus it will be close to 0. On the contrary the AMI will detect this dependence and it will be close to 1. As it was argued above delamination in the structure reduces the dependence between the two signals. For the case of nonlinear dependence between the two signals, the AMI being sensitive to nonlinear signal relation, will be able to pick up changes introduced by damage and delamination. 
In this study the average mutual information Ixy as defined by equation (6) is used for the purposes of signal comparison and as damage metric.
Delamination  detection and delamination localization
Delamination Detection
We introduce two damage/delamination indexes based on the two metrics, which give their relative percentage changes with respect to the ones for the  intact structure. The index  below represents the relative percentage change in the maximum cross-correlation as compared to the no-delamination case for a point j where the signal y is measured:

		(7)


where   is the cross-correlation corresponding to the initial state, which is assumed undamaged, for the signal yj and   is the cross-correlation corresponding to the current possibly damaged state. In a similar way we now introduce a delamination index based on the AMI which represents the relative percentage change in the AMI between the baseline (undamaged) condition and the current possibly damaged one for a point j where the signal y is measured:

		(8)
Our first aim is to check the ability of the two damage indexes to detect delamination in the composite beam tested. The maximum value of the damage indexes for all the points pj, will be used for detection purposes. 
Delamination localization


For localization purposes the individual indexes measured in the different points pj are used. The idea is that the two indexes  and   will be sensitive to the damage location and the closer the point to the delamination the more the indexes will be affected. Thus the point where the corresponding index has the highest value as compared to the values in the other measurement points will indicate the position(s) of the delamination. If the delamination is long enough so as to be found under or close to several neighbouring measurement points then the values in all these points will be affected. A high delamination index in two or more points which are not next to each other can help to detect more than one delamination present in the structure. 
Case study
10 layers composite laminate beams made by carbon fiber (T300) - epoxy resin (SE 84 SP-Gurit) woven prepreg are manufactured in the Strathclyde University laboratories for the purpose. Prepreg densities are 300 g/m2 and 60% fiber volume. Beams were 650 mm long, 30 mm wide and 1.7 mm thick. Delamination was introduced artificially by a Teflon sheet during hand lay-up process. Three different sizes of delamination were introduced: “large”, “medium” and “small”. The small one is 115 mm long, the medium is 145 mm and the big one is 175 mm. Three different positions of the delamination along the beam length were tested (named “Left” (L), “Centre” (C) and “Right” (R)), and three positions through the specimens thickness (named “Upper” (U), “Middle” (M), “Lower” (L)), as shown in figures 1(a) and 1(b). 

[image: ] 	[image: ]
1(a): Along the length			1(b) Through the thickness

Figure 1: Delamination positions
The centers of the left, the right and the central delaminations are 175mm , 300mm and 425mm from the left end, respectively.  Beams were clamped in the left end by a G – clamp on a stiff table. Free length was 600 mm. Dynamic response was registered by two piezoelectric accelerometers in order to get the signals x and y. The position where x is measured was kept constant, the signals y were measured in three different positions along the beam (see Figure 2). In this tests the beam is given an initial impulse excitation and the free decay responses in the two points are recorded.
In order to minimize possible errors from manufacturing process and also errors coming from measurements, noise etc., three identical items for each configuration were manufactured, and each test was repeated 10 times with each beam. Results are the averages from all the tests.
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Figure 2: Accelerometer positions along the beam.
Some results
Delamination Detection
First the results from the delamination detection are considered. Detection is performed using the indexes introduced in &3.1. The maximum indexes are used for detection purposes. The results for the different sizes and positions of delamination are presented in the tables below.  Table 1 presents the results for the cross-correlation index and Table 2 presents the results for the AMI-based index for the different delamination sizes and locations. It can be seen that all the sizes of delamination can be detected- the maximum indexes are above 5% which can be accepted as a noise limit. Even for the cases of small delamination both indexes are above 6%. The AMI based indexes are a bit higher than the cross-correlation ones.  The indexes grow considerably when the size of the delamination changes from small to medium and then to large. The change in the cross-correlation indexes is more perceivable than the changes in the AMI-based index. Thus it can be said that the cross-correlation in this case is more sensitive to changes in the delamination rather than to its initiation. The AMI demonstrates the opposite- it can be of better use for delamination detection rather than for quantification purposes. Figure 3 below represents the change in both indexes for the cases of left delamination-upper, lower and middle.




	Delamination position/ size
	Small
	Medium
	Large

	
	Mean value
	Standard deviation (%)
	Mean value
	Standard deviation (%)
	Mean value
	Standard deviation (%)

	Left-hand
	Upper
	7.00
	2.11
	22.11
	1.29
	45.11
	1.22

	
	Lower
	6.21
	2.00
	20.09
	1.98
	44.09
	1.99

	
	Middle
	7.20
	2.09
	25.02
	2.11
	46.00
	3.44

	Right-hand
	Upper
	6.90
	2.11
	22.11
	2.55
	42.11
	1.22

	
	Lower
	6.78
	2.66
	21.67
	1.78
	43.09
	3.02

	
	Middle
	7.20
	2.09
	25.62
	2.11
	46.14
	3.44

	Centre
	Upper
	6.81
	2.99
	23.20
	1.35
	41.34
	2.11

	
	Lower
	6.55
	2.11
	21.09
	1.43
	40.45
	2.09

	
	Middle
	8.00
	3.10
	24.41
	1.23
	47.00
	3.09


Table 1: Cross correlation index mean values and standard deviations
	Delamination position/ size
	Small
	Medium
	Large

	
	Mean value
	Standard deviation (%)
	Mean value
	Standard deviation (%)
	Mean value
	Standard deviation (%)

	Left- hand
	Upper
	7.59
	3.12
	11.11
	2.11
	17.42
	3.01

	
	Lower
	7.55
	3.04
	10.09
	3.04
	16.09
	2.77

	
	Middle
	8.00
	3.01
	12.70
	2.07
	19.07
	0.45

	Right-hand
	Upper
	7.02
	2.98
	10.98
	2.11
	17.80
	1.98

	
	Lower
	6.77
	3.45
	10.45
	2.02
	16.54
	1.76

	
	Middle
	8.11
	3.56
	12.05
	2.98
	18.9
	3.13

	Centre
	Upper
	8.08
	2.45
	10.22
	3.11
	20.12
	4.10

	
	LOWER
	7.88
	2.88
	10.11
	2.90
	20.09
	3.89

	
	Middle
	8.78
	2.21
	11.11
	3.09
	20.16
	2.61


Table 2: AMI-based index mean values and standard deviations. 

Figure 3: Delamination indexes sensitivity to delamination
Delamination localization
The introduced indexes can be used to also localize the delamination along the beam. We measured the y signals in three different positions along the beam. It is thus expected that that the maximum index will be the one whose position j is closest to the delamination. In this case we only have three measurement positions for the y signals which are shown in Figure 2. Thus we should be able to distinguish between left-hand, right-hand and middle delamination. Some results from the delamination localization are shown on Figure 4 and Figure 5. Figure 4 presents the cross correlation-based indexes for right hand delamination and Figure 5 gives the AMI index for left-hand delamination. The indexes are given for the case of small delaminations. All the indexes with respect to the beam thickness are given. It can be seen that in both cases the delamination is very precisely localized. There might be a bit of confusion for the cases of bigger delamination because the ends of the delamination come quite close to the neighboring measurement points. 

Figure 4: Cross-correlation indexes for right hand delamination



Figure 5: AMI index for right hand delamination





Discussion
This work suggests two methodologies for damage detection assessment based on the cross-correlation between two signals measured in different points on a structure. The linear signal cross-correlation between two signals is compared to a new damage metric suggested- the average mutual information. The average mutual information is regarded as an analogue to the cross-correlation for nonlinear signals and random signals.  The approach suggested is attractive from a practical view point since it uses the time domain signals measured in two points on a vibrating structure and the two correlation metrics/indexes are quite straightforward to calculate. The method is applied to experimental signals obtained for a composite beam. Since the composite beam has quite complicated nonlinear vibratory behaviour we expected the index based on the AMI to give a better performance than the one which uses the linear cross correlation. But in this case both indexes seem to demonstrate quite good performance. In general the AMI-based index is especially developed and suggested for structures with nonlinear vibratory behaviour when the two signals measured cannot be linearly correlated. While the cross-correlation based index is expected to perform for the case of structures with more linear vibratory behaviour. 
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