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ABSTRACT 

A novel delamination identification technique based on a low-population ge- 

netic algorithm for the quantitative characterisation of a single delamination in 

composite laminated panels is developed, and validated experimentally The 

damage identification method is formulated as an inverse problem through 

which system parameters are identified. The input of the inverse problem, the 

central geometric moments (CGM), is calculated from the surface out-of-plane 

displacements measurements of a delaminated panel obtained from Digital 

Speckle Pattern Interferometry (DSPI). The output parameters, the planar lo- 

cation, size and depth of the flaw, are the solution to the inverse problem to 

characterise an idealised elliptical flaw. The inverse problem is then reduced 

to an optimisation problem where the objective function is defined as the L2 

norm of the difference between the CGM obtained from a finite element (FE) 

model with a trial delamination and the moments computed from the DSPI 

measurements. The optimum crack parameters are found by minimising the 

objective function through the use of a low-population real-coded genetic al- 

gorithm (LARGA). DSPI measurements of ten delaminated T700/LTM-45EL 

carbon/epoxy laminate panels with embedded delaminations are used to val- 
idate the methodology presented in this thesis. 

KEYWORDS: DELAMINATION; IDENTIFICATION: CHARACTERISATION: GEOMETRIC 

MOMENTS; GENETIC ALGORITHMS; LARGA; DIGITAL PATTERN SPECKLE INTERFER- 

OMETRY-, DSPI. 
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Chapter I 

PROBLEM STATEMENT AND 
RESEARCH OBJECTIVES 

1.1 Background 

Damage and general material degradation reduce the life-time of composite 

laminates. Among types of damage, delamination is one of the most important 

because it can significantly reduce the compressive strength and stiffness of 

the laminate, primarily because the delarninated region loses flexural stiffness. 

For this reason the detection and posterior characterisation of the extent of de- 

lamination is important during the manufacturing process and the in-service 

operation of composite laminates. 

Detection of delamination has been performed and demonstrated by several 

authors using a wide range of experimental non-destructive techniques (NDT). 

Nowadays NDT of composites range from tapping to advanced neutron track- 

ing techniques. At the leading edge are optical interferometric techniques (01P) 

that are able to deliver two or three dimensional defect maps, at lower cost, and 

without physical contact with the sample being tested. The main drivers in the 

development of OlP for industrial application have been the need to (a) pro- 

vide the measurement results as rapidly as possible, and (b) in a form which 

allows non-specialists to visualise readily the damage state of the sample under 

test. 

One of the latest developments in the optical field is Digital Speckle Pattern 

Interferometry (DSPI), a full field strain measurement technique that can be 

used to extract out-of-plane displacement field from samples that are excited 
with a mechanical load as either temperature gradient, or negative pressure 



Problcm statc7ric7d and mscarch obj(, (! tit7cs 

in a vacuum chamber. Typically, DSPI provides a set of experimental data in 

the form of an array containing upwards MW individual measurements. Al- 

though DPSI has been successfully used to detect sub-surface delarnination in 

composite panels, little success has been achieved in post-processing the mea- 

surements contained in the resultant array, to characterise the flaw in terms of 

geometry, location and depth. 

1.2 Problem Statement 

When a delaminated composite laminate containing an embedded crack' 

is placed in a vacuum chamber, the external surface of the laminate tends to 

bulge. Bulging is the result of a pressure differential between the reference 

vacuum pressure inside of the chamber and the pressure of the air trapped in 

the delarnination. The latter may be either the pressure at which the laminate 

was manufactured or the atmospheric pressure 2. Using the DSPI technique, 

it is possible to detect the bulging effect aforementioned. The result of such 

technique is an array of measurements of out-of-plane displacements that fully 

describes the curvature map of the laminate surface that is closer to the detec- 

tor. The left-hand side of Figure 1.1 shows graphically the description of the 

problem. 
Based on the description given in the previous paragraph, the following 

statement condenses the research problem that is investigated in this thesis: 

Given a set of measurements of out-of-plane surface displacements, contained in an array 

of size upwards 512 by 512 elements obtained through the DSPI technique. determine quantita- 

tively the geometry, planar location and depth of the delaminated portion of a composite laminate, 

as a means of damage characterisation. 

Damage characterisation under the conditions described above is a so-called 
inverse problem because known loads and measured displacement fields are 
being used to infer information about the spatial distribution of the material 

constitutive behaviour. 

I From here in. the terms delamination and embedded delamination are used indifferently 
21t has been suggested 111 that in most cases the delamination surface is expected to be at atmospheric 
pressure, due to porosity in composite laminates that allows air to slowly ingress inside of the delarnination 
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laminates arc not known a priori? 
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3 

Figure 1.1. Definition of the research problem studied in this thesis. 

The left-hand side of the image shows the so called direct problem. In this direct problem, given 

a delaminated panel, then is necessary to detect o ascertain the presence of the damage. This 

kind of problem is usually solved through an experimental technique like DSPI. In this thesis 

the problem to be solved is classified as an inverse problem. Then, given the experimental results 

from the detecting technique is necessary to find the causes that generated such results. 

The following two sections presents the objectives, specific research ques- 

tions and method of the work carried out in this thesis. 
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1.3 Objectives and Research Questions 

Clearly, there is a need for an inverse technique that can be used to map DSPI 

measurements into precise topology of delarnination in composite laminates. 
The main objectives in this thesis can be stated as: 

I Develop an inverse computational technique to determine quantitatively the 

geometry planar location and depth of a single embedded delamination 

within a composite laminate from a set of experimental measurements ob- 

tained from the DSPI technique. 

2 This technique must be flexible and allow the easy integration of both chang- 

ing materials and laminate lay up, situation that is common in-service. 

3 This technique must be efficient at the time of manipulate experimental mea- 

surements from DSPI. 

4 This technique should provide the characterisation results as fast as possi- 

ble. 

These four objectives can be met if the following research questions are an- 

swered: 

I What is the state-of-the-art of both computational techniques for delamina- 

tion characterisation, and DSPI for detection of damage in composite mate- 

rials? This can be split into the following sub-questions: 

What computational techniques exist to model delamination in compos- 
ite materials? What are the limitations of these approaches? 

What are the latest developments of DSPI to detect damage? 

What numerical tools are available to represent in a compact manner 
the experimental information from optical interferometry techniques? 
What are the shortcomings of these tools? 

m What numerical techniques are available to characterize damage in engi- 

neering structures? 

m What is latest research on delarnination characterisation involving opti- 
cal interferometric techniques? 



Methodology and Experimental Setup 5 

2 Which of the delamination modelling techniques available in the literature 

are accurate and efficient enough to describe computationally an embedded 

clelamination? How can these techniques be adapted? 

3 How can the problem of characterisation of delarnination in composite lam- 

inates be formulated and solved? 

4 How can experimental DSPI measurements be incorporated into a fast and 

accurate validated computational methodology for the identification of de- 

lamination in composite laminates, that can be used in-service, where size, 

mechanical properties, and lay up of laminates are not known a priori? 

1.4 Methodology and Experimental Setup 

1.4.1 Research question 1 

Damage characterisation is inherently cross-disciplinary since it combines 
four broad disciplines stress-analysis, non-destructive testing, inverse prob- 
lems and materials science. The first research question is answered through 

an extensive literature on delarnination modelling, Digital Speckle Pattern In- 

terferometry for damage detection, two dimensional moments, and damage 

characterisation. 

1.4.2 Research question 2 

The basic approach to the characterisation of a single delamination is the pa- 
rameterization of the expected flaw. It is proposed that an embedded single 
delamination can be approximated as an elliptical-shaped crack with six para- 
meters: the coordinate of the centre in the plane of the laminate, the major and 
minor axes of the ellipse, the depth below of the measured surface and the ori- 
entation of the major axis with respect a frame of reference. Also, it is proposed 
that from a computationally point of view, a delarnination can be introduced 
in a finite element (FE) mesh using the sub-structure technique. The strength 
of the FE approach lies in the fact that it combines the experimental DSPI data 
into a model that can be easily ported into an inverse technique for damage 

characterisation. 
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1.4.3 Research question 3 

DSPI has the property to reveal damage as irregularities in a fringe pattern. 
This pattern is then post-processed as displacements gradients or out-of-plane 
displacements measurements that are typically contained in an array of 512 
by 512 pixels, this is nearly M05 individual measurements. DSPI measure- 
ments can be used in computerised damage diagnostic techniques. However, 

the main prerequisite for this is to decrease the amount of data contained in the 

resulting array. The problem to be considered here is how to reduce the size 
of the output array maintaining, at the same time, the physical significance 
of such results. It is proposed that the theory of two-dimensional geometric 
moments can applied to satisfy the above purpose. 

1.4.4 Research question 4 

It is proposed that genetic algorithms is a viable alternative for quantita- 
tive characterization of a single delamination in composite laminated panels. 
The damage identification procedure is formulated as an input-output inverse 

problem through which system parameters are identified. The input of the 
inverse problem, the two dimensional geometric moments (GM) set, is calcu- 
lated from the experimental surface displacements of a delaminated panel in a 

vacuum chamben The output parameters, the planar location, geometry and 
depth of the flaw, are the solution to the inverse problem to characterize the 
idealized debonding crack. The inverse problem is solved as an optimization 
procedure. The objective function of the optimization algorithm is defined as 
the normalized squared difference of the GM obtained from both the convo- 
lution of the experimental DSPI measurements, and from a FE model with a 
trial debonding. The optimum crack parameters are found by minimizing the 
objective function through the use of a novel implementation of real-coded 
genetic algorithms (LARGA). The performance of the characterisation tech- 
nique is evaluated using a set of carbon-fibre epoxy composite samples with 
systematically-varying and well-characterized defect geometries 3. 

3The author of this thesis acknowledge the collaboration of Dr Pablo Ruiz at Loughborough University for 
providing the DSPI experimental results that were used in this work. 
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1.5 Scope of the Research 

7 

This thesis concentrates on characterisation of delarnination in composite 

laminates from experimental DSPI measurements. The mechanical proper- 

ties of the composite laminate used in the DSPI experiment are assumed to 

be known and accurate. Although DSPI is an emerging technology, issues like 

precision, accuracy, and error analysis of the technique are not well under- 

stood, then the description and research related to these topics are beyond the 

scope of this thesis. Readers can refer to Rastogui [21 for the latest develop- 

ments on DSPI. 

1.6 Relevance of the Research 

Immediate beneficiaries of this research are companies that manufacture a 

wide range of composite components which must meet stringent performance 

criteria. Then, quality control of the manufacturing process is seen as one of 

the main initial applications of the technique described in this thesis. 

1.7 A Road Map to This Thesis 

Chapter 2, "Literature Review, " presents the other research publications that 

are relevant to the work reported in this thesis. This chapter addresses Re- 

search question 1. 

Chapter 3, "A finite element model for embedded delarnination, ". discusses 

the principles of finite element modelling of embedded delaminations, focus- 

ing on speed and accuracy of the solution. This chapter addresses Research 

Question 2. 

Chapter 4, "A Theoretical Background on Inverse Problems, Optimisation 

and Genetic algorithms, " presents a revision on identification of cracks, in- 

verse problems and their solution through genetic algorithms. This chapter 

addresses Research Question 3. 

Chapter 5, "Delamination identification through genetic algorithms, " ad- 
dresses Research Question 4. This chapter bring together the lessons learned in 

chapters 2 to 4 to develop a GA technique that provide quantitative measure- 

ments of delarnination in composite laminates. 
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Chapter 6, "Conclusion and Future Work, " seals this thesis. It takes a broad 

look at the research findings of this thesis, and compares them to the results 

of other approaches for characterisation of delamination. Finally, it discusses 

possible future extensions, including case based reasoning, neural networks, 

and other optimisation paradigms. 

1.8 Dissemination and Exploitation 

Selected portions of the work carried out during the research project have 

been published in international referred conferences and journals, as listed be- 

low. 

Maranon, A., A. D. Nurse, J. M. Huntley, and P. D. Ruiz. (2004). A low- 

population genetic algorithm to characterize sub-surface delamination. Applied 

Soft Computing. Submitted for review. 

m Maranon, A., A. D. Nurse, J. M. Huntley, and P. D. Ruiz. (2004). A low pop- 

ulation genetic algorithm applied to characterization of sub-surface delamination. 

In International Conference on Computational Intelligence for Modelling, 

Control and Automation (CIMCA'2004). July 12-14 2004. Gold Coast, Aus- 

tralia. 

m Maranon, A., A. D. Nurse, and I. M. Huntley. (2003). Characterisation of 

a single delamination using geometric moments and genetic algorithms. Optical 

Engineering 42(5): 1328-1336. 

Huntley, J. M., C. R. Coggrave, A. Maranon, A. D. Nurse, and P D. Ruiz. De- 

tection and sizing of delamination cracks in composite panels using speckle inter- 

ferometry and genetic algorithms. In Optical Measurement Systems for Indus- 

trial Inspection III (EOM01) - SPIE's Optical Metrology., June 23-26,2003. 

Munich, Germany 

Maranon, A., A. D. Nurse, and J. M. Huntley. Quantitative determination of de- 
fect geometries in composites using ESPI data and inverse analysis. In Photon02. 
September 2-5,2002. Cardiff, UK. SPIE. 
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a Maranon, A., A. D. Nurse, and J. M. Huntley Characterisation of delamination 

in composite panels using invariant moments. In SEM-2002. June 10- 12,2002. 
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Chapter 2 

LITERATURE REVIEW 

Abstract This chapter reviews the other research publications which are relevant to the 

work reported in this thesis. The quantity of literature concerning past research 

into delarnination, digital pattern speckle interferometry (DSPI), and damage char- 

acterisation is vast. Thus, this chapter contains a complete review of only relevant 

publications. This chapter is divided in three sections; first, findings of studies ex- 

amining delarnination cracks and its modelling is presented. Second, research 

concerning DSPI and its applications in detection is detailed. The last section 

presents the literature concerning damage characterisation in engineering struc- 

ture. Subjects directly relevant to the work reported in this thesis are covered in 

detail. Other areas not directly related to this work are included for completeness 

in less detail. 

2.1 Introduction 

Damage, detection, and characterisation are the three key concepts that con- 

stitute the basis of a fast-evolving discipline known as damage characterisa- 
tion. Damage refers to an imperfection in the material of a component that 

can be induced during the manufacturing or in-service operation. Detection, 

is a concept related to an experimental technique that permits to ascertain the 

presence or existence of damage in a given material or structural part. Finally 

characterisation refers to an analytical tool (most often a numerical one), that 
allows researchers and engineers to quantify the geometry and extension of 
damage from information derived from a detecting technique. 

In the scope of this thesis, delarnination in carbon composite panels is the 
mode of damage to be characterised, and Digital Speckle Pattern Interferome- 
try (DSPI) is the technique used to detect such a delamination. This chapter is 
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divided in three sections. The first section presents a literature review on de- 

lamination and its main properties. The second section details works on DSPI 

and its application to detection of delamination in composites. The last section 

presents a review on different methodologies that have been used to charac- 

terise damage in engineering structures. 

2.2 Delamination: A Mode of Damage 

Fibre reinforced materials and laminated materials are being used in differ- 

ent structural application. However, among problems in current use of these 

composite materials is the separation of the interfaces of the laminate known as 

delaminationi. Historically, Achenbach and Hemman [31 showed experimen- 

tally that due to the ratios of material properties on the plies in a composite 

laminate, large tensile and shear stresses, and subsequent edge delamination 

may occur at the interfaces of such laminate. 

2.2.1 The genesis 

During the late 1960's and early 1970's several researchers studied delamina- 

tion from an analytical point of view. Pagano [4] showed that the classical lam- 

inated plate theory (CPT) provided a poor description of the state of stresses 
in the interface of two adjacent plies in a laminate. He hypothesized that the 

main limitation of the CPT could be the underestimation of the shear deforma- 

tion between the laminate plied. Whitney 151 presented a modified CPT which 
included the effect of transverse shear deformations. However his theory did 

not predict accurately the large discontinuities in the slope of the shear stress 
at the interface of adjacent plies. A similar approach was followed by Puppo 

and Evenssen [61 to predict interlaminar shear stresses in tubular specimens. 
They suggested that delamination may not occur in tubular structures because 

they do not present free boundaries where the inter-laminar shear stress is not 
zero. 

I Detamination. Engineering. The separation of a laminate into its basic layers. Materials Science. A sub 
critical damage to the interfaces between the plies in a laminate composite that causes a reduction in the 
load carrying capacity of the composite. Academic Press of Science and Technology. Edited by Christopher 
Morris. Academic Press, 1992. 
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Increasing availability of computer power during the early 1970's gave rise 

to the implementation of complex numerical routines to calculate states of 

stress and delamination in composite materials. Pipes and Pagano [71 found 

the solution of the theory of elasticity through a finite difference technique in 

order to calculate the response of a finite-width composite laminate under ax- 

ial strain. They compared their solution against the one found by Puppo and 

Evenssen, and concluded that the Puppo-Evenssen model was not exact, espe- 

cially in the region close to the free-edge of the sample. 

Results from Pipes and Pagano lead researchers to investigate more in-deep 

the phenomenon of free-edge delaminations. Pagano and Pipes [81 studied 

the influence of the stacking sequence on the laminate strength. They noted 

that not only normal stresses but also interlaminar shear stresses are the root 

cause that precipitates delamination and strength degradation in composite 

laminates. Further investigation performed by these researchers let them to 

demonstrate experimentally the existence of free-edge delamination in fibrous 

composite laminates under uniform axial strain. They hypothesized that the 

stress component primarily responsible for the free-edge delamination is the 

inter-laminar normal stress [9]. Pagano [101 extended the work of Whitney [5] 

and Pagano-Pipes [91 by developing a modified plate theory that accounted for 

the existence of interlaminar normal stresses. 

As has been described before, after a few years of research (1965 - 1975), 

a number of theories and models about interlaminar stresses and delamina- 

tion was proposed. However these models were not supported for further and 

comprehensive experimental research, making their scope and predictions lim- 

ited, without a solid base for design of real structures. The next section details 

some of the research performed during the experimental age. 

2.2.2 The experimental age 

Increasing application of composite materials, like in aircraft and marine 

structures, prompted the need for understanding of interlaminar strength and 

mechanical performance of composites under low-velocity impacts. Interlam- 

inar strength properties have been necessary during the design stage in or- 
der to account for the influence of interlaminar stresses [ 111. Also, researchers 
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turned their attention to the experimental study of low-velocity impacts, in 

part, due to the fact that this type of impacts can create internal delaminations 

with no apparent surface damage, which can lead to a catastrophic failure dur- 

ing in-service operation of structures and aircrafts. Garcia and Rhodes [121 

studied effects of low-velocity impact on graphite polyimide laminates. They 

showed that the internal damage is a complex pattern of interply cracking and 

multilayer delamination. Additionally, they reported reductions in static com- 

pression strength of about 60 percent. Cantwell et al. [131 performed a series 

of impact tests on carbon/epoxy panels. They showed that composites ab- 

sorb energy elastically and in fracture mechanism such as delarnination, ma- 

trix cracking and fibre brakeage. Results from the C-Scan technique showed 

that the shape of the delamination is elliptical with the major axis of the de- 

lamination parallel to the fibre direction of the ply that is opposite to the im- 

pacted surface. His-Yung et al [14] performed similar study on graphite/epoxy 

panels. They found that delamination occurred only where there is a change 

in ply orientations. C-Scan testing on the impacted panels showed the same 

result that Cantwell et al. found: That the shape of the resulting delamina- 

tions is peanut-shaped. Liu [15] made and extensive study on low-velocity 

impacts in graphite/epoxy, glass/epoxy and kevlar/epoxy composite panels. 

He found that the shape of the resulting delarnination is independent of the 

material properties of the sample, and that the area of delarnination depends 

on the material properties and the impacting energy. A similar conclusion was 

formulated by Malvern et al. [16]. These authors found that there exists a lin- 

ear relation between the delaminated area and the imparted kinetic energy in 

low-velocity impacts. Choi and Chang [ 171 studied the evolution of delamina- 

tion during the time of impact. They showed that matrix cracking is the initial 

failure mode that can lead to interface delarninations. 

To summarise this section it Is possible to establish that research into low- 

velocity impact on composite laminates produced three key pieces of infor- 

mation. Firstly, delamination represents a major component of damage that 

evolves according to a definite pattern. Secondly, delarnination is present only 

at interfaces between plies with different fibre orientation. Finally, if delamina- 

tion is present, the debonded area has and oblong or peanut shape. 
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Having gained experimental knowledge of delarnination, researchers were 

prepared to formulate new theoretical models to describe delamination in dif- 

ferent composite materials and load conditions, and to take advantage of new 

powerful numerical tools in order to predict the onset and evolution of this 

mode of damage. Research in this new area is the subject of the following sec- 

tion. 

2.2.3 The renaissance 
Increasing availability of inexpensive computer power let scientist and en- 

gineers to apply numerical techniques into the solution of complex differential 

equations that modelled the behaviour of composite materials, and their modes 

of failure. Historically, distant pioneers in the application of such techniques 

are found in 1970. Pipes and Pagano [71, used the finite difference method to 

calculate interlaminar stresses in axial strained laminates. Research from 1980 

has included more sophisticated tools, like the Finite Element Method (FEM), 

to characterise the behaviour of composites. 

In order to describe different modelling techniques found in the literature, 

the following convention will be used from this point on in the thesis. Refer- 

ring to figure 2.1, the term sub-laminates will be used to refer the two group 

of plies separated by the delamination. The portion of the sub-laminate above 

of the delarnination, or the thinner portion, will be referred to as the delami- 

nated region. The portion of the lower, or thicker portion, sub-laminate located 

beneath the delamination will be referred as the base region. 
Literature concerning the modelling of delamination can be classified in four 

groups accordingly to type of interface used between the delaminated and 
base regions. These types are named hybrid element interface, de-equivalence 

crack, degraded inter-laminar layer, and sub-structure. The description of these 

modelling techniques is presented in the following sub sections 2. 

2The names of the different modelling techniques are proposed by the author of this thesis. 
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Figure 2.1. Definition of sub-laminates in the context of this thesis. 

Sub-laminates refer the two groups of plies separated by the delarnination. The portion of the 

sub-laminate above of the delamination, or the thinner portion, will be referred to as the delam- 

inated region. The portion of the lower, or thicker portion, sub-laminate located beneath the 

delamination will be referred as the base region. 

2.2.3.1 Delarnination as hybrid element interface 

In this type of modelling, finite elements in both sub-laminates are connected 

through beam, spring (and sometimes contact) elements in order to control the 

relative position of both sub-laminates or to avoid penetration of the delami- 

nated region into the base region as is shown in figure 2.2. Reddy et al. [18] 

used this approach, using beam elements as interface, to study buckling and 

vibration in graphite/epoxy panels. They found that the finite element model 
(FE) provided good estimates of structural degradation. Mohammadi et al. [19] 

studied low-velocity impacts on graphite/epoxy panels. In their study they 

used contact elements in the interface between sub-laminates to simulate the 

evolution of delamination during a hypothetic impact event. Borg et a]. [201 

used spring elements in the interface to study the fracture behaviour in com- 

posite beams. They found that there is ad dependency between the actual size 

of a delamination and the coarseness of the finite element mesh. They sug- 

gested that in general a highly refined sub-laminate mesh is preferable. 
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Figure 2.2. Delarnination as hybrid element interface. 

In this model, finite elements in both sub-laminates are connected through either beam or spring, 

and contact elements in order to control the relative position of both the delarninated and base 

regions. 

2.2.3.2 Delarnination as a de-equivalenced crack 

In this modelling technique, finite elements in the delaminated region are 

not connected at all with the elements in the base region as is shown in fig- 

ure 2.3. This approach has been used in some studies of laminate buckling and 

crack propagation where researchers do not anticipate contact or overlapping 

between the sub-laminates. Kim and Hong [211 studied the onset and prop- 

agation of delarnination graphite/epoxy plates. In their approach the evolu- 

tion of the crack's front was modelled as the introduction of new nodes at the 

boundaries of the delarninated region, increasing in this way the effective area 

of the crack. Davidson [221 studied the delarnination buckling phenomenon. 
In his model delamination were modelled both elliptical and circular in shape. 
He found that for moderately sized delarnination the solution of the FE model 

were close to the results found in the supporting experiments. 

2.2.3.3 Delamination as degraded inter-laminar layer 

In this modelling methodology, a thin isotropic layer is placed between plies 
in the laminate, and delamination is simulated as a reduction in the elastic 
properties of the isotropic elements that are just beneath of the delaminated 

region as is shown in figure 2.4. Zako and Tsujikarni [231 studied the frac- 

ture of composite laminates under a single out-of-plane concentrated load. In 

their model, the concentrated load was incremented by small steps. In every 
step the normal and shear stresses of every finite element in the isotropic layer 
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Figure 2.3. Delamination as a de-equivalenced crack. 

In this modelling technique, finite elements in the delaminated region are not connected at all 

with the elements in the base region. This technique is based on the introduction of a crack in 

the composite material by a generation of new nodes in the finite element mesh. clecoupling 

partially the degrees of freedom in the adjoining layers. 

were compared against a pre-established threshold value. If the stresses in 

the finite element were higher that the threshold value, the elastic modulus of 

element was reduced. However, the exact amount of reduction is not given 

in the reference. Davies and Zhang [24] used a hybrid methodology to study 
low-velocity impact in carbon fibre laminate composites. In their study they 

placed spring elements between the delaminated and base regions. However, 

they noticed that the model's results did not agree with the experiments as ex- 

pected. They showed that degrading the in-plane laminate stiffness the results 
from the models and the experiments agreed in a significant manner. Zou et 

al. [251 implemented a modified version of the Davis-Zhang's model to study 
low-velocity impacts. The fundamental difference with the former research is 

that the authors replaced the solid structure of every sub-laminate by a shell 

representation of it. In this way the solution times were notoriously smaller. 
They found that this modelling technique offered good agreement with the ex- 

periments, however the level of agreement was in general lower that the results 
obtained by Davis-Zhang. 

2.2-3.4 Delamination as a sub-structure 

In this technique, only the delaminated region is modelled. In this approach 
the thickness of the delaminated region is assumed to be small compared with 
the base region as is shown in figure 2.5.. Shivakumar and Whitcomb [261 

used this approach to characterise localized buckling in isotropic (aluminium) 

and orthotropic (graphite/epoxy) laminates. In the proposed model, the de- 
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Figure 2.4. Delamination as degraded inter-laminar layer. 

In this modelling technique a thin isotropic layer is placed between plies in the laminates, and 
delamination is simulated as a reduction in the elastic properties of the isotropic elements that 

are just beneath of the delarninated region. 

laminated region was modelled by an elliptical shape. Shivakumar-Whitcomb 

work was purely theoretical, thus it is not possible to assert the validity of their 

model against experimental measurements. Panni [1] used a similar approach 

to characterise delarnination in carbon reinforced composite panels. In his ap- 

proach the entire group of plies above the delarnination were modelled, and 

symmetrical boundary conditions were specified in order to take into account 

the effect of the base region. He showed that the solution time of this kind of 
FE model was much smaller than the full 3D FE models. However, again there 

is not an evaluation of the performance of this model against experimental val- 

ues. 

Delarninated Area 

4 ýQTTTTTTTý44 .44 p 

Figure 2.5. Delamination as a sub-structure. 
In this technique only the delarninated region is modelled, and the base region is replaced by 

appropriate boundary conditions. 
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2.3 Digital Speckle Pattern Interferometry (DSPI) 

2.3.1 Introduction 

With the increasing application of composite materials in automotive and 
aerospace structures, the need for quality control of manufacturing, and in- 

service inspection has become apparent. Since damage indications can be ob- 
tained through the use of non destructive methods, a number of non destruc- 

tive techniques (NDT) have been developed and tried. NDTs can be classified 
in two major groups. The first group contains those techniques that use only 

the difference in the material properties between the damaged and undam- 

aged region to detect3 the crack. Ultrasonic Inspection and X-ray Radiography 

are common examples. The second group comprises those techniques using 

mechanical or thermal loading to excite the damaged region. In the later, Inter- 

ferometry, Digital Speckle Pattern Interferometry ' (DSPI), Acoustic Emission, 

and Vibro-Thermography, are common examples. The success of these tech- 

niques to detect damage has been demonstrated by several authors [27-361. 

In the scope of this thesis, the author is primarily concerned with the appli- 

cation of DSPI to damage detection in composite materials. Results obtained 
by using other NDT: s are presented for comparison purposes. This section is 

divided in two parts. The first part research concerning DSPI to damage detec- 

tion is considered. In the second part, techniques used to manipulate experi- 

mental results from DSPI are then presented. 

2.3.2 DSPI and damage detection 

Digital Speckle Pattern Interferometry is an NDT experimental technique 

that has been proved to be capable for precise measurements of displacements 

and strains on diffusely scattering objects. A very comprehensive description 

of the technique and its application can be found in the book by Rastogi [2]. 

Historically, Speckle Pattern Interferometry (SPI) was developed at Loughbor- 

ough University in 1971 [371. However, since its introduction till the mid- I 980's 

3Detect. To discover, find out, ascertain the presence or existence of something. The Oxford English Dictio- 

nary, Second Edition. Edited by J. A. Simpson. Clarendon Press, Oxford, 1989. 
40riginally called Electronic Pattern Speckle Interferometry (ESPI) and also known by the names of Elec- 
tronic Holography, Digital Holography, Phase-Shifting Speckle Interferometry and TV Holography 
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the technique was confined to the laboratory and did not find much use for on- 

site inspection. This was mainly to two reasons. The first one was the size of 

the pulsed lasers used in the apparatus. The second reason was that the tech- 

nique relied in upon the use of photographic film which demanded a lengthy 

and challenging development process. In 1985, Lokberg [381 suggested the idea 

of recording the holograms produced by the technique on a video camera and 

extracting the image by electronic processing. The resulting system was then 

called DSPI. 

The basic principle of DSPI is described now by drawing attention on the 

system shown in figure 2.6. A laser beam is dived into a reference beam and an 

object beam. The sample object is illuminated by the object beam and the light 

scattered from its surface is imaged onto the charge-coupled device (CCD) ar- 

ray, where the reference beam is added. The resultant speckle pattern is formed 

by the interference of both the reference and the reflected object beam. The 

analogue video signal from the CCD camera is sent to an analogue-to-digital 

converter, where the signal recorded as a digital frame of size 512 x 512 pic- 

ture elements (pixels), in the memory of a computer for a further processing. 

In order to measure in-plane or out-of-plane displacements, the object is first 

deformed causing a change in the phase of the object beam. Speckle decorre- 

lation fringes are produced by the electronic subtraction of the intensity of the 

displaced surface from that of the initial surface state. Figure 2.7 shows a typi- 

cal wrapped phase map of a delaminated carbon/epoxy from DSPI. Figure 2.8 

shows the equivalent out-of-plane displacements. 

Detection of sub-surface delaminations in composite panels using DSPI has 

been demonstrated by several authors now [39,401. Hertwige et al. [411 stud- 

ied fatigued-induced delamination in carbon epoxy-panels. They showed that 

the area of debonding can be accurately predicted if using out-of-plane dis- 

placements from the DSPI technique. Richardson et al. [42,431 performed a 

similar study to detect delaminations in glass-fibre reinforced polyester (GRP) 

panels in which the damage was originated from an impact test. They demon- 

strated that there is a linear relationship between the absorbed impact energy 

and the area of debonding. Tyrer et al. [44] formulated a set of rules that relate 
particular defect geometry and their associated surface response from DSPI. 
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Figure 2.6. Typical Digital Speckle Pattern Interferometry QSPI) system. 

A laser beam is dived into a reference beam and an object beam. The sample object, that is 

simply supported, is illuminated by the object beam and the light scattered from its surface is 

imaged onto the charge-coupled device (CCD) array, where the reference beam is added. The 

resultant speckle pattern is formed by the interference of both the reference and the reflected 

object beam. The analogue video signal from the CCD camera is sent to an analogue-to-digital 

converter, where the signal recorded as a digital frame of size 512 x 512 picture elements (pixels), 

in the memory of a computer for a further processing. 

2 
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Figure 2.7. Wrapped phase map of a carbon fibre panel with delamination obtained by out-of- 

plane DSPI. 

It was suggested that the smallest and deepest defects are difficult to detect if 

the inspection sensitivity of the DSPI system is poor, and the control of exter- 

nal loading conditions during the experiment are not optimised. Huntley et 
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Figure2.8. Equivalent out-of-place displacements field obtained from the wrapped phase map 

showed in figure 2.7. 

al. [45] developed a novel DSPI system that is capable of displaying maps of 

displacement fields in real time. In their investigation out-of-plane displace- 

ments measured from a vacuum-loading test on a carbon/epoxy composite 

panel containing sub-surface delamination cracks are displayed as a series of 

images, every one containing 250.000 individual measurements. More recently, 

Davila et al. 1461 used the Huntley-DSPI system to detect sub-surface delam- 

inations. In their study, carbon fibre plates with artificial delaminations were 

placed in a vacuum-chamber where the damage was activated by applying a 

reference vacuum pressure5. The DSPI system was then used to measure the 

surface displacements field of the sample as the pressure in the chamber was 

increased at a rate of 2xI 04 Pa/s. It was showed that the accuracy on the DSPI 

Technique is greatly affected by vibration and speckle decorrelation 1471. Tech- 

niques for dealing with these two factors are still subject of research. 

DSPI measurements can be used in computerized damaged diagnostic tech- 

niques [391. However, the main prerequisite of these techniques is to decrease 

the amount of data contained in the resulting image/array from DSPI mea- 

surements [481. The problem to be considered in here is how to reduce the 

amount of information from DSPI maintaining, at the same time, the physi- 

cal significance of such results. The next subsection details research concern- 

5The value of the reference pressure is not mentioned in the reference. 

(rnrn) 20 20 
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ing with methodologies used in pattern recognition to manipulate informa- 

tion contained in images or arrays from different optical techniques. All the 

methodologies that will be mentioned are part of a broad concept known as 

two-dimensional moments. 

2.4 Two-Dimensional Moments 

Given the amount of measurements contained in a DSPI image, up to U105 

individual samples, and for analysis purposes, the image itself can be repre- 

sented by a two-dimensional density distribution function f(x, y) [491 as is 

shown in figure 2.9a and 2.9b. The general problem considered by researchers 

was that of manipulate efficiently the density distribution function f(x, y) of 
the image. The solution Teague proposed is the general method of moments. 

The concept of moments has been applied extensively in mechanics and sta- 
tistical theory [50,5 11, for example centroid position and moments of inertia. In 

the context of image recognition, a moment is described as a projection of the 
density distribution function f (x, y) on to a set of base functions. The purpose 

of this projection is both to capture global information about the image and to 

replace the continuous space of f (x, y) by a discrete moment-space. Although, 

the selection of base functions is not unique and researchers have used two 

principal types of functions that by extension have created the same number of 

moment families known as Geometric and Zernike. The following subsections 

present a literature review of moments and their performance to characterise 
images. 

2.4.1 Geometric moments 

Historically, Hu [52] was the first researcher to suggest that any geomet- 

rical pattern contained in an image can be represented by a set of its two- 
dimensional moments with respect to a fixed coordinate system. Hu used Geo- 

metric moments (GM) and combinations of these moments for recognition of 

characters contained in pre-designed images. Geometric moments m of order 
(p + q), Mpq. have the form of a projection of the density distribution function 

f (x, y) onto the monomial xPyq. Hu defined mathematically GM in terms of 

the Riemann integral as 
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Figure 2.9a. Unwrapped phase map of 

a carbon fibre panel with delamination 

obtained by out-of-plane DSPI. Measure- 

ments were obtained from a delaminated 

panel placed in a vacuum chamber. 
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Figure. 2.9b. Equivalent two-dimensional 

density distribution function f(x, y) (out- 

of-plane displacements). It is possible to 

appreciate the bulging phenomenon that 

occurs on the panel's surface as a conse- 

quence of the pressure differential between 

the surface of the specimen and the internal 

delamination interface. 

00 Co 
m pq = 

11 
Xp yqf (x, y) dxdy, 

-Co -00 

where p, q=0,1,2, ..., oo. A uniqueness theorem presented by Papoulis [5 11 

states that if f (x, y) is a piecewise continuous function with a non zero values 
in a finite part of its domain, moments Mpq of all order exists, and f (x, y) de- 

termines uniquely the sequence of moments. 
A main property of Geometric moments is that their numerical values de- 

pend completely on the selection of the reference coordinate system used for 

their calculation. Hu solved this problem by introducing the concept of Central- 

geometric moments (CGM). These moments are equivalent to the geometric 

moments of a pattern that has been shifted such that the image centroid (fi, Y) 

coincides with the origin of calculation of the moments. As a consequence 
CGM are invariant to translations (shifts) of the image [53,541. Mathemati- 

cally, CGM are defined as follows 

Co Co 
lpq --:::: 

11 (x- ý) p (y - Y) Pf (x, y) dxdy, (2.2) 

00 -00 
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M10 01 with fc =, and 
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moo Moo 

Dudani et al. [55] used CGM to study the automatic recognition of aircraft 
6 types from television images. Using low-order moments , they suggested that 

the gross structural features of an object may be better characterised by those 

moments derived from its solid silhouette; moreover, it was suggested that 

low order moments are less susceptible to noise contained in the image. Simi- 

lar results were obtained by Teague [49] and Balslev [561. Sadjadi and Hall [571 

derived the mathematical extension of two-dimensional moment to three di- 

mensions. They showed that 3D Geometric moments reduced the amount of 

data and processing needed for three dimensional object recognition. Reeves 

et al. [581 expanded the work of Dudani [551 by including scaling invariance in 

the definition of CGM using the following scale factor, 

AN = 
I/ 

VýM--Oo . (2.4) 

Reeves and co-workers concluded that this approach made a significant im- 

provement in the automatic recognition of aircraft types. Similar results were 

found by Hupkens and de Clippeleir [59]. Teh and Chin [601 showed that 

higher order moments, moments of order four and up, are more sensitive 

to image noise than lower order moments are. 1-16fling and Priber [48] sug- 

gested that CGM or functions of these moments can be used in artificial intelli- 

gence applications to characterise flaws in fringe patterns from optical interfer- 

ometric techniques. They found that using three Central-geometric moments, 

(1411, P30, Y03), their classification technique yield no errors in characterising 

simulated flaws. Mamislov 1611 continued the work of Sadjadi-Hall [57] and 

developed the n-dimensional Central-geometric moments theory applicable to 

the recognition of n-dimensional solids. A major contribution from his work is 

that it made possible to researchers and engineers to analyse images consisting 

of geometric figures and solids with curved contours and surfaces. 

'Low order moments are moments up to third order. 
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The findings of studies examining Geometric moments have been positive. 
However, given the fact that the basis set xPyq used in the moment definition 

is not orthogonal, the information content of GM have certain degree of re- 
dundancy making these type of moments less attractive to researchers dealing 

with reconstruction of images from moment descriptors. 

The next subsection presents another family of moments that overcome the 

restriction mentioned in the above paragraph. 

2.4.2 Zernike moments - an orthogonal family 

Historically, Teague [49] suggested the notion of orthogonal moments to re- 

cover images from a set of moments based on the theory of Zernike polyno- 

mials. Teague suggested that Zernike moments contain information about an 
image that is independent of the size, planar position and relative angular posi- 
tion. Also, it was suggested that the inclusion of third-, fourth-, and fifth-order 

Zernike moments may have not effect on the quality of the image reconstruc- 
tion. Only with the introduction of higher order moments the definition of the 

recovered image is superior. The mathematical definition of Zernike moments 
A of order (p + q), as given by Teague, is the following, 

(p 
27r oo 

A pq 7r 
ff Vpq(r, t9) f(rcosO. rsinO)rdrdO, (2.5) 
00 

where the general form of Zernike polynomials are defined as, 

Vpq (r, 0) = Rp. (r) WO. (2.6) 

Radial polynomials in the previous equation are defined as, 

(p-lql)12 (p - S)! 
rp-2s. Rpq (r) = 1: (-1)' -- (pýUq 

_ S), S) 
(2.7) 

S=o S! I 

Kothenzad and Hong [621 extended the work of Teague to study the influ- 

ence of image's noise during the process of image recovering. They concluded 
that in presence of a moderate level of noise, Zernike moments performed bet- 

ter that the CGM. Teh and Chin [601 also studied the noise sensitivity and in- 
formation redundancy of Zernike moments. They suggested that higher order 
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moments are more sensitive to noise than lower order moments are. However, 

and contradictory, higher order Zernike moments carry the fine detail of the 

image. Also, it was found that moments of order five and up contain informa- 

tion redundancy that is comparable to the one found in Geometric moments. 

Kim and Kim [63] used Zernike moments as a region-based shape descriptor 

of images contained in large image databases. In their study, they used mo- 

ments of up to order ten to classify images taking into account rotation, scale 

and perspective transformation. They found that the accuracy of the classifi- 

cation system was between 70 and 94 percent. Kan and Srinath [641 expanded 

the work of Kothanzad-Hong [621 by including a new scaling invariance defin- 

ition. They found that this invariance permitted to Zernike moments to contain 

more local information about the underlying content of the images analysed. 
Chong et al [65] extended the mathematical theory of Zernike moments to de- 

rive translation invariants or these moments. They found that the proposed 
invariants can be used with both symmetrical and non symmetrical images. 

To summarise this subsection, it is possible to mention that although orthog- 

onally is one the properties of Zernike moments, another properties make them 

attractive to researchers in pattern recognition. These properties are rotation 
invariance [621, robustness to moderate levels of noise [621, and efficiency in 

terms of the non-redundancy provided by lower order Zernike moments 1601. 

The next, and final, section of this chapter details the literature concerning 
damage characterisation in engineering structures. 

2.5 Damage Characterisation in Engineering 

Structures 

In the literature, during the past twenty years, there has been an increase in 

research in the identification and prediction of damage. However, the prob- 
lem of characterisation of delamination and debonding in composite materials 
has appeared more recently; it was prompted by the need to understand the 

behaviour of complex structures and systems, and to develop more accurate 

criteria to design such structures. 

The inverse problem of delarnination characterisation in laminates has been 

studied numerically and experimentally. This chapter covers past research and 
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the state of the art in the above areas. Researches relevant to delamination 

detection are covered detail. Other investigations in damage detection are in- 

cluded for completeness in loss detail. The first section presents a brief intro- 

duction to inverse problems and system identification. Then, research concern- 

ing damage detection using modal analysis is presented. Next, scientific pub- 

lications that use static displacements for characterising damage are detailed. 

Finally, the approach of neural networks and genetic algorithms in structural 

damage detection are summarised. 

2.5.1 Inverse problems and system Identification 

Inverse problems can defined as a special kind of problems in nature where 
the answer of the problem is known, but not the question. Alternatively, they 

can be defined as problems where the detectable consequences of the nature 

are known, but not the cause. A typical example of inverse problems is the 

medical diagnosis of diseases. In this, the classical or forward problem is de- 

fined as follows: given a biological disease in a patient, predict its symptoms 

on the patient's body But the more likely problem is if the doctor measures the 

patient's symptoms and he/she must find the causes (disease) that generated 
them. This is the inverse problem. 

In structural mechanics, the direct of classical problem is to find the dis- 

placements and stress in a structure if both the external loads and the spatial 
distribution of mass are known. For example, given a truss structure or a solid 
body discretised into small elements, the forward problem can be posed as a 

matrix relationship between the unknown displacements (or stresses) 0, the 

mass distribution of the body or stiffness matrix K, and the applied boundary 

conditions F. Mathematically, the structural direct problem can be defined as, 

K- U=P. (2.8) 

The classical problem presented in equation 2.8 is a well-posed problem, and 

represents the vast majority of structural problems that are solved through the 
finite element analysis. The term well-posed problem stems from a definition of 
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mathematical models of physical phenomena that have the following proper- 
ties: 

IA solution exists. 

2 The solution is unique. 

3 The solution depends continuously on the data, in some reasonable topol- 

ogy. 

The structural inverse problem arises when either the boundary conditions 

or the mass distribution of the body K is unknown. The former problem 
belongs to the category of inverse problems of I" kind. The latter, belongs to 

the category of inverse problems of 2nd kind [66]. Typically inverse problems 

are ill-posed, this means that they violate one or more of the properties that 
defined well-posed problems. Of the three conditions for a well-posed problem 
it is the condition of stability of solution that is most often violated. 

Inverse techniques have been applied to many engineering problems. Mini- 

atty, et al. 167] used the finite element method and the regularisation technique 

to calculate the boundary conditions of an elastic body. Kubo [68] studied the 

problem of identifying cracks from electric potential computed tomography 

and the determination of strain and stresses within a body from data of incom- 

plete boundary conditions. He concluded that optimal structural design can be 

defined as an inverse problem, and that the development of such approach is 

being improved by the advances in computers and artificial intelligence tech- 

nologies. 
System identification is a branch of inverse problems in which the state of 

a structure is calculated from its response to a single or multiple load cases. 
According to the load condition, system identification techniques can be clas- 

sified as either static or dynamic. Static techniques use loads from static mea- 

surements as input with stresses or strains as output. Dynamic methods (often 

so-called modal methods) use dynamic or vibration excitation as problem in- 

put with natural frequencies and mode shapes as responses. 

The following two subsections detail research concerning dynamic and static 

system identification of damage. The last two sections contain a review of the 
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literature including artificial intelligence technologies for characterisation of 

flaws, in special genetic algorithms and neural networks. 

2.5.2 The approach of modal analysis 

Hajela and Soeiro, [691 investigated the damage detection in truss structures 

using a combination of incomplete static displacement and eigenmodes. In the 

proposed approach, the analytical model was refined to minimize the differ- 

ence between the predicted and measured response of the structure; treating 

the modulus of elasticity of each structural element, or a reduced set of ele- 

ments, as an independent design variable. The authors suggested that the sta- 

tic load distribution in the structure affects the damage detection; if the dam- 

aged member does not play an important role in the load-bearing process, the 

damage detection algorithm could yield ambiguous results. 

Hajela and Soeiro [701 further studied damage detection in truss structures 

and classify the existing parameters identification techniques in three classes 

that they called equation error, output error and minimum deviation approach. 
In the equation error approach, the equations that described the system re- 

sponse were explicitly stated and the minimization problem was formulated 

in terms of the system equilibrium equations. In the output error approach the 

objective function was formulated in terms of the difference in output at given 

notes between the analytical and theoretical model [71]. In the minimum de- 

viation approach, changes in system parameters from initial assumed values 

were minimized, satisfying the system equations. The authors extended their 

previous work [701 and compared the output error and equation error methods 

of system identification. They found that for certain loading conditions these 

methods failed to locate damage in some structural members. 

Narkis [721 studied the crack location in a simply supported beam using 

the natural frequencies from bending and axial vibrations. In the formulation 

of bending vibrations the beam was assumed to have non-material damping 

and the crack was simulated as a torsion spring at the damage location, and in 

the analysis in the axial vibrations the crack was modelled by a linear a shear 

spring. It was found that the ratio of relative variations of two first vibration 
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modes depends only on the location on the crack, and was independent of 

crack geometry or beam properties. 

Ratcliffe [73] similarly studied the damage detection in a cantilever and free- 

free beams applying a Laplacian operator to the measured first bending mode 

shape from a damage beam. He suggested that the Laplacian function rep- 

resents the curvature of the mode shape and it is proportional at the surface 

strain on a beam. Also, it was concluded that the mode shape data from the 

fundamental mode were most suited to the proposed technique. 

Farrar and Jauregui [74,751 compared five different damage identification 

algorithms to a modal data obtained from an undamaged and damage bridge. 

The methods investigated included those that examine changes in the modal 

strain energy, changes in mode shape curvature, changes in the flexibility co- 

efficients derived from modal properties, changes in stiffness coefficients de- 

rived from model properties and changes in the curvature of the uniform load 

surface derived from model properties. They concluded that standard modal 

properties such as resonant frequencies and mode shapes are poor indicators 

of damage, and consequently the methods studied were inconsistent and did 

not clearly characterise the damage location when they were applied to the less 

severe damage cases. 

Ray and Tian [761 theoretically explored the possibility of using feedback 

control to enhance sensitivity of modal frequencies to small changes in struc- 

ture parameters and local geometry applied to finite-element model of a can- 

tilevered beam. They proposed that instead of using a control algorithm to 

make the system insensitive to small changes in the system parameters, the 

control law could enhance or magnify the sensitivity to such changes. 

Purekar and Pines [77] developed a methodology for delamination detec- 

tion in beams with linear tapered geometries using active vibration control and 

structural waves. The proposed methodology was based on the measurement 

of the response of a structure when incident waves do not reflect off bound- 

aries. They found that the damage detection using structural waves is sensitive 
to manufacturing tolerances, decreasing its applicability in problems where ex- 
ist input noise from uncertainty in geometrical properties of the beam. Aoki 

and Byon [781 used the localized flexibility properties deduced from the ex- 



Damage CharacteTisation in Engineering Structures 33 

perimentally determined global flexibility matrix to damage identification in 

a CFRP laminated beam affected by a reduction of the bending rigidity They 

found that for damage detection based on strain flexibility their methods failed 

to locate damage in some elements. 

Pai and Jin [79] presented a method based on the measurement of the deflec- 

tion shape of a structure subjected to a single-frequency harmonic excitation 

to detect locations of small damage in beams and plates made of aluminium. 

Thornburgh and Chattopadhyay [801 developed a higher order displacement 

field theory to model delamination and transverse matrix cracking in com- 

posite laminates. They suggest that delarnination and matrix cracking cause 

similar reduction in the natural frequencies of composites plates. Okafor and 
Dutta [8 1] studied the application of wavelet analysis for the purpose of quan- 

tification of the damage in a cantilevered beam. Damage was simulated by a 

reduction in the stiffness of one element in a finite element model. It was found 

that the first and the third translational modes showed the damage location 

clearly but the second mode was inconclusive. This result coupled the partials 
findings of Ratcliffe [731 and Byon [82]. Wu et al. [831 similarly studied the 

damage detection in anisotropic composite materials using the wavelet trans- 

form introducing the Gram-Schmidt orthogonalization algorithm to reduce the 

number of redundant wavelets that have little to contribute in the domain of 

support of the data samples. Kim and Kim [841 studied the damage detection 

in a circular beam with a cut perpendicular to the beam axis. The proposed 

method used the wavelet transform to identify the location and extend of the 

damage based on a simple impact excitation. 

2.5.3 The approach of the static displacements 

Sanayei and Nelson [851 studied the identification of stiffness parameters 
for linear two-dimensional elastic structures subjected to static loads. The pro- 

posed method requires displacements to be measured at the same locations 

that the external forces were applied, and a Monte Carlo analysis was used to 

estimate the effect of errors in the measurements. Damage in the structure is 

represented as a reduction in the cross sectional area or the bending stiffness. 
They found that the sensitivity to measurement error was dependent on the 
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structural geometry, connectivity, degree of determination, true value of para- 

meters, and the finite element model used. 

Sanayei and Scampoli [861 extended the two-dimensional solution of Sanayei 

and Nelson [851 to recover the constitutive matrix of the three dimensional or- 

thotropic plate-bending elements from static data. The identified constitutive 

matrix was used to locate the damage areas of a reinforced concrete pier deck. 

They showed that the identified parameters are sensitive to measurement er- 

rors, suggesting that an accurate estimation of force and displacement is im- 

portant. 

Sanayei and Onipide [861 continued the study of [871 of parameter identifica- 

tion in truss structures. They used static applied loads at one subset of degrees 

of freedom (DOF) and measured displacement and another subset of DOF to 

detect damage in a truss and a frame model, using a condensation procedure. 
They suggested that, although structural damage is a non-linear behaviour, the 

use of loads of small magnitudes result in structures behave only in their elas- 

tic range. Also, it is suggested that if the finite element errors are very small, 

they can be considered as a part of the measurement errors. 

Banan et al. 188,891 suggested two new algorithms for estimating the consti- 

tutive properties of a finite element model in bowstring truss structures. The 

first method was based on minimizing the error in nodal forces between the fi- 

nite element model and the measurements; the second minimized the errors in 

nodal displacements. The damage was represented as a reduction in the cross 

sectional areas. They found that in presence of noise in the measurements, both 

force and displacement error estimators were biased. 

Liu and Lin [901 proposed a method that employed the finite element analy 

sis together with the least squares method to identify the flexural rigidity of 

non-uniform aluminium beams, using the static longitudinal strains of the 

beam as input data. They suggested that the identification of the beam proper- 

ties could be formulated as an optimisation problem in which the error norm 

of the equilibrium equation is minimized. However, the proposed method- 

ology is sensitive to the position of the strain gages in the beam reducing its 

effectiveness to locate damage in real structures. 
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Sanayei and Saletnik [91,921 extended the work of Sanayei and Onipide 1861 

to the parameter estimation of linear-elastic structures using static strain mea- 

surements, preserving the structural connectivity. It was found that for certain 

loading and displacement conditions their algorithms did not run due to an ill 

conditioning of the sensitivity matrix. The non-destructive testing that support 

the investigation in [91,86] was presented by Sanayei et al. [931. 

Liu and Chian [94] extended the beam solution of Liu and Lin [901 to the 

identification of element properties of truss structures using the measured ax- 

ial strains. They found that is difficult to identify the rigidity of an element 

accurately if the axial force of the element is nearly zero in every test, and sug- 

gest that this problem could be avoided by performing a preliminary stress 

analysis on the truss and designing the test based on its results. 

Fukunaga et al. [95] studied the damage identification on laminated com- 

posite structures by using bending deflect under static loading. The method 

was based on the minimization of a vector norm of the residual forces using a 

non-linear optimisation technique. The damage was modelled as a 50% reduc- 

tion of all bending stiffness component within an element in the finite element 
division. 

2.5.4 The approach of neural networks 

Neural networks (NNs) are computing mechanisms made of a large number 

of simple, highly interconnected processing elements, which manipulate infor- 

mation by their dynamic state response to external inputs. One of the proper- 

ties of the neural networks is its ability to learn and generalise from examples 

and to adapt with changing scenarios. NNs are able to map causal models - for 

estimation and prediction-, and inverse mapping -from effect to possible cause. 
In their design, NNs try to mimic some of the learning activities of the human 

brain. 

The training process in NNS involves the presenting a set input patterns 

with known outputs. The system adjusts the weights of the internal connec- 
tions to minimise the error between the network output and target output. A 

back-propagation network architecture is shown in figure 2.10. After the neural 
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network is trained, it is able to generalise rules being able to respond to input 

data to predict a required output. 

Input 
Layer 

(L nodes) Hidden 
Layer(s) 

X. Output 

Layer 
X2 (N nodes) 

X3 

X, l YN 

X, 
w4 

w, i 

Figure2.10. Three layer neural network. 

The input, output and hidden layers have L, M, and N processing nodes respectively The 

weight wij between nodes i and j is also shown. For a given input pattern X= (xj, x2, XN) 

the output of the neural network is Y= (YI. Y2. ---- YN) - 

Neural networks have been used in several knowledge areas like finance [96], 

civil engineering [971 and materials science 1981. Literature concerning neural 

networks and damage detection is overwhelming7, thus this section details key 

research publications in this area. 

2.5.4.1 Neural networks and damage characterisation 

Wu et al. [991 investigated the problem of damage detection in a three-story 

frame when the structure was subjected to earthquake acceleration based on 

response spectrum data. The damage in the structure was represented by 

a percentage reduction in stiffness in one structural member, and the result- 

ing Fourier spectrum of the acceleration time histories was used as input to a 

neural network with one hidden layer consisting of 10 neurons. They sug- 

gested that based on the generalization capability of neural networks, only 

7 At February 2004. a simple search in http: //www. sciencedirect. com using the keywords "neural network 
and damage or crack or delamination' produced a list of 4633 articles. 
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several variations for damage state for selected key structural member may 

be sufficient in order to adequately train the neural network. However, they 

questioned the exact number of damage states that must be presented to the 

network before it gains adequate prediction performance. 

Kudva et al. [100] studied the damage size and location in a sixteen bay 

aluminium-stiffened panel under uniaxial compression. The damage was mod- 

elled as circular holes of different sizes and at different locations. The neural 

network was trained using measured strain measurements at discrete locations 

from finite element analysis. And it was arranged using two hidden layers with 
forty neurons each: the hidden layers permit non-linear modelling of the input- 

output relationships. They found that it was easier to predict damage location 

than size, since location is a discrete variable and size output is a continuous 

variable. However, they stated that there were no established procedures for 

choosing the optimal number of hidden layers and neurons per layer. 

Islam and Craig [101] investigated the delamination detection in composite 

beams using piezoelectric materials. The delarnination was modelled as two 

beams, made of solid elements above and below the plane of delamination, 

and spring elements were used two connect the beams in the non-delaminated 

region and gap elements were used to connect the beams in the delaminated 

region. A back propagation neural network was trained with the frequencies of 

the first five modes obtained from model analysis data from piezoceramic sen- 

sors. The network architecture consisted of three layers with one hidden layer 

made off three neurons. They suggested that the back propagation algorithm 

was not well suited for numbers that are close together, so another method, 
fuzzy sets, could be needed to provide more information to the network. 

Szewczyk and Hajela [1021 studied the damage detection in planar and spa- 

tial truss structures. Damage was modelled by fifty percent reduction in the 

stiffness of the structural elements, and a modified counter propagation neural 

network was used to relate the stiffness of individual structural elements and 
the global static displacements under a test loads. The neural network was 

composed of one hidden layer where the learning of the neurons was based on 
the minimum disturbance principle. The authors found that counter propaga- 
tion neural network function as a fast look-up table with generalization capa- 
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bilities and suggest that the performance of the networks decline gradually in 

the presence of noisy or incomplete input data. 

Rhim and Lee [1031 used a multilayer perceptron (MLP), a class of neural 

networks that can be used as a nearest neighbourhood classifier, for damage 

classification in cantilever graphite/epoxy laminate beams with delarninations. 

The damage was modelled divided the beam in two parts. Each part was mod- 

elled separately by beam elements and then assembled into a global finite ele- 

ment model. The models for structures with various damages were organised 

into pattern classes according to the location and severity of the damage, and a 

three layer MLP was trained with a conventional back propagation algorithm. 

The authors found that damage identification based on MLP technique was 

robust to measurement noise and distortion of input patterns. 

Ceravolo et al. [1041 studied the damage detection in a simply supported 
beam from structural responses to an impulse load applied to mid span. The 

damage was simulated through a constant reduction in the moment of inertia, 

and a two level hierarchical neural network was trained using the displace- 

ment and acceleration cross correlograms to identify a single fault in the struc- 
ture. They suggest that a first level network could be used to estimate the 

severity of the damage on the basis of a statistical classification, and a second 
level network specialized in a particular type of damage identify the position 

of the fault by using mapping capabilities. 

Okafor et al. [105] investigated the delamination size prediction in a com- 

posite glass/epoxy beam with built in piezoelectric sensors. The damage was 

modelled using the procedure developed by Islam and Craig [1011. A feed 

forward back propagation neural network with one hidden layer was trained 

with the first four model frequencies of the delarninated beam. They found 

that for the beams investigated, neural networks predicted dimensionless de- 

lamination size between 0.22 and 0.82 but under predicted sizes below 0.08. 

Byon and Nishi [821 proposed a method to damage detection in a CFRP lam- 

inated beam using hierarchical neural networks. The damage in the beam was 

modelled as a partial reduction in the bending stiffness, and the natural fre- 

quencies and the third mode shape were obtained from a finite-element model. 
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The authors suggested that the third natural frequency mode is more sensitive 

to damage than the first or the second mode. 

Tsai and Hsu [ 1061 studied the damage detection in reinforced concrete struc- 

tures. The damage was modelled by a reduction in material strength for con- 

crete, and decreasing in the cross sectional area of steel members. The neural 

network was trained with the displacement time history of three degree of free- 

dom separately. They suggested that the neural network could be used in two 

ways: Firstly in the so-called category identification the neural network was 

used to identify if the damage occurred in steel member or in concrete only, or 

both. Secondary the network was used to identify the damage machine condi- 

tion in detail. 

Ni et al. [1071 proposed a methodology to design input patterns to neural 

networks, using a hierarchical identification strategy [1041, for damage location 

and severity in a two-story steel frame affected with a reduction in rotational 

stiffness at a specific joint. A hierarchical neural network with one hidden 

layer was trained using the natural frequencies and a modal vector value of 

the frame. The authors found that when the damage location and extent were 

identified using independent networks with the same configuration of input 

and output patterns, the training efficiency was improved but the capacity to 

detect multi-damaged cases was less accurate. 

Chang et al. [1081 investigated the damage detection on a clamped-clamped 

reinforced concrete T beam. The fault was modeled as a reduction in the flex- 

ural bending of each element. An iterative neural network model with two 

hidden layers was trained with the first three natural frequencies and the first 

mode shape curvature changes. They suggested that the change of the mode 

curvature is a good indicator for damage identification. Also it is addressed 

that using orthogonal array to generate the combinations of input parameter 

changes could significantly reduce the number of training data. 

Valoor and Chandrashekhara [ 1091 extended the delarnination prediction in 

composite beams by using model analysis of Okafor et al. [ 1051 to damage de- 

tection in a thick composite beam that took into account the Poisson effect and 

the transverse shear deformation. They suggested that in symmetrical struc- 

tures, the network could only predict the location of delarnination In each sym- 
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metrical segment, although the incorporation of mode shapes was proposed as 

a solution to differentiate between locations. 

Otieno et al. [I 10] presented an initial method for isolating fringes in shearo- 

graphs of poor quality in order to detect and characterise damage in laminated 

composites. The methodology comprised the median filtering of the fringe pat- 
terns, and neural networks complemented by a fuzzy inference system were 

used to classify each image. The authors found that the classification accu- 

racy was low when neural networks were used alone. However, shearograph 
images could be classified when the networks were combined with a fuzzy 

decision-making system. 
Ishak et al. [1111 studied the identification of interfacial delaminations in 

carbon/epoxy composite using the strip element method and adaptive multi- 
layer perceptron networks. The strip element method was used to compute the 

theoretical dynamic responses of laminated beam composites containing a de- 

lamination that penetrates through the width of the beam, and these theoretical 

responses were used as the training data for a multiplayer perceptron network 

with two hidden layers. It was found by the authors that the proposed method 

predicts accurately the length of the damage. However, the neural network 

was not accurate to identify the location and depth of the damage. 

Zapico et al. [ 1121 presented a methodology to located and quantify damage 

in framed structure. Their approach used two neural networks to calibrate the 

undamaged structure, and to predict the damage respectively. Damage in the 

structure was modelled as a reduction in the effective elastic modulus of the af- 
fected element in the frame. They found that neural networks predictions were 

accurate when the structure was either completely damaged or undamaged. 

2.5.5 The approach of genetic algorithms 

Genetic algorithms (GAs) are optimisation techniques based on the concept 

of natural selection and genetics. A comprehensive reference of the nature and 

use of them can be found elsewhere [ 113-1151. GAs are designed to exploit ef- 

ficiently large, non-linear, and highly complex search spaces where traditional 

gradient-based methods may fail. Figure 2.11 shows the fundamental structure 

of the genetic algorithm. 

m 



Damage Characte7isation in Enginee7ing Structures 41 

First, a population of individuals is randomly generated. The population 

then evolves toward better regions of the search space by means of process 

of selection, crossover and mutation. During the selection step, couples of par- 

ents are chosen from base population according to their fitness. In the crossover 

step, parent individuals breed offspring's individuals by combining informa- 

tion from parent individuals. The mutation forms new individual by making 

large alteration with small possibility to the offspring individuals regardless 

of their inheriting information. With the evaluation of fitness for all individ- 

uals, the selection favourably selects individual of higher fitness to reproduce 

more often that those of lower fitness. These reproductions form a new genera- 

tion of the evolutionary process. The previous steps are repeated until a given 

terminal criterion is reached. 

Initial Population of Size N 
Generated Randomly 

I 

Evaluate the fitness flx) 

of each chromosome x 
in the population 

-------------------- T --------------------- I 
F -Selection of Parents I 

Select two parent chromosomes 
from a population according to 
their fitness. (the better fitness, 

0 
-r, the bigger chance to be selected) 

Crossover 
With a crossover probability 

cross over the parents to form 

new offspring (children) 
j __ 

U Mutation 
With a mutation probability 

mutate new offspring at each locus 
(position in chromosome). 

------------------ 
L 

--------------------- 

Figure2.11. A basic genetic algorithm. 

The four stages in every genetic algorithm are: generation of a new population, selection, 

crossover, and mutation 
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Genetic algorithms have been used in different areas of science and engi- 

neering. Roth and Levine [116] used GAs for extracting geometric primitives 8 

from geometric sensor data. In their study they compared the performance of 

GAs versus random sampling. They found that the more complex the geomet- 

ric sensor data, the better the GA performed in comparison to random search. 

Doyle [1171 developed a GA-based force location method on aluminium beams. 

He proposed a new genetic algorithm where the position of the impact on the 

beam was encoded as a real number. He found that GAs were computational 

inefficient to characterise the damage. However, he pointed out that this defi- 

ciency could be mitigated by using computers with multiple (parallel) proces- 

sors. An implementation of Doyle's idea was performed by Oyama et al. [ 118]. 

They implemented an adaptive range genetic algorithm (ARGA) for three di- 

mensional shape optimisation of aircraft wings in a parallel computer with 

166 processors. They reported that the parallel implementation made a corre- 

sponding turnaround time almost 1/64 of the evaluation time taken by a single 

processor implementation (7000 hours). 

During the last then years, interest in GAs have developed by the increas- 

ing advances in computer processing power, and moderately price reduction 

of workstations [1]. However, the availability of commercial GA software is 

somewhat limited, in particular due to the fact that GAs are problem specific, 

thus imposing on researchers the need for coding their own algorithms. In 

structural engineering, GAs have been used for two main areas: structural op- 

timisation [119-123] and damage characterisation. The following subsection 

covers published research in the latter area. 

2.5.5.1 Genetic algorithms and damage characterisation 

To identify location and depth of flaws in structures, researchers have used 

several minimisation techniques to optimise the difference between on-site test- 

ing measurements and proposed mathematical models that describe the struc- 

ture. Typical minimisation techniques include gradient-based algorithms, ge- 

BA geornietric primitive is a curve or surface which can be described by an equation with a number of free 

parameters. 
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netic algorithms, and neural networks. In the present subsection, literature 

concerning GAs and damage characterisation is presented. 

Cracks that occur in structural elements causes local variations in its stiff- 

ness that affects the static and dynamical behaviour of such structures [311. 

Researchers trying to locate the depth and position of such cracks have used 

GAs to characterise structures' material stiffness as a way to reveal damage. 

Suh and Shim [1241 used a GA to characterise cracks in clamped-free beams. 

In their approach, the difference between the eigenfrequencies of the real and 
finite element model (FEM) of the beam was minimised. They showed that this 

approximation produced accurate stiffness predictions with an error estimated 

within 5 percent. Krawczuk and Ostachowicz [125] performed a similar study 

where they took into account the depth of the crack. They showed that the 

depth of the crack did not have any effect on the accuracy of the characterising 

technique. 

He et al. [126,1271 characterised cracks in rotor-bearing systems. In their 

approximation, location, depth and arc length of cracks in rotating shafts were 

the variables to reveal. They found that the depth of the crack was the factor 

that presented less accuracy with an error estimated in 12 percent. Liu and 

collaborators [ 128,1291 studied flaw characterisation in sandwich plates. They 

modelled the damage as a reduction in percent in the elastic modulus of the 

sandwich's core. They found that their algorithm did not predict accurately 

the area of damage, and instead of giving a unique solution for the problem, 

their algorithm generated a number of candidates for damaged elements in the 

core. 

Sherrat el al. [1301 presented a novel approach to characterise progressive- 

tearing in box-sectioned composites that were subjected to impact events. They 

suggested that genetic algorithms might be better suited for the application at 
hand, because of the discrete nature of the damage parameters to identify (the 

number of elements in a FE mesh that exhibited cracks). Xia and Hao, [1311 

studied damage detection in portal frames. Their method was based on the 
fact that structural damage causes changes in the vibration characteristics of 

a frame (frequencies, mode shapes and modal damping). They found that er- 
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rors existing in the measured mode shapes of the structure produced highly 

inaccurate results in the prediction of damage location. 

2.6 State of the Art - David Panni's Research 

This section presents the results of the research performed by Parini [1,132]. 

His work is the most relevant to this thesis as he was one of the first researchers 

to investigate the characterisation of delamination in carbon fibre panels by 

using optical interferometric data. 

Parini, in his PhD thesis, proposed a generalised approach to integrate sim- 

ulated displacements from DSPI with a finite element model to characterise a 

single delamination in carbon fibre panels. The core of the solution method 

was the development of an integrated finite element model - genetic algorithm 

tool for the automatic recognition of delamination. Parini's method exploited 

the bulging phenomenon that occurs on the surface of a delaminated panel 

when placed in a vacuum chamber (figure 2.9a and 2.9b). He argued that the 

bulging is a consequence of a pressure differential between air trapped inside 

of the delamination, and the negative pressure inside of the vacuum chamber. 

Parini suggested that the characterisation method should not assume a-priori 

the shape of the delamination. As a consequence, in his theoretical model, de- 

lamination footprint was defined in terms of pixels that allow the representa- 

tions of generic shapes as is shown in figures 2.12a and 2.12b. It was argued 

that the advantage of this type of modelling is the use a single finite element 

mesh to study multiple delaminations shapes. 

2.6.1 The finite element model 

Panni proposed a method that assumed that a FE model of a delaminated 

panel in a vacuum chamber might be represented using the sub-structure ap- 

proach9, using a single layer of composite shell elements (LUSAS QTS8) as is 

shown in figure 2.12c. The entire area of the panel was discretised into a l6xl6 

mesh of elements, mimicking the pixelated output from the DSPI technique 

as is shown in figure 2.12d. It was suggested that this type of modelling pre- 

9The sub-structure approach is discussed in subsection 2.2.3.4. 
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sented the best compromise between the ability to resolve delarninations (with 

circular shape) and the reduction in the computer power required by the char- 

acterisation technique. 

Panni suggested that any shape of delarnination or combination of delami- 

nations in composite plates may be represented by assigning each element in 

the mesh to one of two sates - delaminated or not delaminated. Thus in the FE 

model, each node in the mesh was assigned a boundary conditions in terms of 

either force (delaminated) or a zero displacement (not delaminated). 

Figure 2.12a. Pixelated representation of 

an elliptical delarnination in a 16 x 16 

bitmap grid. 

Figure 2.12b. Pixelated representation of 

a circular delamination in a 16 x 16 bitmap 

grid, 

Shell element 
8- nodes 

C7 

Nodes 

Figure 2.12c. Section through reduced 

thick FE shell model used by Panni to sim- 

ulate a delamination in carbon-fibre pan- 

els. This model can be classified as a sub- 

Figure 2.12d. Top view of the FE model 

proposed by Panni. It is possible to appre- 

ciate the pixelated representation of the de- 

lamination. 

structure delamination modelling. 
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2.6.2 The genetic algorithm 

Panni developed a binary coded genetic algorithm were every delaminated 

stated was represented by an array of 257 elements, 256 of them representing 

the delaminated/not delaminated state of every node in the 16A6 mesh, and 

the last location representing the depth of the delamination as an integer. The 

fitness of each model was determined by how accurate it minimises the objec- 

tive function representing the difference between the simulated DSPI data and 

the response from the FE model. 

The proposed genetic algorithm operated on an elitist, single point crossover 

strategy with a population size of 25. Probabilities of cross over and mutation 

were specified as 0.7 and 0.02 respectively The termination criterion for the 

algorithm was established as a prefixed number of iterations (400). 

2.6.3 The results 

Panni showed that if the shape of the damage was fully resolved, then the 
depth of the delamination was found with total accuracy In fact, even if the 

genetic algorithm did not converge to a good solution, the shape and approxi- 

mate size of the delarnination were resolved with some accuracy. Critical prob- 
lems were found in terms of the amount of a-priori knowledge needed to be 

incorporated in the genetic algorithm. Some of the information required for 

a successful convergence was both the specification of the area(s) of the panel 

that did not contain delarninations, and the on-line calibration of the genetic al- 

gorithm in terms of the value of its parameters. Parmi showed that with out the 

previous Information, the GA located erroneous delaminated elements beyond 

the closed boundary of the flaw. 

2.7 Summary and Conclusions 

During the past forty five years, the use of composite materials have ex- 

panded to many applications, including aircraft, automotive and aerospace 

structures, and many other products. Unfortunately, the manufacturing process 

and the In-service operation of composites may result in the presence or intro- 

duction of unwanted defects and damage. 



Surnmary and Conclusions 47 

Although much research has been done to date, it is clear from the literature 

that more studies need to be conducted to characterise delamination in com- 

posite panels. In particular, to reduce the gap in the understanding in the sim- 

ulation of composite debonding through finite element analysis, and inverse 

techniques based on neural networks and genetic algorithms to locate and size 

delaminations. Delamination characterisation is not only an industrial interest 

but also an academic one. The future development of aerospace, automotive 

and many other industries rely on the understanding of failure modes and the 

assessment of structural integrity. 

The ultimate objective of this chapter was to solve the research question one, 

which addressed to the state-of-the art of both computational techniques for 

delarnination characterisation, and DSPI for detection of damage in compos- 

ite materials. The following paragraphs answer the sub-questions what were 

designed in Chapter 1. 

2.7.1 Research Question 1 

Delamination modelling techniques Historically two main approaches 
have been used to model delamination in composite laminates: the classical 
laminated plate theory and the theory of elasticity. The former was deprecated 

during the 80's as a consequence of (a) its inability to predict accurately the 

shear stresses in the interface of the laminate and (b) the increasing availability 

of computer power during the early 70's, that opened the possibility to im- 

plement complex numerical routines needed to calculate the solutions of the 

constitutive equations provided by the theory of elasticity. 

Solutions to the theory of elasticity have been found through two different 

approaches: Finite Differences (FD) and the Finite Element Method (FEM). Fi- 

nite differences have been used to solve problems of stress and strains in lam- 

inates, however it lacks the flexibility of FEM to deal with complex laminate 

shapes. Research on modelling of delamination since 1980 has included, as a 

general rule, some form of finite element simulation. 

To date, finite element models of delamination take advantage of three im- 

portant conclusions derived from the studies on low-velocity impact during 

the 70's and 80's: Firstly, delamination represents a major component of dam- 
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age that evolves accordingly to a definite pattern. Secondly, delamination is 

present either at interfaces between plies with different fibre orientation or at 

the edges of composite panels. Finally, if delamination is present, the debonded 

area has an elliptical or peanut shape. The precise shape of the delamination is 

dependant on the number of crack in the panel. If a single crack is present then 

the delamination is elliptical in shape. 

Literature concerning the modelling of delamination through the FEM can 
be classified in four groups accordingly to the type of interface used between 

the delaminated and base regions. They are the hybrid element interface, de- 

equivanlenced crack, degraded inter-laminar layer, and sub-structure. 

In the hybrid element interface technique, both sub-laminates are connected 

through a combination of spring and beam elements. It has been successfully 

used in studies of low-velocity impact. However, a major drawback in its im- 

plementation is the dependency between the size of the delamination and the 

coarseness of the FE mesh. Another disadvantage is that the solution of the FE 

model requires large amounts of CPU time. The de-equivalenced crack tech- 

nique has been used to model buckling in composite laminates where there are 

not overlapping between the sub-laminates. Researchers using this technique 

have reported a good agreement between the predictions of the FE model and 

experimental measurements. 

The degraded inter-laminar layer model is the most simple of all the mod- 

els. However, it is the one with less agreement with experimental data. In 

this technique, the delamination is simulated through a reduction in the elastic 

properties of the elements that are just beneath of the delaminated region. The 

last technique is labelled as delarnination as sub-structure where the model in- 

clude only the delaminated region. This is the most cost-effective technique 

in terms of CPU solution time; however, there is not research available on the 

evaluation of the performance of this model against experimental data. 

Digital Speckle Pattern Interferometry (DSPI) This is an experimental 

technique that has been proved to be capable for precise measurements sensi- 

tivity of the order of the wavelength of light from diffusely scattering objects. 

DSPI produces real-time fringe patterns that typically represent contours of 
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constant displacement component depth. However, fringe patterns provide 

visual information to the trained eye, but they are generally noisy Loss of ac- 

curacy in the technique is due to systematic and random errors. 

Systematic errors appear form the effect of higher harmonics, miscalibration 

and vibration. Higher harmonics can be produced for non-linearities in the 
detector array. Miscalibration represented by a poor alignment of the device or 

motion of the specimen while the experiment is being carried. Vibration and 

other environmental disturbances such air currents can cause significant errors. 
Random errors are introduced due to variations of the laser output power or 

electronic noise in the detector camera. 

Researchers using DSPI to detect delarnination in laminates have found that 

small and deep delaminations are difficult to detect if the sensitivity of the sys- 

tem is poor, or there is not strict control on the pressures inside of the vacuum 

chamber. 

Compact representation of DSPI data The theory of two dimensional 

moments is a paradigm that is widely used by researchers on pattern recogni- 

tion. By using moments, it is possible to reduce large sets of experimental data 

into small arrays containing the convolution of the experimental data with a 

suitable base-function family Two types of moments are commonly used by 

researchers: Zernike and Geometric. 

Zernike moments appeal researchers by their properties like orthogonally, 

rotation invariance, robustness to moderate levels of noise, and efficiency in 

terms of the non-redundancy provided by lower order moments. However, 

some of these properties make them not useful to characterise damage. Zernike 

moments contain information about an image hath is independent of the size, 

planar position and relative angular orientation. 

On the other hand, central geometric moments offer attributes that make 
them attractive to be used in the characterization of delamination. Firstly, they 

are sensitive to the location of the crack that is given by the equation 2.3. Sec- 

ondly, this type of moments are sensitive to the size of the image that are rep- 

resenting. Finally, the orientation of the flaw can be discriminated using CGM, 
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because these moments are function of the angle of orientation of the features 

of the image. 

Characterization of damage Progress has been made to understand and 
identify the damage of truss structures. Some authors suggested that the static 
load distribution in the structure affects the damage detection, and indicated 

that although structural damage is non-linear in behaviour, the use of loads of 

small magnitudes result in structures behave only in their elastic ranges. It was 

showed also those standard modal properties such as resonant frequencies and 

mode shapes are poor indicators of damage, and consequently the methods 

studied were inconsistent and did not clearly characterise the damage location. 

Having developed an understanding for damage identification in truss struc- 

tures, researchers have turned their attention to characterise flaws in composite 
materials. It has been found that the damage detection using structural waves 
is sensitive to manufacturing tolerances, decreasing its applicability in prob- 
lems where exist input noise from uncertainty in geometrical properties. Also 

it has been showed that for damage detection based on strain flexibility meth- 
ods failed to locate damage in some elements. 

The findings of studies examining the use of neural networks and genetic al- 

gorithms in composite panels have been mixed. It was stated that it was easier 

to predict damage location than size due to location is a discrete variable and 

size out put is a continuous variable. However, there were no established pro- 

cedures for choosing the optimal number of hidden layers in neural network 

architectures, or for choosing the operators and its values in genetic algorithms. 
Also it has been mentioned that the performance of both neural networks and 

genetic algorithms decline gradually in the presence of noisy or incomplete 

input data and they were not accurate to identify the location and depth of 

the damage. Moreover, studies using genetic algorithm using experimental 
data have not provided accurate predictions of damage in terms of shape, size 

and position. Of the two approaches, genetic algorithms offers some advan- 

tages when used it in-service where the exact nature of laminate lay up, and 

materials properties is not known a-priori. This is due to the fact that genetic 

algorithms operate on mathematical models that can be updated on-line. As 
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a consequence, any variation in the physics of the modelled process can be 

incorporated into the genetic algorithm as a change in one of its variables. 

Genetic algorithms have shown to be effective at searching large domains for 

a global optimal point by sampling a small fraction of the total solution space. 

This ability has made them attractive for researchers working in the solution of 

inverse problems and optimisation. 

Latest research on characterisation of delamination in composites 

The latest and closest research linked to this thesis was performed by David 

Panni at Loughborough University (2002). Panni developed a general method 

to integrate a FE model with genetic algorithm in order to design and opti- 

mise composite structures. As an extension of his research, he showed that 

at, least theoretically, is possible to characterise delamination in laminates. He 

showed that if the shape of the delamination could be fully resolved, then the 

depth of the delamination was found with total accuracy. Panni concluded that 

problems in his model existed in terms of the a-priori knowledge needed to be 

incorporated, like for example the areas of the laminate that did not contain 

delaminations, and the on-line calibration of the genetic algorithm in terms of 

the value of its parameters. 





Chapter 3 

A FINITE ELEMENT MODEL 
FOR EMBEDDED DELAMINATION 

Abstract The basic approach to the characterisation of clelarnination is the parameterisation 

of the expected flaws. It is proposed that an embedded delamination can be ap- 

proximated as an elliptical-shaped crack with by six parameters: the coordinates 

of the centre in the plane of the laminate, the length of the delamination, the width 

of the flaw, the angle of orientation, and the depth below the measured surface of 

the laminate. Also, it is proposed that from a computationally point of view, a de- 

lamination can be introduced in a finite element (FE) mesh using the sub-structure 

technique. Finally the interpretation of the integro-differential equation that re- 

lates the out-of-plane displacements on the laminate during a DSPI test, and the 

pressure of the air trapped in the delarnination is presented. 

3.1 Introduction 

Computational modelling of delamination requires a compromise between 

two (often conflicting) objectives (a) effective representation of the damage, 

and (b) rational use of CPU time to solve the numerical model. Firstly, the nu- 

merical model must reflect accurately the geometry and physics of the damage. 

Geometrically, a delamination is an irregular but it can be idealized as ellipti- 

cal in shape [12-151. Physically, delamination is a separation of the individ- 

ual plies in a bonded structure, which has been modelled using four different 

approaches: hybrid element interface [19,201, de-equivalenced crack [21,221, 

degraded inter-laminar layer [23,241, and sub-structure [26,11. Secondly, the 

computational model must be cost-effective. In terms of the modelling tech- 

nique, it was showed in Chapter 2 that FE analysis is the favoured tool used 
by researchers in the field. Then, in order to optimise the solution time taken 
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by the FE model it is necessary to make a trade-off between resolution of the 

mesh, and the accuracy of the expected results. 

An additional factor to take into account during the modelling of delamina- 

tion is the scope of the model. For example, to simulate low velocity impacts 

in a laminate the hybrid element interface technique is the best choice in terms 

of the physics of the problem, but this choice may not be the best one when 

modelling buckling of laminates. In the context of this research, the finite ele- 

ment model to be designed is constrained by the experimental technique used 

to detect the damage, in this case DSPI. In the literature only a few researchers 
have tried to close the gap between delamination modelling and DSPI [I]. 

Although much research on modelling of delamination has been done to 

date, it is clear from the literature that more studies need to be conducted to 

design a cost-effective FE model that can be used to simulate the behaviour of 
delarnination in the context of the DSPI technique. 

3.2 Problem Statement 

In order to ascertain the presence of delamination in a composite panel using 

the DSPI technique, the laminate is placed in a vacuum chamber at atmospheric 

pressure Pvmosph, j, as shown in Figure 3.0a. Once the chamber is completely 

sealed, the main vacuum pump is activated until the chamber reaches a refer- 

ence pressure Pchamber (Figure 3.0b). If the laminate contains a delamination, the 

DSPI device may detect the bulging effect that is produced as a consequence 

of the pressure differential that exists between the pressure in the chamber and 

the pressure of the air trapped inside of the delamination. Provided that a 

DSPI device with high sensitivity is used, the output of the technique is an ar- 

ray of measurements that corresponds to the out-of-plane displacements of the 

surface of the laminate between the deformed and the non deformed state. Fig- 

ure 3.1 shows a typical DSPI post-processed output from a delaminated panel 

in the conditions described above. 

IL 
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Figum3.0a, Laminate in a vacuum cham- 

ber when the chamber is not in operation. 
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Figure 3.0b. Laminate in the same cham- 
ber when a vacuum pressure Pchamber is ap- 

plied. Note the bulging effect. 
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Figure 3.1. Typical out-plane-displacements field obtained from a carbon fibre panel with a 

circular delamination. 

3.3 Objectives and Research Questions 

From the previous paragraphs is clear that there is a need for a delamination 

modelling technique that can be applied in the context of optical interferomet- 

ric experimental techniques. The main objective of this chapter is stated as: 

Given the bulging effect that experiences a delaminated composite panel during a DSPI ex- 

periment, design a FE model that simulates accurately the physics of the problem. 

This objective can be satisfied if the following research questions are solved: 

I Subquestion A: How can an embedded delamination be modelled mathe- 

matically in geometrical terms? (Parametric issues). 

2 Subquestion B: What is the ideal configuration of a FE mesh to represent 
delamination? (FE resolution) . 
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Figure 3.2. Geometrical parameters needed to define delamination. 

Planar location (xc, yc), length 2a, width 2b, angle of orientation 0, and depth h. 

3 Sub, question C: Which of the delamination modelling techniques available 

in the literature describes better the physics of the problem at hand? (De- 

lamination modelling). 

4 Subquestion D: What are the boundary conditions for this problem. (FE 

constrains) . 

The following section details the methodology and experimental setup used 
to solved the previous research questions. 

3.4 Methodology and Experimental Setup 

3.4.1 Subquestion A 

A mathematical model was developed for the geometrical definition of de- 

lamination (shape). The model is based upon the previous studies (Chapter 2) 

that conclude that a delamination can be idealized as elliptical in shape which 

implies that the flaw can be represented by six parameters: (1,2) the planar 

location (x,, y, ), (3) length 2a, (4) width 2b, (5) angle of orientation 0, and (6) 

depth h, as is showed in Figure 3.2. 
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The mathematical model 

The developed mathematical method aimed to find numerically the value 

of the parameters that represent the shape of the delarnination. They are the 

planar location (x,, y, ), length 2a, width 2b, and angle of orientation 0 of the 

delamination. 

The mathematical model is divided in two parts. The first part uses the 

laplacian and the variance of the surface displacement, like the one shown in 

Figure 3.1, to detect the borders of the bulge. The second part of the model 

uses a second order minimization method to calculate numerically the planar 

position and shape of the delarnination from the detected edges. 

Detection of borders The input for the algorithm is the out-of-plane dis- 

placement field from a delaminated laminate'. Given the fact that DSPI pro- 

vides an array of 512x5l2 measurements, it can be treated as an image com- 

posed of the same number of pixels. Therefore techniques that are relevant in 

the context of image analysis can be applied here. The description of the model 

corresponds to the one presented in reference [ 133]. 

The first step in the analysis is to establish an upper limit for the surface 

displacement that are taken into account in the analysis. In the present devel- 

opment'this limit was set (by trial and error) at 10% of the maximum surface 

displacement in the model. 
The second step is to calculate the laplacian of the surface displacement field 

z(x, y) using a finite difference formulation. The laplacian of z(x, y) in position 

(n 1, n2) of the DSPI array is given by equation 3.1. 

V2Z (ni, n2) =z (n, + 1, n2) +z (n, - 1. n2) + 
-.. 

... z (nj, n2 + 1) +z (nj, n2 - 1) 
-4-z (ni, n2). 

In the same way, the variance of the laplacian is calculated using equa- 

tions 3.2 and 3.3. 

I In this chapter simulated out-of-plane displacements fields are used 
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Figure 3.3. Edge detection algorithm. 

It uses three main steps: the calculation of the laplacian and the variance of the laplacian from 

the image, compare the laplacian against a preset threshold, and finally compare the variance of 

the laplacian against a second threshold. 
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The third step in the analysis is to compare the laplacian of point (nl, n2) 

with a pre-established threshold (0.95 by trial and error). If the laplacian is less 

or equal to the threshold then this point could be and edge of the delarnination. 

The last step consists in compare the variance of the laplacian in point (nl, n2) 

with a threshold (0.01 by trial and error). If the variance is less or equal to the 

threshold, then the point (nI, n2) is an edge of the delarnination. Figure 3.3 

shows the flow diagram of the edge detection routine. 

Calculation of elliptical parameters The elliptical damage can be de- 

scribed using polar coordinates as seen in Figure 3.4. For every point in the 

boundary (xk, yk), the equation of the ellipse is given as, 

1- (1 - E2) . C0S2(ý - 0) - rk =b (3.4) 
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Figure 3.4. Geometrical parameters of an ellipse in polar coordinates. 

59 

In equation 3.4 E is the relation between the width and length of the ellipse 
(bla), ý is the angle of the relative position vector as is shown in Figure 3.3. 

The magnitude of the vector from the centre of the ellipse (x,, y, ) to the point 
(xk, yk) is rk. If points (xk, yk) are not in the boundary of the delarnination, then 

an error function for each point can be defined as, 

IN = ý/j -(I -E2) -cos2(ý-O) rk-b. (3.5) 

In order to find the optimal values of (x,, y, ), E, 0 and b in equation 3.4 a sec- 

ond order Newton-Raphson minimisation process [ 1341 using the least squares 

methodology is implemented to solve an inconsistent non linear equations of 
the form: 

m 
E (4702 (3.6) 
k=l 

In which m is the number of points in the boundary of delamination. It 

is clear that if function IF = IF (0, b, E, xc, yc) possesses partial derivates of low 

order, then at any point x= (0, b, E, xc, yc) a gradient vector G(x) is defined 

with components, 

ar(x) 
GI(x) = a-, (3.7) 

xi 

Y 
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and also is possible to define a Hessian Matrix H(x) with components, 

Hjj(x) = Hji(x) = 
a2]p(X) 

(3.8) axiaxj ' 

where G(x) is a vector of five components and H(x) is a 5x5 matrix. Using 

the gradient and the Hessian matrix, it is possible to write a quadratic Taylor 

series for IF in the following manner, 

r(x+ h) = r(x) + G(X)T h+IhT H(x)h. (3.9) 2 

To find the minimum of the quadratic function in equation 3.9 it is necessary 

calculate the first partial derivates with respect to hi and equate them to zero. 
The result is expressed as, 

H(x)h = -G(x). (3.10) 

The convergence of the second-order Newton-Raphson method is very fast 

if the initial search point of the algorithm x, = (00, bo, E0, xO, yO) is close the 

global minimum, that is the case of this work 
The second-order Newton-Raphson method enjoys a certain amount of pop- 

ularity between researchers because of its fast convergence in a sufficiently 

small neighbourhood of the global minimum value. Convergence is quadratic, 

which means that the number of significant digits double after each iteration. 

In comparison, the convergence of Steepest Descent method is at best linear 

and for the Conjugate Gradients method it is superlinear [135]. 

The following is the iterative procedure for locating a minimum point of the 

function IF: 

I Start with a point x,, = (00, bo, E0, &0, yO) that is an estimate of the minimum 

point. 

2 Compute the gradient and Hessian matrix in the point xo. 

3 Solve the matrix equation 3.10. 
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5 If the error is lower than a prescribed criteria (0.0001), then xO is the mini- 

mum point. 

6 If the error is not lower, then calculate x,, = x, +h and return to step 1. 

3.4.1.2 Numerical implementation 

Three simulated DSPI out-of-plane displacements' were used to verify the 

mathematical model outlined above. The first model corresponded to results 

from an embedded circular delarnination with radius 15 mm, planar location 

(x,, y, ) equal to (37.5,37.5) mm. The second model used results from an ellip- 

tical delarnination, with parameters (2a, 2b) equal to (40,20) mm, 0 equal to 90 

degrees, and planar location (x,, y, ) equal to (37.5,37.5) mm. The third model 

contained an elliptical delamination with same length, width, and planar loca- 

tion of model two, with 0 equal to 45 degrees. 

The mathematical model was implemented in MATLAB 5.3, and was solved 

in a DELL Inspiron 8100 Pentium III computer. The source code of the imple- 

mentation is included in the CD room that is attached to this thesis under the 

directories tree ISRCIBorder Detectionl. 

3.4.2 Subquestion B 

The goal of this question was to study the effect of the type of meshing on 

the representation of delarnination by comparing the two possible paradigms 

that can be applied, either mapped or free meshing. Effective representation of 

an idealized elliptical delarnination can be met if the model satisfies two basic 

rules: (1) a detailed representation of the boundary, and (2) a refined mesh in 

the zones of high gradients, which is inside of the flaw boundaries in the case 

of the work reported in this thesis. 

The problem is then to think about whether a mapped mesh or a free mesh 

satisfies the rules presented above. A free mesh has no restrictions in terms of 

element shapes, and has no specified pattern applied to it. 

2 The procedure used to generate these simulations is the one presented in reference [1]. 
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On the other hand, a mapped mesh is restricted in terms of the element 

shape that it contains and the pattern of the mesh. A mapped area mesh con- 

tains either only quadrilateral or only triangular elements, while a mapped vol- 

ume mesh contains only hexahedron elements. Additionally, a mapped mesh 

typically has a regular pattern, with obvious rows of elements. 

To tackle the problem, the procedure followed in this thesis consisted in rep- 

resent delarnination using both paradigms of meshing, and then both models 

were evaluated by comparing only their ability to do an effective representa- 

tion of the flaw. The following paragraphs describes the details of the method- 

ology that was used. 

3.4.2.1 Basic assumptions 

It is assumed that the parameters of the damaged region are planar location 

(x,, y, ), length of delamination 2 a, with 2b and angle of orientation 0, that these 

parameters satisfy the following restrictions: 

I The length of the delamination 2a (parallel to x' in Figure 3.4) is equal or 

greater than the width 2b. If a penny shaped delarnination is desired, then 

a= b. 

2 The coordinates of the centre of the delamination in the plane of the lami- 

nate, (xc, yc), must be inside the area of the panel. 

3.4.2.2 Mapped meshing , 

A two dimensional model of a typical mapped meshing is shown in Fig- 

ure 3.5. This mesh is composted of 100 quadrilateral elements. On top of the 

mesh, a contour of the delarnination that the mesh intends to represent is plot- 

ted. Clearly the problem in here is how determine the nodes that lie both on 

the boundary and inside of the flaw. Of course, it is arguable that a densely 

populated mesh would represent properly such boundary. However, the main 

counter-argument is that the solution time of a FE model increases approxi- 

mately with the cubic power of the number of the elements that are contained 

in the mesh [ 1361. 

In order to determine the nodes of the FE mesh that define the delamination, 

the following methodology is proposed. 
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Figure 3.5. Two dimensional model of a mapped mesh of a model containing an elliptical 
delamination. 

The shape of the delarnination is shown on top of the model. 

Nodes belonging to delarninated area In the rotated (local) system of 

coordinates (x'. Y) showed in Figure 3.5, the boundary of the elliptical damage 

could be represented using the following equation, 

12 12 
X, 

+ Yi 
a2 b2 

In the global Cartesian system of coordinates (X, Y), the boundary of the 
damage, expressed in equation 3.11, could be stated as, 

Ax2 + Bxy+ Cy2+ Dx+Ey+ F= 0, (3.12) 

where x and y are defined in the following way, 

os - sin 0 

y sin 0 Cos 0 YC 
(3.13) 

xIc01X, I+[ xc I 
Equation 3.13 establish a relationship between the local system of coordi- 

nates (x, Y) and the global system of coordinates (X, Y). Nodes that are inside 

of the oval area satisfy so-called belonging criteria. This criteria establishes that 
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a node i in position (xi, yi) in the global system of coordinates belongs to the 

delarninated area if the following statement is true. 

Given, (xr, yr) in (X, Y), (xi, yi) in (X, Y), and 0, if F(xi, yj) :51 then the node i in position 

(xi, yi) belongs to the delamination. 

In the above statement F(xi, yi) is given by equations 3.14 and 3.15, 

12 12 
F(xi, yi) 

l- + 
a2 b2 

Cos 0 sin 0 Xi - Xc (3.15) 
- sin 0 cos 0 Yi - YC 

Numerical implementation In order to show the ability of mapped meshes 

to represent elliptical delamination, three numerical examples were developed 

as follows: 

I In this example, the objective was to introduce a penny shaped delamina- 

tion with a radius of 16.5 mm in a finite element mesh composed of 100 

elements. The centre of the delamination (x,, y, ) was (37.5,37,5) mm. The 

length of the sides of the laminate were fixed at 80 mm. 

2 In this example, an elliptical shaped delarnination with a length of 40 mm, 

width of 20 mm and angle of ration of 451 was inserted in the same condi- 

tions of example one. 

3 In this example, In this example, an elliptical shaped delarnination with a 

length of 40 mm, width of 20 mm and angle of ration of 451 was inserted in 

a finite element mesh composed of 100 elements. The centre of the delami- 

nation (x� y, ) was (20,30) mm. 

The mathematical model was implemented in MATLAB 5.3, and was solved 

in a DELL Inspiron 8100 Pentium III computer. The source code of the imple- 

mentation is included in the CD room that is attached to this thesis under the 

directories tree ISRCIBelonging Criterial. The master file is DETECTION. m. 
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3.4.2.3 Free meshing 

A free mesh is designed in order to insert parametrically a delamination in a 
FE mesh. At first sight, there should not be much difference between a mapped 

mesh and a free mesh. However, their philosophies are different. To appreciate 

the difference, let's define the process that both of the meshing styles applies 

when representing delamination: 

DEFINITION 3.1 (MAPPED MESH) Given a set of desired delamination parameters, 

then (1) mesh the laminate with quadrilateral elements, and (2) identify nodes that 

are to be delaminated using a suitable criterion, like the one presented in the previous 

section. 

DEFINITION 3.2 (FREE MESH) Given a set ofdesired delamination parameters, then 

(1) build the geometry of the laminate taking into account the relevant boundaries of 

the flaw, and (2) mesh the laminate with irregular elements. 

The implications of using the mapped meshing technique will be presented 
in the results of this chapter, but for now it is possible to say that using this type 

of meshing generates an overhead in time, that is due to the fact that mesh must 
be inspected (node by node) in order to determine the delaminated region. 
Indeed, the previous description of the process is similar to the one followed 

by inverse problems! Given the consequences, then try to find a suitable Initial 

model that reproduces such consequences. 
On the other hand, free meshing behaves like a classical or direct problem 

that is, given the problem, find a suitable solution. This only argument is 

enough to justify that free meshing is a cost-effective methodology, in terms 
of time, to represent delamination. 

The proposed method to represent delamination in a FE model using free 

meshing is as follows. 

I Define the geometry of the laminate. In this case a panel, 

2 Superpose on the base geometry the desired delamination. 

3 Divide the compound geometry in order to Isolate regions of high gradients 
from regions with no displacements. In the case of samples testes through 
DSPI the critical regions are those inside of the delamination. 
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4 Select an appropriate coarseness of the mesh by defining the appropriate 

size of the elements in the model. This was done using a standard FE con- 

vergence analysis. 

5 Mesh the model using a free mesh. 

Numerical implementation In order to show the ability of free meshes 

to represent elliptical delamination, two examples are presented where the 

methodology outlined above was applied: 

I In this example, the objective was to generate a penny shaped delamination 

with a radius of 10 mm in a composite laminate of sides equal to 100 mm. 
The centre of the delamination (x,, y, ) was (65,40) mm. 

2 In this example, an elliptical shaped delarnination with a length of 40 mm, 

width of 30 mm and angle of ration of 45', and planar location (65,65) mm 

was generated. 

The results the previous methodology will be delayed until the presentation 

of the results at the end of the chapter. 

3.4.3 Subquestion C 

Two out of the four methodologies found in the literature are the best suited 

to model the mechanical behaviour of delamination, these are: de-equivalenced 

crack and sub-structure. The hybrid element interface is not cost-effective for 

two reasons. The first is that imposes an overhead of CPU time due to the 

non-linearities that arise by the introduction of spring/beam elements at the 

interface between sub laminates. The second reason is that this technique is 

mainly used in studies of impact on composites, where there is possibility of 

interpenetration between the sub laminates. The degraded inter-laminar layer 

has one main drawback: to effectively simulate delarnination, a reduction of 

the 100 percent in the elastic modulus is necessary to achieve a behaviour that 

correlates with reality, but in a finite element model it is impossible to set an 

elastic constant to zero for the model becomes ill-conditioned and no solution 

is obtained. 
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Then the question is whether the de-equivalence crack or the sub-structure 

model is more appropriate to simulate the physics involved in the testing of 
delarnination through DSPI. The answer is simple, from a physical point of 

view both models are equally appropriate3. 

Meanwhile, it is possible to say that that if physics is not the attribute that dis- 

criminates between the different modeling techniques, then the only attribute 

left is cost-efficiency in term of solution time. The modelling technique that 

proves to be solved in a faster time will be the appropriate for the problem at 

hand. 

A logic argument will be presented that will conclude that sub-structure 

model is the most cost-efficient to simulate the physics of delarnination in the 

context of DSPI. Once again, the argument will be presented in the results sec- 

tion of this chapter. 

3.4.4 Subquestion D 

Boundary conditions (BC) refers to the combination of both displacement 

constraints and external loads. Displacement constraints of the FE model in 

the context of DSPI analysis is a problem that has been already solved for de- 

equivalence crack and sub-structure modelling [1]. In the case of sub-structure 

modelling, the appropriate displacement constraints are pictured in Figure 2.12c 

from Chapter 2. 

The second component of BC is the external loads that act on the model. The 

development of this research question will try to persuade the reader of two 

points. First, that when testing delaminated panels through DSPI is not possi- 

ble to determine analytically the external loads that act on the sample. Second, 

if there is not experimental knowledge about the external loads, the inverse 

problem of characterising delarnination in composites panels from interfero- 

metric it ill-conditioned. 

In order to prove the statements above a mathematical model was devel- 

oped for the evaluation of the external forces on the delaminated region of the 

3The explanation of why both models are appropriate to model the mechanical behavior of delamination 
will be delayed until the end of the chapter. 
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laminate. The model is based on the supposition that the theory of slender 

beams can be applied. The model will be presented in the results section. 

3.5 Results and discussion 

3.5.1 Parametric representation of delamination 

This subsection addresses to the methodology developed for subquestion A 

posed in this chapter. Three verification models were developed with the aim 

of (1) to detect the edge of a delamination from the simulated results of DSPI 

out-of-plane displacements, and (2) to numerically calculate the parameters of 

the elliptical flaw from the borders detected in (1). 

First model Figure 3.6 displays the results of the computation of the flaw 

parameters for an embedded circular delarnination with radius 15 mm, located 

at (37.5,37.5) mm. The laplacian-based edge detection technique detected a 

set of uniform distributed edge points along the border of the delamination 

bulge, as is indicated with white points in sub-figure (b). Clearly, the edge is 

not unique, and it seems that three different layers of edge points are present as 
follows. Referring to sub-figure (c) it is possible to observe that the inner-layer 

of edge points is located on the dashed line, the second is located between the 

former and the solid line, and the third one is located just outside of the solid 
line. This findings may indicate that some of the detected edge points are false. 

Lim [ 1331, indicated that this is possible in when laplacian-based filter methods 

are used. 

The second part of the model, the characterisation of the parameters of de- 

lamination is showed in sub-figure (b). Identification of the planar location of 

the circular flaw is achieved (black diamond in the center of the image), how- 

ever the size of the predicted delarnination is slightly bigger (dashed line) than 

the expected flaw. This, again, can be explained by the influence of the false 

positives reported during the edge detection phase. 

3.5.1.01 Second model. Figure 3.7 shows the Edge detection and de- 

lamination parameters for an embedded elliptical delarnination with major 

axis 15 mm, located at (37.5,37.5) mm and 0 90 degrees. As in the previous 
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Figure 3.6. Edge detection and delamination parameters for an embedded circular delamina- 

tion with radius 15 mm, located at (37.5,37.5) mm. 
(a) Simulated out-of-plane displacements: (b) edges of the delamination bulge (white points): 
(c) comparison of the flaw parameters between the delamination that generated the original 
displacement field (dashed lines) and the one obtained using the proposed mathematical model 
(solid line). 

model, the laplacian technique detected a uniform distribution of edge points 

along the border of the delamination. Indeed, the same three layers of edge 

points are present (sub- figure (b)), then the same conclusions as in the previous 

case can be drawn. 

However, there exists a significant difference with respect to the fist model, 

and this is on the characterised size of the delarnination. Whilt-. in thp fimt 

model the predicted delamination was scaled in both axes, in this model the 

scaling only occurred along the x- axis. Although, the trend is that charac- 
terised delaminations have a slightly larger area in comparison the original 
flaw. 

X] 
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Figure3.7. Edge detection and delamination parameters for an embedded elliptical delamina- 

tion with radius 15 mm, located at (37.5,37.5) mm and 0 90 degrees. 

(a) Simulated out-of-plane displacements: (b) edges of the delamination bulge (white points): 
(c) comparison of the flaw parameters between the delamination that generated the original 
displacement field (dashed lines) and the one obtained using the proposed mathematical model 
(solid line). 

Thirdmodel Figure 3.8 shows the edge detection and delarnination parame- 

ters for an embedded elliptical delamination 40x2O mm, located at (37.5,37.5) 

min and 0 45 degrees. Sub-figure (a) shows the edge points detected. In com- 

parison with models one and two, a larger dispersion of this points is present, 

especially in the direction of the minor axis of the delamination. Clearly, edge 

points continue to be allocated in three different layers as was explained in 

model one. 
Although the size of the characterised delarnination is bigger than the ex- 

pected (sub-figure (c)), its behaviour is a combination between model one and 

two. This is, the scaling effect occurs in both axis of the delamination (as in 
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Fig, ure 3.8. Edge detection and delamination parameters for an embedded elliptical delamina- 

tion 40x2O mm, located at (37.5,37.5) mm and 0 45 degrees. 

(a) Simulated out-of-plane displacements: (b) edges of the delamination bulge (white points): 

(c) comparison of the flaw parameters between the delamination that generated the original 

displacement field (dashed lines) and the one obtained using the proposed mathematical model 

(solid line). 

model one), but the effect is stronger along the shorter axis of the delamina- 

tion, like in model two. 

Remark To conclude this section, it is possible to say that, in general, the 

laplacian based technique used to detect the edge points of the delarnination, 

provides satisfactory results. The only issue to be addressed in future studies 
is how to either improve this technique or find another one that could provide 
better edge points. The second part of the model, that is the size characteri- 

sation, also showed promising results, no only in terms of the accuracy of the 

results, but also in the computational economy derived from its use. 
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3.5.2 FE mesh for representation of delamination 

This subsection addresses to the methodology developed for sub(luestion 
B posed in this chapter. Three verification models were developed with the 

aim of (1) evaluate the performance of a mapped mesh for representation of 

delarnination, and (2) to compare the former approach with one followed to 

generate a free mesh. 

3.5.2.1 Mapped mesh and delarnination 

The following paragraphs describe the results obtained when penny shaped 

and elliptical delarninations were inserted in a 100 by 100 finite element mesh. 

First model In this example, the objective was to introduce a penny shaped 
delarnination with a radius of 16.5 mm in a finite element mesh composed of 

100 elements. The centre of the delamination (x,, y, ) was (37.5,37,5) Mill. The 

length of the sides of the laminate were fixed at 80 mm. Figure 3.9 shows the FE 

nodes that could be considerate as delaminated (subfigure (a)), and the equiv- 

alent out-of-place displacements that could be obtained from such FE mesh. 

In this case the centre of the delarnination was located at one of the nodes of 

the FE mesh, on the other hand the edge of the delamination did not intersect 

any of the nodes. Results from the criteria outlined in the methodology part of 

this chapter, show that distribution of the nodes belonging to the delamination 

are even, and that they represent in a sensible way the boundaries of the flaw. 

Sub-figure(b) shows the equivalent out-of-plane displacements obtained when 

the mesh in (a) is used. Clearly the contours represent a circular flaw. How- 

ever, the boundary of the delarnination is not well represented, displaying a 

behaviour of a polygonal flaw. 

Second model The second model aimed to represent an elliptical shaped 

delamination with a length of 40 mm, width of 20 mm and angle of ration of 

451. The centre of the delamination was placed at (37.5,37,5) mm. Figure 3.10 

shows the detected delarninated nodes using the belonging criteria (a), and 

(b) the equivalent out-of-plane displacements. As in model one, the centre of 

the delarnination was intentionally placed in one of the nodes of the mesh. In 
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Figure 3.9. Penny shaped delamination with a radius of 16.5 min in a finite element mesh 

composed of 100 elements. 

The centre of the delamination (xr, ye) was (37.5,37,5) mm. The length of the sides of the lami- 

nate were fixed at 80 mm. (a) detected FE nodes that represent the flaw in the mapped mesh, and 
(b) out-plane-displacements obtained when the detected nodes were delaminated in the mesh. 
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Figure3.10. Elliptical shaped delamination with a length of 40 mm, width of 20 mm and angle 

of ration of 451. The centre of the delamination was placed at (37.5,37,5) mm. 
(a) detected FE nodes that represent the flaw in the mapped mesh, and (b) out-plane- 
displacements obtained when the detected nodes were delaminated in the mesh 

this condition, the resulting delaminated nodes fairly represents the area of the 
flaw. However, the displacement field for this delarnination displays common 
similarities with model one. The boundary of the delarnination appears poly- 
gonised. Indeed, this representation of the flaw introduces significant errors in 

the calculation of the displacement field. The problem is even more important 

when elliptical delaminations with high aspect ratio are used for the represen- 
tation. 
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Figure3-11. Elliptical shaped delamination with a length of 40 mm, width of 20 mm and angle 

of ration of 451. The centre of the delamination was placed at (20,30) mm. 
(a) detected FE nodes that represent the flaw in the mapped mesh, and (b) out-plane- 
displacements obtained when the detected nodes were delaminated in the mesh 

Third model This model was designed to explore the effect of the centre 

of the delarnination on the displacement field of the laminate. The size and 

orientation of the flaw were the same than the one in model two. However 

the location of the delarnination was shifted to (20,30) mm where there is 

not a FE node. Figure 3.11 shows both the delarninated nodes (white circles) 

and the equivalent displacement field. Clearly, the distribution of the delami- 

nated nodes is not as homogeneous and symmetrical as the ones in model two. 
Nodes at (30,30) and (30,40) mm are to close to the boundary of the flaw that, 
if they are delaminated, then the area of the delamination would be increased 

in at least forty percent. As a consequence of location of the centre of the de- 

lamination, the displacement field does not appear to reflect the fact that an 

elliptical delamination is inserted in the model. 

Remark Given the results derived from the previous models, it is possible to 

conclude that mapped meshing is a paradigm that is not adequate to represent 

embedded delamination in composites. The only possibility to use mapped 

meshing would be refining the size of the mesh, at such degree that FE nodes 

are located on the boundary of the delamination. However this approach goes 
in opposition to the goals of design a cost-efficient FE model for embedded de- 

lamination, as the computing time necessary to solve the finite element model 
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increases approximately with the cube of the number of elements in the model. 
Results from this subsection support the suggestion from Panni [11, that a pix- 

elated FE model does not represent the geometry of delamination. 

3.5.2.2 Free mesh and delarnination 

A second alternative for meshing a delarninated panel is using a free mesh. 
The following paragraphs will present, through examples, the methodology to 

generate a free mesh that represents in an appropriate manner the geometry of 
delamination. 

3.5.2.21 First example. In this example, the process followed to gener- 

ate a free mesh representing a penny shaped delamination with a radius of 10 

mm located at (65,40) mm was developed. Figure 3.12 shows the three main 

steps involved in the generation of the free mesh. Sub-figure (a) shows the 

geometrical parameters of the delamination. The first step in the design of 

the mesh is generation of the geometry of the model, this is showed in sub- 
figure (b). In here, the key point to take into consideration is the exploitation 

of symmetries in the model. When modelling circular delaminations, the sym- 

metries are obvious. Once the symmetries of this model were merged to the 

model, then was possible to distinguish eight different regions, four inside of 

the delamination, and four outside of it. The second step, was the determi- 

nation of the regions with high displacement gradients. When modelling the 

bulging effect produced by delamination these areas are the ones that contains 

the mentioned bulge. Then, the model is further divided to delimitate the re- 

gions of interest as is shown in subfigure (c). The final step was the meshing of 

the model. This was accomplished in two steps. (1) a FE convergence analysis 

to determine the optimum size of the elements, and (2) generate the mesh. The 

first step was accomplished by following standard procedures for the calibra- 

tion of FE meshes, that is, the number of divisions in the boundary of the flaw 

were sequentially incremented until the average displacement of the model 
displayed an asymptotic behaviour [ 1361. results from this methodology indi- 

cates that the optimum number of nodes in the boundary of the delamination 

is sixteen, and that this value is independent of the size and geometry of the 
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(a) 
[mm] 

(c) 

(c) (d) 

Figure 3.12. Process followed to generate a free mesh representing a penny shaped delamina- 

tion with a radius of 10 mm located at (65,40) mm. 

(a) desired parameters of circular delamination, (b) design of the geometric model exploiting 

symmetries, (c) a further refining of the geometry to isolate regions with high displacement 

gradients, and (d) select an appropriate coarseness of the elements and meshing of the model. 

delamination. The second step is the meshing of the model. In here, the FE 

software package ANSYS was used to generate the mesh, as is shown in sub- 

figure (d). 

3.5.2.22 Second example. In this example, the process followed to gen- 

erate a free mesh representing an elliptical shaped delamination with a length 

of 40 mm, width of 30 mm, angle of orientation of 451, and planar location 

(65,65) mm was developed. Figure 3.13 shows the three equivalent steps in- 

volved in the generation of the mesh. All the steps, but the first, followed the 

same reasoning presented in model one, so their details are not included in 

here. In the first step of the methodology it is necessary to exploit the sym- 

metries of the model. When modelling elliptical delaminations that can have 

arbitrary angles of orientation, the proper selection of the points of symmetry 

are not obvious. The findings of this study concluded that the best manner to 

tackle the problem is choosing these points as is shown in sub-figure(b). In this 
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Figure 3.13. Process to be followed to generate an elliptical shaped delamination with a length 

of 40 mm, width of 30 mm, angle of orientation of 450, and planar location (65,65) mm. 

(a) desired parameters of circular delamination, (b) design of the geometric model exploiting 

symmetries, (c) a further refining of the geometry to isolate regions with high displacement 

gradients, and (d) select an appropriate coarseness of the elements and meshing of the model. 

points the parametrical equation of the ellipse has derivates equal to zero, that 
d dx is 7,, =0 for the lower and upper points, and TY -- 0 for the left and right-hand 

points. In this manner, the basic geometry of the geometric model is composed 

of five areas; four outside of the delarnination, and one inside of it. 

Remark From the previous description of the methodology it is seems clear 

that the use of free mesh is both flexible and straightforward. Firstly, there is 

not need of mathematical model to determine which nodes of the FE mesh are 

either inside or outside of the delamination. Secondly, the representation of the 
boundary is exact, hence the simulations displays correct displacement fields. 

Finally, the number of elements used for this model is minimal. In the model 

one FE model contained 106 elements, and model two contained 180 elements. 
To the knowledge of the author, there are not other studies in the literature that 

address the problem of the type of FE mesh for the modelling of delamination. 
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Then, further work on this topic could be done, to not only understand in deep 

the interaction between meshing and accuracy of the simulations, but also to 

developed FE models to predict the remaining life and strength of delarninated 

composite panels. 

3.5.3 Delamination model 

The problem under consideration in here is whether the de-equivalenced 

crack model or the sub-structure approximation are more appropriate to sim- 

ulate the physics involved during the detection of delarnination through the 

DSPI technique. In the following paragraphs an argument will be presented 

that will try to convince the reader that both approximations represent in a rea- 

sonable manner the physics of the process. Additionally, it will be argued that 
from a perspective of cost-efficiency the approach of sub-structures is superior 

to the de-equivalenced model. The argument will develop as follows. Firstly, 

a brief description of the every model will be provided. Secondly, based on 

the background, conclussions will be drawn in terms of a fair comparisons be- 

tween the approaches. This section addresses subquestion C of this chapter. 

3.5.3.1 The de-equivalenced crack model 

Delaminations, can be represented by de-equivalencing the mid-side node 
between two elements in a FE mesh as is shown in Figure 3.14(a). A longer 

crack can be considered as a series of adjacent de-equivalenced node cracks in 
line, as is showed in sub figure(b). The starting point for the application of this 

model is the a meshed FE model of the laminate, and the damage parameters 
that the analyst wishes to include in the model, as is Figure 3.15a. Then the 

analyst coded a computational routine that allow him to inspect the FE mesh, 

and determine which nodes must be de-equivalenced. Then, using another 

routine, or a mouse if he is using a graphic interface, nodes that are meant to 
be de-equivalenced are cloned, and new elements are created. The final de- 

equivalenced mesh is pictured in sub figure (b). 
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(a) (b) 

Figure 3.14. Delamination representation in a FE model by cle-equivalencing the mid-side 

nodes. (a) Single cle-equivalenced node crack. (b) Longer cle-equivalenced crack. 

2a 

I ii11 (a) (b) 

Figure 3.15. Process in the generation of a de-equivalenced crack. (a) FE mesh, with the pa- 

rameters of the delamination to be included: length 2a and depth represented by the solid line. 

(b) de-equivalenced mesh. 

3.5.3.2 The sub-structure model 

A second alternative to model delamination is by considering that a de- 

laminated plate is composed of two regions: (1) the base, and (2) the delam- 

inated region as is showed in Figure 3.16. Delamination is represented as the 

FE model of the delaminated region in conjunction with a prescribed bound- 

ary conditions. This model describes the physics involved in the process of 

testing delaminated panels using the DSPI technique: two principal justifica- 

tions exists. The first reason is that during the experiment there is not contact 
between sub laminates. The second reason is that the displacements of the 
delaminated panel are of the order of magnitude of the wavelength of light. 

Then, under this circumstances the delaminated region can be considered as 
cantilever-cantilever beam. 

The starting point for the application of this sub-structure modelling is the 

geometric model of the laminate, and the damage parameters that the ana- 
lyst wishes to simulate. That is the geometry of the laminate in Figure 3.16. 

Then the analyst implement the geometry of the delaminated region in the 

pre-processor of a FE software package, and then, he/she meshes model using 
the tools available in such software. 
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Delamination with initial volume 
of trapped air V, 

Delaminated Region: 
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Figure 3.16. Definition of sub-laminates in the context of this thesis. 

Sub-laminates refer the two groups of plies separated by the delamination. The portion of the 

sub-laminate above of the delarnination, or the thinner portion, will be referred to as the delam- 

inated region. The portion of the lower, or thicker portion, sub-laminate located beneath the 

delamination will be referred as the base region. 

3.5.3.3 Closing discussion 

There exists a close symmetry between the problem of choosing a model to 

simulate the behaviour delamination, and specifying the type of mesh to rep- 

resent the flaw (see research question 2). The fundamental relation between 

both the de-equivalenced model and sub-structure is the same that exists be- 

tween inverse and classical problems. The de-equivalenced model starts with 
FE mesh, and then external routines are used to modify the problem in such 

way that satisfy the requirements of the analyst. On the other hand, the sub- 

structure analysis presents a direct approach to solve the problem. That is, the 

analyst specifies what he/she wants, and then a simple routine implements the 
FE model. 

Another point of connection between both problems, geometric representa- 

tion and physics of the problem, is that ideally the de-equivalenced model can 
be used with mapped meshes, whilst the sub-structure approach is deeply con- 

nected with a free mesh. The de-equivalenced approach requires node search- 

ing routines that are more easily implemented when the mesh if mapped, on 

the other hand the sub-structure approach take advantage of the classical ap- 

proach of free meshing. 
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From the previous paragraphs seems clear that both delarnination models 

can represent the physics of delarnination, however, from a computational 

point of view the sub-structure approach is cost-effective for two reasons: (1) 

it does not need routines to find the nodes that are to meant delaminated, and 
(2) the finite element model contains much less elements as the only part of the 

model that is implemented is the sub laminate that is on top of the delarnina- 

tion. 

3.5.4 Boundary conditions 

In was showed in the previous section that the sub-structure approach is the 

best suited to model delamination in a cost-effective way. The following step 

is to determine the boundary conditions for that represent the delarnination 

physics during a DSPI test. Boundary conditions refers to the combination of 

displacement constraints and external forces applied to the model. 

The displacements constraints for the sub-structure model have been widely 

studied in the literature [ 11. On the other hand, the author of this thesis believes 

that there are no studies on the external forces that act on the delaminated re- 

gion during a typical DSPI experiment. This section develops a mathematical 

model that can be used to predict the load condition on the sub laminate. Al- 

though at the of writing this model has not been solved, due to the great com- 

plexity of the mathematics involved, it is possible to conclude that when test- 

ing delaminated panels through DSPI is not possible to determine analytically 

the external loads that act on the sample. Second, if there is not experimental 

knowledge about the external loads, the inverse problem of characterising de- 

lamination in composites panels from interferometric is ill-conditioned. This 

section addresses subquestion D. 

3.5.4.1 The mathematical model 

The following mathematical model is based Euler-Bernoulli Beam Equation. 
The structure of the model is the following. First the objective of the model 
is presented. Second, the limitations and suppositions of the analysis are pre- 
sented. Third, the free body diagram of the delaminated region at the begin- 

ning and the end of the DSPI experiment is presented. Fourth the results from 
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the equations of equilibrium are presented. Fifth the integral equation that re- 

lates the external forces on the sub laminate is showed. Finally, the conclusions 

that can be derived from this model are presented. 

Objective of the model The objective is two-fold: (1) calculate out-of-plane 
displacements of a beam representing the delarninated sub laminate, and (2) 

understand the interaction between the displacements and the external loads 

applied to the model. 

Limitations The Euler-Bernoulli Beam Equation is applicable to two dimen- 

sional representation of beams. On the other hand, delamination in the context 

of DSPI is three dimensional problem. Then, although the scope of the Euler- 

Bernoulli equation is not extensive to the problem studied in this thesis, it pro- 

vides a insight on relation between displacements and external forces. Another 

limitation is that the model is developed for an isotropic material, but in reality 

this study is centered in composite laminates. 

Suppositions The following are the Suppositions made during the develop 

ment of this model. 

" The ideal gas law is applicable to this problem. 

" The initial volume of air trapped inside of the delamination is known. 

" The initial pressure of the air trapped inside of the delarnination is known. 

Pree body diagram Figure 3.17 shows the free body diagrams of the delam- 

inated sub laminate at the beginning and the end of a typical DSPI experiment. 

The initial state is defined by the no operation of the vacuum chamber (sub 

figure (a)), then on the sub laminate act two opposing forces, (1) a force due to 

the atmospheric pressure P, that tries to tight together the laminate, and (2) a 

force due to the pressure of the air trapped in the delamination Pd that tries to 

open the crack. Given the fact that most composite laminates are manufactured 

in sub atmospheric environment, then P, > Pd. 

In the final stage of the DSPI experiment, the delamination is in equilibrium 

as is showed in sub figure (b). In this position, the chamber has change its pres- 
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Figure 3.17. Free body diagram of the delaminated region. (a) at the beginning of the experi- 

ment, and (b) at the end of the DSPI test. 

sure to P, + dP, where dP, < 0, and it is a known parameter. At the same time 

the pressure inside of the delamination changes to P, + dPd due to an increase 

of the volume of air contained in the delamination. If the initial volume of air 

contained inside of the cavity is vd, then the final volume is expressed by the 

following equation, 

2a 

Vf : -*-*: Vd +f W(X) dx, (3.16) 
0 

where w(x) is the function that represents the out-of-plane displacements of 
the delamination. If the ideal gas law is applied, then the final pressure of the 

air trapped in the delarnination is as follows, 

Pd * Vd Pf 
2. 

yd +f w(x) dx 
0 

Equations of equilibrium The equations of equilibrium are obtained from 

the diagram of the forces acting on a differential portion of the delamination 

when it has reached its position of rest (Figure 3.18). Equilibrium of forces 

along the z- axis and equilibrium of moments around point 0 provide the 
following two equations, 

83 

P, +dP, 

W(X) IV* 

Pd+dpd 

dq 
dx = P* - pf, (3.18) 
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P, dx 

Figure 3.18. Forces on a differential portion of the delamination at its final position. 

dM = Vdx, (3.19) 

where q is the internal shear force, M is the internal bending moment, and 

P* is the final pressure in the vacuum chamber P, + dP,. 

Integral equation The final step of the model uses the bending equation 3.20 

to assemble the both equilibrium equations 3.18 and 3.19. The bending equa- 

tion is, 

M= -EI 
d 2W 

dX2 ' 
(3.20) 

where E is the Young's modulus of the delaminated sub laminate, and I 

is the area moment of inertia of the sub laminate's cross section. The final 

expression for the Euler-Bernoulli equation is then, 

EI dw Pd * Vd 
- P*. 

2a 
Vd +f w(x) A 

0 

(3.21) 

Equation 3.21 is a so-called integro-differential equation because it includes 

integrals and derivates of the of the function to be solved. 

P* dx = (PC+dPc)dx 
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Conclusion A mathematical model was presented that correlates the out- 

of-plane displacements with the external forces acting on the surface of the de- 

laminated sub laminate when a DSPI experiment is performed. This model can 
be examined through two different points of view (1) as a classical or forward 

model, and (2) as an inverse of backward problem. 

The direct problem is as follows: given the pressures inside of the delami- 

nated sublaminate, the pressure inside of the vacuum chamber, and the initial 

volume of air trapped in the delamination, calculate the out-of-plane displace- 

ments of the sub laminate. This problem might be solved with the application 

of the mathematics of integro-differential equations. 

The second point of view is the following. Given the out-of-plane displace- 

ments, for example from the DSPI technique, and the change of pressure in 

the vacuum chamber, determine the change of pressure of the air inside of the 

delarnination. Based on equation 3.21, two possible interpretations exists. The 

first one, comes from the fact that a delamination generated by a low impact 

event has area but not volume. It is simply a new surface that is created inside 

of the laminate. If this is true, then the mentioned equation predicts that the 

surface of the sub laminate remains flat, and in consequence the delamination 

can not be detected. The second interpretation, is that for some reason, air is 

trapped inside of the delamination, generated for example in the process of 

vulcanisation of tyres, then in order to know the change of pressure inside of 
the bulge, it is necessary to know precisely the amount of air that is present in 

it. 

The previous argument poses a source of ill-conditioning in the process of 
damage characterisation from measurements from DSPI. If a complete charac- 

terisation of damage is required, then the analyst must know the exact volume 

of air that is contained in the delamination at the beginning of the experiment. 
If the information is not available or not computable, then the problem is ill- 

posed, and only partial characterisation is possible. 

3.6 Conclusion 

This chapter addresses the research question two included in Chapter one. 
The main question to be solved is as follow, which of the delamination modelling 
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techniques available in the literature are accurate and efficient enough to describe com- 

putationally an embedded delamination? How can these techniques be adapted? 

The methodology implemented to solve the above question involved split- 

ting the question in four sub questions (A to D). This sub questions pointed 

to the geometric representation of delarnination, FE representation of delami- 

nation in terms of the type of mesh, and delarnination model that model the 

physics of delarnination, and the FE boundary conditions. The following sub 

sections provides the main conclusions to these questions. 

3.6.1 Parametric representation of delamination - 
Subquestion A 

Delarnination represents a major component of damage that evolves accord- 

ing to a definite pattern. Geometrically, delarnination can be approximated an 

elliptical-shaped crack with with six parameters: (1,2) the planar location, (3) 

length of the delarnination, (4) width, (5) angle of orientation, and (6) depth 

below the measured surface of the laminate. The findings of laplacian-based 

techniques for the detection of edges in out-of-plane displacements from the 

DSPI technique, indicate that is possible to determine the size and orientation 

of flaw, but in general this approach will provide results that over predict the 

area of the delarnination. 

3.6.2 Type of FE mesh to represent delamination - 
Subquestion B 

Two possible FE meshing paradigms can be applied for the geometric repre- 

sentation of delamination in a FE model. These are mapped and free meshing. 

The findings from numerical experiments indicate that a mapped mesh is not 

flexible enough to cope with the geometry of elliptical delaminations. The prin- 

cipal reasons for this are that (1) in order to accurately represent the boundary 

of the flaw, it is necessary to increase the resolution of the mesh, increasing at 

the same time the CPU time needed to solve the FE model, and (2) complex, 

and not always precise, routines are needed to search the mesh in order to de- 

termine which nodes must be delaminated. 
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On the other hand, free meshing is a flexible and cost-efficient paradigm to 

represent the geometry of damage. This paradigm is parallel to the solution of 

classical or forward problems in the sense that the FE mesh is generated in a 

geometric model a laminate after the flaw is merged with laminate model. The 

findings indicate that using a well designed free mesh it is possible to represent 

a parametric delamination with high accuracy, and with low computational 

cost in terms of the number of FE elements needed in the model. 

3.6.3 Delamination model - Subquestion C 

Studies in the literature concerning the simulation of the physics in the liter- 

ature provide two models that can be used to represent the physics of delam- 

ination during a DSPI experiment. These are the de-equivalenced crack and 

the sub-structure model. The former has an element of intuitiveness that could 

make them attractive to use in the following manner: once the FE mesh of 

a laminate composite has been implemented, then search and de-equivalence 

the nodes of the mesh that are inside of the delarninated region. The findings 

indicate that although this technique could represent the physics of delamina- 

tion, it is not cost-effective in terms of the computational time required to both 

de-equivalenced the mesh, and solve the FE model. 

On the other hand, the sub-structure approach is not intuitive, but it pro- 

vides a direct connection between the physics of the delarnination and the 

type of mesh required in the analysis. Findings indicate that this delarnination 

model works best with free meshing, satisfying multiple objectives simultane- 

ously: (1) accurate representation of the geometry (boundary) of the flaw, and 
(2) compact FE models that are cheap to run. 

3.6.4 Boundary conditions - Subquestion D 

Boundary conditions refer to the combination of both displacement con- 

straints and external loads on a FE model. If the delarnination model to use 
is sub-structure, then the displacement constraints have defined presented in 

the literature. They are (1) cantilever-cantilever around the boundary of the de- 
laminated sub laminate. On the other hand, the determination of the external 
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loads that act on the delarninated region during a DPSI experiment is rather 

complex. 

The two main forces on the delarninated region are the pressure in the vac- 

uum chamber and the pressure of the air inside of the delamination. The find- 

ings of the interpretation of the integro-differential equation that correlates the 

out-of-plane displacements and the pressures on the delaminated region, indi- 

cate that in order to calculate the pressure of the air inside of the delamination, 

it is necessary to know the exact volume of air contained inside of the bulge. 

If this volume is not known, then the problem of characterisation of delam- 

ination from DSPI measurements is ill-posed, and in consequence, a unique 

determination of the parameters of the delamination is not possible. 



Chapter 4 

A THEORETICAL BACKGROUND ON 
INVERSE PROBLEMS, OPTIMISATION 
AND GENETIC ALGORITHMS 

Abstract This chapter presents a theoretical background of the problem of delamination 

characterisation in composite laminates. The non-destructive crack problem is 

formulated as an inverse problem using the output error criterion, that leads to 

the definition of a non-differentiable, non-convex optimisation problem that min- 

imise the difference between the central geometric moments calculated from the 

DSPI technique and the moments computed from the surface displacements of 

a FE model with a trial delamination. It is proposed that the determination of 

the minimum of the optimisation problem can be performed through the use of a 

genetic algorithm. 

4.1 Introduction 

This chapter presents a theoretical background to the subject of inverse prob- 
lems and genetic algorithms in the context of delarnination characterisation in 

composite laminates. The objective here is to present the formulation of the 

crack identification problem, and to explain how this problem could be solved 

with the aid of genetic algorithms. Chapter six will show the practical imple- 

mentation of the concepts derived in here. 

The discussion will begin with the statement of the problem of crack identi- 
fication in terms of an inverse problem, and the solution of an adjoint optimisa- 
tion problem. This is followed by the presentation of the research subquestions; 
that are tackled in this chapter. Next, the methodology followed to answer 
these research subquestions is presented. Finally, the development of the ideas 

proposed in the methodology section is presented, and the conclusion to this 

chapter is detailed. 



90 Theoretical Background onInverse Problems. Optimisationawl Genetic algorithms 

Definitions about the structures, operators and convergence of genetic algo- 

rithms presented in section 4.5.3 are widely known in the GA research commu- 

nity. However, the author of this thesis believes their inclusion is important for 

the completeness of this work. Readers interested in the mathematical treat- 

ment of GAs are addressed to reference [1371. 

4.2 Problem Statement 

Direct (or classical) problems in structural mechanics look for the response 

of a structure to a known set of prescribed forces and/or displacements, where 

the geometric parameters of the structure are suppose to be known. The adjoin 
inverse problem seeks to determine the unknown geometric parameters of the 

structure from the partially (or complete) known displacements. 

In this work, the structure is a composite laminate with a known lay-up and 

material mechanical properties, with the geometric parameters of an embed- 
ded delarnination as the unknown parameters. The response of this laminate 

to a partially known force (Chapter 3) is given by a measurable set of boundary 

displacements. The identification problem that is under investigation, seeks to 

recover both the geometric parameters of an idealised elliptical flaw, and the 

pressure of the air trapped inside of the crack from out-of-plane displacements 

and vacuum pressure measurements using the DSPI technique. 

Identification (inverse) problems of this kind have been treated in the liter- 

ature under the name of non-destructive crack identification problems. [701. How- 

ever, it is believed that the inverse problem of characterisation of delamination, 

under the conditions described in this thesis, has not been formally treated in 

the literature. Therefore, a re-definition of the inverse crack identification prob- 
lem should be reformulated. 

In general, inverse problems are formulated as optimisation problems for 

the difference between the either measured or computed, and the desired re- 

sponses within the search space defined by the range of the variables that are 

being identified. In the process of solving an inverse problem by any of the nu- 

merical optimisation techniques, it is necessary to solve many times the asso- 

ciate direct problem, as it is required by the algorithm of optimisation. Hence, 

the computational time necessary to solve a particular inverse problem can 
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increase dramatically depending of the complexity of both the computational 

model used to represent the direct Problem, and the efficiency of the optimisa- 

tion algorithm. 
Crack identification problems are ill-posed 1138], since small variations of 

the geometric parameters of the flaw might lead to (1) large variations in the 

static response of the structure, and (2) multiplicity of the solutions for the in- 

verse problem. The latter arises always that an incomplete or small number 

of boundary conditions is used. This ill-posseness leads to non-smooth and 

non-convex optimisation problems. The numerical solution of these optimisa- 

tion problems has proved to be a difficult one, especially by the presence of 

local minima that can not be avoided by local optimisation techniques. Is it in 

here that global optimisation techniques, like genetic algorithms, ant colonies, 

and neural networks, can display their immense power to explore efficiently 

the search space. In the context of this thesis, genetic algorithms is the global 

optimisation technique used to solve the inverse problem. 

4.3 Objectives and Research Questions 

The purpose of this chapter is to provide a framework for the solution of 

the inverse problem of characterisation of delarnination. From the previous 

paragraphs, it is clear that it is necessary to (1) give a formal definition of the 

inverse problem under consideration, and (2) characterise the solution of the 

inverse problem in terms of the optimisation technique used with this aim. The 

principal objective of this chapter is, 

Provide a formulation of the inverse problem of damage characterisation, and provide its so- 
lution through the use of genetic algorithms. 

This objective can be satisfied if the following research questions are an- 

swered: 

I Subquestion A: How can the inverse problem of characterisation of delam- 

ination be formulated? (Formulation of the inverse problem). 

2 Subquestion B: Does the previous formulation leads to a cost-effective solu- 

tion of the inverse problem? If not, how can this problem be re-formulated? 
(Cost-effective reformulation of the inverse problem). 
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3 Subquestion C: How can the solution of the problem of characterisation of 
delamination be expressed in terms of a genetic algorithm? (Solution of the 
inverse problem) 

The following section details the methodology and experimental setup used 
to solved the previous research questions. 

4.4 Methodology and Experimental Setup 

4.4.1 Subquestion A 

The inverse problem is formulated as an optimisation problem for a scalar 
performance error function. The formulation is based upon the output-error 
criterion developed by Hajela and Soeiro [70] which relates the measured and 
predicted displacements of a structure. The advantage of this criterion is that it 
transforms a multiobjective optimisation problem to a classical single-objective 
one. The process for the development of the formulation of the inverse prob- 
lem starts by the definition of the set of parameters that characterise an ideal 
elliptical delamination. Then, a definition of the external loads on the system 
is provided in terms of the known pressures in the vacuum chamber and the 
unknown pressure of the air trapped inside of the delamination. Finally the 
inverse problem is formulated a as minimisation problem that involves the pa- 
rameters of the delamination, and the external loads. 

4.4.2 Subquestion B 

Even though the formulation of the characterisation problem provided in 

subquestion A adheres to the classical treatment of inverse problems, it is not 
cost-effective in terms of computation time needed to solve it. The main reason 
that supports this statement is the following. In a given step of the optimisa- 
tion process it is necessary to calculate the difference between the measured 
displacements from the DSPI technique and the displacement obtained from 

a finite element model that contains a trial delamination. Typically, DSPI pro- 

vides and array of upwards U105 measurements. Hence, a computational rou- 

tine that usually uses the L2 norm must be implemented to find the difference 

between the measured and predicted displacements. The process involves five 

operations: (1) square the measured displacements in a given point, (2) inter- 
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polate the solution provided by the FE model to find the predicted displace- 

ment in a particular location, (3) square the predicted displacement from the 

FE model, (4) find the difference between the squared values of the displace- 

ments, and finally, (5) calculate the squared root of the mention difference. For 

example, the time taken to process the five operations for 3xlO5 measurements 

is about fifteen minutes 1. It is clear that time consumed in the comparison is 

excessive, and that another form of comparison must be found. 

DSPI measurements could be used in computerised damage diagnostic tech- 

niques like genetic algorithms, neural networks or fuzzy classification. How- 

ever, the main prerequisite for these techniques is to decrease the amount of 

data contained in the resulting image/array from DSPI. The problem to be 

considered in here is how to reduce the size of the array containing the DSPI 

measurements maintaining, at the same time, the physical significance of such 

results. 

Central geometric moments (CGM) can be used as the basis of comparison 

between the out-of-plane displacement of a delaminated panel from the DSPI 

technique, and the displacement field from a finite element model with a trial 

flaw. It was showed (in Chapter 2) that these moments are the best suited to 

represent DSPI results because they are sensitive to the size, and orientation of 

the features of the bulge immersed the DSPI results. 

It is proposed that the CGM can be used to represent the information con- 

tained in the DSPI data. This is not a new idea in the field of optical interfero- 

metric techniques, and it is a concept that is widely used. In consequence, the 

author believes that it is not necessary to describe in-deep the technique. If the 

reader is interested, the book by Mukundan and Ramakrishnan 11391 presents 

a comprehensive treatise on the theory and applications of moment functions 

in image analysis. The present analysis of CGM will be concerned with their 

numerical implementation on a free FE mesh. 

Given the fact that DSPI measurements (and results from any other optical 

interferometric technique) can be represented by a set of CGM, it is necessary 

I The test was perfon-ned on a supercomputer SGI Origin 20()0, with 4 CPU, 1 GB RAM, 128 GB HD located 

at the Advanced Computer Center MOX at Los Andes University in Bogota - Colombia. 
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to re-examine and re-define the formulation of the inverse problem given in 

subquestion A. The output-error criterion is used, but instead of using the 

measured and computed displacements, the CGM representation of them are 

included in the formulation. 

4.4.3 Subquestion C 

The formulation of the inverse problem of characterisation of damage leads 

to a scalar performance error function that is not smooth, and in general non 

convex. Global optimisation techniques must be used to find the solution (opti- 

mum point) of the inverse problem. The purpose of this section is to introduce 

genetic algorithms, and to show how to integrate the parameters of the inverse 

problem in the formulation of a typical genetic algorithm (GA). The process 

carried out is the following. First, a short background on genetic algorithms 

will be presented. Then, the genetic structures and operators will be intro- 

duced, showing how the inverse problem parameters are merged into the GA 

structures. Finally, a discussion on the convergence of GAs will be presented. 

4.5 Results and discussion 

4.5.1 Output-error formulation of the inverse problem 

The inverse problem of characterisation of delamination in composite lam- 

inates can be formulated as an optimisation problem using the output error 

criterion (701. This section addressees research subquestion A of this chapter. 
Consider a composite laminate which contains an unknown delamination 

during a session of a DSPI test. Let 50 (PC, Pd) stands for the vector field of 

measured out-of-plane displacements at specific locations (xi, yi) during such a 
test, where PC is the known pressure inside of the vacuum chamber, and Pd is 

the unknown pressure of the air trapped inside of the delamination. 

Now, consider a FE model representation of the laminate in the vacuum 

chamber which contains a known trial-delamination. The delamination is char- 

acterised by the set of geometric parameters, 

I=y, a, b, 0, hl 
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where (x,, y, ) is the planar location of the trial flaw, 2a is the length, 2b is the 

width, 0 is the angle of orientation, and h is the depth of the flaw. In Chapter 3, 

it was showed that these are the appropriate parameters for the identification 

of an embedded delarnination. 

Let 0(2, p, p) stands for the vector field of computed out-of-plane displace- d 

ments; (at the same specific locations (xi, yi) used in the DSPI experiment), from 

a FE model with a trial set of delarnination parameters 1, where pc is the known 

pressure inside of the vacuum chamber, and I is a trial pressure of the air Pd 

trapped inside of the delamination. 

The typical inverse problem associated with the above descriptions is as fol- 

lows: 

Given (as data) 00 (PC, Pd) and p, find the parameters of the delamination -4, and the pres- 

sure of the air trapped in the delamination Pd- 

In ideal circumstances, the solution to this inverse problem could be posed as 
the solution of the following non-linear and non-explicit system of equations, 

0(: ', PC-Pdt) --::: CIO(PC-Pd)- (4.2) 

However, the system shown in equation 4.2 is often undetermined, and it is 

usually restated as the least-squares minimisation problem for a scalar perfor- 

mance function 0, (2, p) as follows, d 

erl 
(2, Pd --`ý 

11 C' (1, Pc, Pd - CIO (Pc, Pd) (4.3) 0 t) t) 

where 11 - 11 is the 12 norm (least square identification). It is worth remarking 

that, although the least square formulation might solve problems of existence 

and uniqueness associated with the original problem stated in equation 4.2, in 

general the least square solution is less stable with respect to perturbations and 

noise in the input data CIO (PC, Pd)- 
Before attempting the solution of the optimisation problem in equation 4.3 

is worth to mention some of the difficulties that may arise. 
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First, the response of the FE model fj(2, p, pl) is a non differentiable func- d 

tion of the damage parameters 2. This can be explained if it is considered that 

the flaw parameters do not appear explicitly in the FE formulation, they are 

represented by a combination of displacements constraints in the FE model. 

Secondly, the scalar performance function 4), (2, pl ) is in this case a generally d 

non-differentiable and non-convex function, since this function is expressed in 

terms of the function 0(2, p, pt) that it is not differentiable. d 
In light of the complexity of the nondifferentiable optimisation problem is 

equation 4.3. the problem in tackle by a derivate free optimisation procedure 

which is based on genetic algorithms. 

4.5.2 Cost-effective reformulation of the inverse 

problem 
4.5.2.1 Two dimensional geometric moments 

The two dimensional geometric moments of order p+q of a function f (x, 

are defined as, 

w 00 
mpq = 

11 
xPyq f (x. y) dxdy, (4.4) 

-00-00 

where p, q=0,1,2, ..., oo. Note that the monomial product xPyP is the 

basis function for this moment definition. 
A set of n moments consists of all mpq for p+q<n, that is the set contains 

(n + 1) (n + 2) elements. 
Considering the fact that an image segment has finite area or in the worst 

case is piecewise continuous, moments of all orders exist and a complete mo- 

ment set can be computed and used uniquely to describe the information con- 

tained in the image. However, in order to obtain all of the information con- 

tained in an image requires an infinite number of moment values. Therefore, 

to select a meaningful subset of the moment values that contain sufficient in- 

formation to characterize the image for a specific application becomes very 

important. 
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4.5.2.2 Two dimensional central geometric moments 

The central geometric moments of f (x, y) are defined as, 

00 00 
qpq = 

11 (x - fc) P (y - JV) 
Pf (x, y) dx dy, (4.5) 

00 -Co 

Mio Mol 
with. k = Moo , 

andy= 
Moo' 

(4.6) 

Geometric central moments defined in equation 4.5 are invariant under the 

transformation of coordinates. The lower order moments represent some well 
known fundamental geometric properties of the underlying image functions. 

Volume The definition of the zero-th order geometric moment moo repre- 

sents the total mass of the given function or image f(x, y). 

Centre of mass The first two geometric moments mlo and mol are pmpor- 
tional to the centre of mass of the image f (x, y). The centre of mass is the point 
where all the mass of the image could be concentrated without changing the 

first moment of the image about any axis. The coordinates of the centre of mass 
in the two dimensional Cartesian space is given by equation 4.6. 

4.5.2.3 Numerical computation of geometric moments 

The inverse problem to be solved involves the comparison between and im- 

age/array of experimental data, and the displacements from a finite element 

model. Therefore, two different algorithms that must be implemented to cal- 

culate the moments in both circumstances are presented in this section. 

Moments from DSPI measurements If the image function f(xy) from 

the DSPI technique is thought as an MxN array of pixels, the double integra- 

tion in equation 4.5 can be approximated by a double summation as follows, 

MN 

Mpq ei )ýjf f (xi, )A xAy, (4.7) i Yi 
j=lj=l 
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where Ax and Ay are the sampling intervals in the x and y directions. Equa- 

tion 4.7 predicts accurate results when applied to lower order moments, that 

is moments up to order three. For higher order moments an extended Simp- 

son's rule must be used. The reason for this is that the approximation error in 

equation 4.7 increases out of control when the order Of M p+ q increases [ 140]. 

Moments from aFE model The out-of-plane displacement function u(x, y) 
from a FE model could be thought as the equivalent of the image function 

f(x, y) from the DSPI technique. However, given the fact that a free mesh is 

used in the FE model, the function u(x, y) can not be integrated using the same 

exact rule as for f(x, y), but it can be adapted. Using Figure 4.1 as a reference, 
the procedure to calculate the CGM from u(x, y) is as follows. 

Consider a composite laminate that is discretised by a FE mesh with Q finite 

elements. The FE mesh has been setup to be coarse in areas of low gradients, 

and highly refined in the zones were the trial delamination is modelled. In 

this circumstance, every finite element e in the mesh could be thought as the 

equivalent to one pixel in the image function f (x, y). 
Given an element e, the finite element analysis provides the out-of-plane 

displacements in local element's nodes i, j, k, and 1. That is, u, (x,, y, ) for 

s= [ij k, 11 where x, and y, are the coordinates of the element's nodes in the 

Cartesian coordinate system. If the FE mesh has been well designed, then it is 

possible to say that the average displacement 0, (xe, ye) is representative of the 

nodal element displacements u, (x,, y, ), where xe and ye stand for the Cartesian 

coordinates of the centroid of the element. If Ae represents the area of element 

e, then the element geometric moments mepq of order (p+q) can be calculated 

using the following equation, 

e- Mpq - XePY'qefie(Xe, Ye)Ae. (4.8) 

If the FE mesh is composed of Q elements, then the geometric moments mp, 

of the FE out-of-plane displacements can be approximated as, 

Q 
Inp, ý-- L-reYifJe(Xe, Ye)Ae- (4.9) 

e=l 
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4.5.2.4 Numerical computation of central moments 

Central moments are geometric moments that have their origin of coordi- 

nates in the centroid of the image function. Then, the numerical calculation of 

equation 4.5 can be expressed in function of geometric moments. Equation 4.10 

shows the general expression for central geometric moments I p, as a function 

of both the equivalent geometric moments Mpq, and the centroid of the image 

function 

-i-j 
pq) 

kp_iyq_jmij. jpq (-I)P+j 

i=oj=o 

4.5.2.5 Similarity measure 

Geometric central moments (GCM) can be used as the basis of comparison 

between the out-of-plane displacement of a delaminated panel from the DSPI 

technique, and the displacement field from a finite element model with a trial 

flaw. With this aim, a similarity measure is introduced that represents a dis- 

tance in the seven-dimensional moment space between the CGM calculated 

from the DSPI array of measurements, and the surface displacements from a 

FE model with a trial delamination. 

If the CGM from the DSPI measurement are considered to be arranged in the 

form of the vector: 

#0 = 
[17200,10'2,1 '11 

, 1300,1102, q2ol, 10031 
', 

and the CGM from the FE model with a trial delamination is in the form of 

the vector: 

q= [q2'0, q02, ql 1, ? 73'0,112, q2'1, q031 
T, 

then, the seven-moment representation from the DSPI measurements and 
the FE model can be compared using the following similarity measure: 
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V 

Figure4.1. Calculation of geometric moments in a FE mesh. 

For an element e in the FE mesh, xe and ye are the centroids of the area, and fie is the average 

out-of-plane displacement. Geometric moments are calculated using equation 4.9, where Q is 

the number of elements that define the surface of the model, and Ae is the area of the element. 

ioll 1 
(4.13) 

where 11 - 11 is usually the 12 norm. 
Only one question remains in the formulation of CGM as an effective rep- 

resentation of out-of-plane displacements. This is, why only moments up to 

order three and not higher are used to represent the image field? The answer 

to this question came in 1988 when Reeves, A. P [581 was studying the charac- 

terisation of military airplanes from photographies. 
He concluded that a truncated set of moments up to order three offers a 

more convenient and economical representation of essential characteristics of 

images. This result was supported by Teh, C. [601, who concluded that geomet- 

ric moments of order four and higher are more sensitive to the noise immerse 

in the image, and contain a higher information redundancy compared to low 

order moments. 

4.5.2.6 Reformulation of the inverse problem 

In the previous section was showed that it is possible to represent the large 

amount of data from a DSPI experiment through the use of a seven-dimensional 

moment space vector q (equation 4.11). In this section, the inverse problem of 
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characterisation of delamination will be re-examined in order to take into ac- 

count the new compact representation of the displacement field vector. 

Consider a composite plate which contains an unknown delamination dur- 

[10 
, 10 , 101,10 , 10 , 101,10 ]T ing a session of a DSPI test. Let #0 (Pc, Pd) : -- 20 02 1 30 12 2 03 

stands for the central geometric seven-dimensional moment space representing 

the measured out-of-plane displacements field during such a test, where pc is the 

known pressure inside of the vacuum chamber, and Pd is the unknown pressure 

of the air trapped inside of the delamination. 

Now, consider a FE model representation of the laminate in the vacuum 

chamber which contains a known trial-delamination. The delamination is char- 

acterised by the set of geometric parameters, 

1 [x� y, a, b, 0, h 

where (x,, y, ) is the planar location of the trial flaw, 2a is the length ,2b is 

the width, 0 is the angle of orientation, and h is the depth of the flaw. 

Let ý (2, p, p' )= [q2tO, q02, q1tI , q3tO, 112, q2tI , q031 
T 

represents the vector of com- d 

puted central geometric moments, from a FE model with a trial set of delamina- 

tion parameters I, where pc is the known pressure inside of the vacuum cham- 
ber, and pt is a trial pressure of the air trapped inside of the delamination. d 

The re-examined inverse problem associated with the descriptions presented 

above is as follows: 

Given (as data) 10(p,, Pd) and pc, find theparameters of the delamination 1, and thepressure 

of the air trapped in the delamination pd. 

In ideal circumstances, the solution to this inverse problem could be posed as 
the solution of the following non-linear and non-explicit system of equations, 

e (1, PC, Ptd) --2 10 (PC, Pd) - 

However, the system shown In equation 4.2 is, as the original formulation, 

undetermined, and it is usually restated as the least-squares minimisation prob- 
lem for a scalar performance function T, (2, pd') as follows, 
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T'll (2-Pid) ": -- IN (2, PC, Pdl) - ýO(Pc, N)II, 

where 11 - 11 is the 12 norm (least square identification). 

The previous reformulation of the inverse problem contributes to the solu- 

tion of the optimisation problem in a cost-effective manner. The main reason 
for this is that once the FE model of the laminate has been solved, it is not 

necessary to map (interpolate) the FE mesh on to the locations where the DSPI 

technique made its measurements. 

4.5.3 Delamination characterisation and genetic 
algorithms 

Genetic algorithms (GAs) are optimisation techniques based on the concept 
of natural selection and genetics. GAs are designed to exploit efficiently large, 

non-linear, and highly complex search spaces where traditional gradient-based 
methods may fail. From a computational point of view, the implementation of 
GAs is simple. A GA consist of four basic steps (Figure 4.2). First, a population 
of individuals is created randomly or by a random perturbation of an input 
chromosome. The population then evolves toward better regions of the search 

space by means of processes of selection, crossover and mutation. During the 

selection step, couples of parents are chosen from base population according 

to their fitness. In the crossover step, parent individuals breed offspring's in- 

dividuals by combining information from parent individuals. The mutation 
forms new individual by making large alteration with small possibility to the 

offspring individuals regardless of their inheriting information. With the eval- 

uation of fitness for all individuals, the selection favorably selects individual 

of higher fitness to reproduce more often that those of lower fitness. These re- 

productions form a new generation of the evolutionary process. The previous 

steps are repeated until a given terminal criterion is reached. The following 

sub-sections provide the terminology and theoretical foundation of genetic al- 

gorithms. 
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Figure 4.2. A basic genetic algorithm. The four stages in every genetic algorithm are: genera- 

tion of a new population, selection, crossover, and mutation 

4.5.3.1 Genetic Structures 

Having laid the foundation of genetic algorithms in the previous section, the 

definitions of the structures related with genetic algorithms are presented here; 

e. g. gene, chromosome, individual, population and generation. 

DEFINITION 4.1 (GENE) A gene y is a structure that contains a specific item of 

information encoded in a suitable form. 

A gene is the smallest structure of a GA that forms the inherited information 

from generation to generation. The optimal type of parameter encoded in a 

gene depends on the definition of the problem. In general, any problem para- 

meters could be encoded using one of two representations: binary strings or 

real-valued vectors. 

Binary strings have been the traditional way to encode variables in genetic 

algorithms. The data structure of the optimisation parameters are represented 
by a binary string of length L. Using binary encoding implies the use of auxil- 
iary decode functions to map the binary representation of a gene into a specific 
floating number. 

A more recent approach to encode information in genes is the use of pseudo- 
real numbers. Thus, a direct representation of the real values of the parameters 
to optimise is used. 
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Remark In the problem of delamination characterisation there exist seven 

genes (unknowns). Six of them representing the damage parameters: 

2- ] [x� y� a, b, 0, h 

and one representing the pressure of air inside of the delarnination Pd- 
There are not rules or methodologies to choose a correct type of encoding 

for these genes. In general, this decision is problem specific, hence encodings 
that work with some problems are found to be disruptive in others. The only 

recommendation in the literature is that the decision on the encoding must be 

motivated by the appeal of the analyst to it, or more specifically, the analyst 

must use the Occarn's Razor which establishes that of alternate possibilities, 
the simpler one must be chosen. 

In this thesis genes were encoded using real numbers. Motivations for this 

are: (1) the floating point representation is robust, accurate, and efficient be- 

cause it is conceptually closest to the real value of the unknowns of the prob- 
lem, and (2) there is usually a discrepancy between the binary representation 

space and the actual problem space. For example, two points close to each 

other in the real space might be far away in the binary-represented space. 
In conclusion, in the problem of characterisation of delarnination there exist 

seven genes, -yj : -- Xc, 72 ` Yc, 73 = a, 74 = b, 75 = 0,76 = h, and -Y7 = Pd, 

which are encoded using real numbers. 

DEFINITION 4.2 (ALLELE) An allele is an allowed value of a gene. Complete set of 

alleles from the valid range of the genes. 

An allele is thus a specific value of a specific gene within a specific time. An 

important issue is that of the allowed range of the values of an allele. Theo- 

reticallY, there must be a finite, or at least a denumerable number of possible 

values. The main reason for this is that the search space must be contained, 
in such a way that the optimisation problem do not diverge into unknown or 

undesired regions. 

Remark In this work the possible (allowed) value of the genes that encodes 

the problem are determined by the geometry and physics of the problem. The 

following argument will use Figure 4.3 to illustrate this point. 
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Genes -y, = x, and 72 = y, represent the planar location of the centre of 

the delamination in the plane of the laminate. Their values could vary from 0 

until the length of the panel L. However, a more reasonable approach exist. It 

was showed in this chapter that central geometric moments are immersed in 

their definition the centre of mass the bulge that represent the delarnination, 

equation 4.6. Therefore, it is suggested that a reasonable range of values for this 

genes can be given by the following equations, 

[min(, yl), max(, yi)] = [(I - E). k, (1 + E), k], 
(4.17) 

[min(72), max(Y2)] = [0 - EV, (I + E)-kl, 

where e is number in the range (0,1). 

Genes 'r3 = a, and 74 =b encode the size of the delamination to be charac- 

terized. Their values are not known a priori; however, it is possible to use the 
laplacian edge detection technique developed in Chapter 3 to predict a suitable al- 
lele range for these genes. For example, if the edge detection technique predicts 
that the size, and with of the delarnination are a and b, then it is suggested that 

a possible range of values for this genes can be given by the following equations, 

[min(73), max(r3)] A)-k. (I + /k)-kl - 

[min(74), MaX(r4)] A)-V, (I + A), Vl, 

where A is number in the range (0,1). 

Gene 75 =0 encodes the angle of orientation of the delamination. The pos- 
sible allele of this gene are not in the continuous space. Possible values for the 
angle of delamination are determined by the angle of the orientations of the 

composite laminate. For example if the specification of an eight ply plate is 

given by (90,0, +45, -45), then the possible values of gene five are given by 

75 ý [- 45,45,90,0]. Indeed, the alleles of gene five are based on the assump- 
tion that in the event of a low velocity impact, the longest axis of an embedded 
delamination is usually parallel to the orientation of the ply that is just beneath 

of the delamination [131. 
Gene 76 =h encodes the depth of the delarnination measured from the sur- 

face of the laminate that is closest to the DSPI detector. Delamination is present 
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Figure 4.3. Geometrical parameters needed to define delarnination. 

Planar location (xc, yc), length 2a, width 2b. angle of orientation 0. and depth h. 

only at the interfaces of the laminate, hence the possible alleles of gene six are 

in a discrete space that represents the thickness of the delaminated region. For 

example, given a six ply laminate with a ply thickness of 0.125 mm, the pos- 

sible alleles of gene six are 76 ý [-0.125, -0.25, -0.375. -0.5. -0.6251. In this 

case, it is not possible to constraint further the alleles of 7r,. If an ply laminate 

Is given, then there exists (n - 1) possible values where the delamination could 
be located. 

Gene 77 ý pd encodes the pressure of the air trapped in the delamination 

when the DSPI test take place. At the time of writing, the precise range of val- 

ues of this pressure is unknown. The explanation so far, it is that the pressure 

in equal or greater than zero, and lower than the atmospheric pressure. Hence, 

the possible range values for this allele is (0. p, t .. ). 

DEFINITION 4.3 (CHROMOSOME) A chromosome 4 is a vector ofgenes. Mathemat- 

icafly, 

ý" (r I- 72, ----7 n) - 

where n is the length of the chromosome. 
Genes are positional; such position is called a locus in genetics. This means 

that, although two genes may took the same. they encode for different infor- 
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mation if they are at different loci. Often the concept of genes is omitted in 

the literature on genetic algorithms, and chromosomes are used exclusively In 

this case the chromosome is though as a string of bits encoding the problem at 
hand. 

Remark In this thesis a chromosome is understood as the tuple (2, Pd) COM- 

posed by the delamination parameters and the unknown pressure of the air 

inside of the delarnination. Explicitly, a chromosome is the vector ý of genes 

one to seven expressed in the following way, 

ý= (x� y, a, b, 0, h, Pdý - (4.20) 

DEFINITION 4.4 (INDIVIDUAL) An individual a is a tuple 

a= (ý, T) , (4.21) 

where ý is a chromosome and r is the actual generation number. 

Sometimes the term individual is replaced by member of the population espe- 

cially when it is important to emphasise the membership. 

Example Suppose that the damage parameters of a delamination are x, = 
0.05 mm, yc = 0.03 mm, a=0.01 mm, b=0.005 mm, 0= +45, and h= -0.125 
mm. Moreover, suppose that the pressure inside of the delamination is Pd = 
10000 Pa. Additionally, say that the actual generation number is three, and the 

individual under consideration is the number five. Then, the fifth individual 

with genes encoding the damage parameters, and the pressure inside of the 

delamination in the third generation of a genetic algorithm can be expressed 

as, 

((0.05,0.03,0.01,0.005,45, -0.125,10000), 

DEFINITION 4.5 (GENETIC FITNESS) An individual's genetic fitness 0 is the prob- 

ability to propagate its genes to next generation: 

0(ý- T) = (4.22) 

where ix, is an individual with chromosome ý within the generation T. 
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Genetic fitness is what connects the individual to the problem under inves- 

tigation. Genetic fitness (or fitness as is used in the literature) is expressed in 

terms of a function fitness function p(a, ) that essentially determines how diffi- 

cult the optimisation space is to search. 

In most numerical problems, the fitness function is explicitly given by a 

mathematical equation. However, many real world problems are usually not 

well-defined and their representation is up to the designer of the GA. The pri- 

mary criterion is that the fitness function properly ranks the individuals so the 

most desirable solution is assigned to the best fitness (maximization or mini- 

mization). Otherwise, selection will choose the wrong individuals when form- 

ing the next generation. 

In addition to the ranking criterion, a number of properties of fitness func- 

tions exist. These are not strict requirements, but issues that should be con- 

sidered when designing the fitness function. because the search performance 

depends on the topology of the fitness landscape. First, the fitness landscape 

should not contain plateaus. Selection fails on plateaus, because all individu- 

als have the same fitness in such a scenario. Consequently, a genetic algorithm 

essentially degrades to random search when the landscape mainly consists of 

plateaus. Second, the fitness landscape should be somewhat smooth. This 

is, adjacent solutions in the search space should have similar fitness values. 
Searching a very irregular landscape corresponds to finding a particular grain 

of sand in the ocean, and no algorithm can do this any better than random 

search. Third, ridges in the search space may pose an additional challenge to 

the algorithm, because a ridge in the fitness landscape corresponds to corre- 
lation between the parameters in the search space. In the vicinity of a ridge, 

any movement in the search space that is not in the direction of the ridge ori- 

entation will lead to a fitness reduction. Fourth. local optima may attract the 

population of the algorithm and lead to a premature convergence of the search. 

Remark In the previous section it was showed that the inverse problem 

of characterisation of delarnination could be posed as the minimization of the 

scalar performance function T, (2, p) (equation 4.16). This function could be d 
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rewritten to take into account the language used in genetic algorithms as fol- 

lows, 

Terr(l, Pd) = Terr(etl)- (4.23) 

If at some generation during a genetic algorithm an individual is close to the 

global minimum of the problem, the performance criteria Oerr(a, ) would be 

close to zero. Moreover, if the purpose of the genetic algorithm is reward fittest 

individuals, the fitness function p(a, ), should be somehow inversely propor- 
tional to the performance criteria (if the performance criteria lowers, the fitness 
function increases). Taking into account the restrictions to the design of a suit- 
able fitness function, researchers have come up with the following equation, 

P(etT) =k (4.24) 
k+ 4ý1(aT) 

In this equation k is a scaling parameter, that is usually fixed at 1.0. Equa- 

tion 4.24 shows that there is a one-to-one correspondence between the genetic 
fitness of an agent, and the solution of the inverse problem. 

DEFINITION 4.6 (POPULATION) The population C) of a genetic algorithm is the set 

of all individuals within a generation T. 

In a genetic algorithm, the initial population specifies the starting points of 
the search. The initial population can be created in a number of ways The most 

common setup is the random initialization where the chromosomes are ran- 
domly assigned, preferably using a uniform distribution. The goal is to create 

a population with a good coverage of the search space, and consequently have 

a gene pool with good potential for breeding better solutions. Alternatively, 

chromosomes can be evenly scattered over the whole search space according 
to a regular grid-layout. A third approach is to incorporate expert knowledge 

into the initialization. In some cases, it is possible to assign the initial search 
space positions based on specific knowledge about the objective function. 

Other aspect of the population is its size. Large number of individuals in a 
population allow a comprehensive search of the optimisation space. However, 
large populations induce overhead penalties in computing time. For example, 
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consider a problem where the solution of a single FE model takes two minutes. 

If the population size is twenty, then the evaluation of the fitness function for a 

single population would take about forty minutes. If the genetic search evolves 
for a hundred generations (this being quite common), then the whole optimi- 

sation would take about three days. 

Remark In the initial stages of this research large number of individuals (20) 

were used. Typical running times were about 4.5 days, time that is prohibitive 

if it is taking into account that a four processor supercomputer was used. A 

particular finding in this thesis is that it is possible to work with populations 

composed of as little as five individuals. 

DEFINITION 4.7 (ELITE POPULATION) An elite population is part of a population 

that is automatically included in the population of the next generation because the 

fitness function of its individuals exceeds an elite threshold. 

This is the only structure in the definition of genetic algorithms that do not 
follow any principles of natural evolution. For example, elite populations may 

or may not participate in the reproduction, and in fact it works like time ma- 

chine that is capable of sending good individuals into the future. The effects 

of elitism on the convergence of a genetic algorithm can or cannot be benefi- 

cial: in the implementation of some applications is desired to retain the best 

individual found so far, then elitism is implemented. However, not always 

elitism is beneficial, and sometimes it leads to a non convergence of a genetic 

algorithm [ 14 11. 

DEFINITION 4.8 (GENERATION) A generation T is an ordinal number used to in- 

dicate the current stage of evolution in a particular genetic algorithm. 

4.5-3.2 Genetic Operators - Operators affecting genes 

DEFINITION 4.9 (MUTATION) The gene-specific genetic operator of mutation w,,. 

is a deterministic function transforming an allele of a gene wp to another wQ by adding 

a small perturbation 6 with a low probability pm - 

W-y, rn : 7Q " 'YP +6 (4.25) 
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During the evolution of genetic algorithms, individuals in a population tend 

to migrate and concentrate around spots of local minima, and consequently 

there is a reduction in the genetic diversity of the population that lead to a 

premature convergence. Furthermore, if the initial population did not contain 

some beneficial gene, then the algorithm may be prevented to explore a region 

of the optimisation space. The mutation operator introduces new traits into the 

population that allows the genetic algorithm to overcome local minima. 

Example Consider a chromosome that encodes the damage parameters x, = 
0.025 mm, y, = 0.035 mm, a=0.015 mm, b=0.010 mm, 0= 90, and 
h= -0.250 mm, and the pressure inside of the delarnination is Pd = 1000 

Pa. Now, select a random locus on the chromosome, and mutate it by adding 

ten percent of its value. Suppose that the randomly selected locus is three, then 

the chromosome before and after the mutation step is given as follows, 

Beforemutation: (0.025,0.035,0.0150,0.010,90, -0.250,1000) 
Aftermutation : (0.025,0.035,0.0165,0.010,90, -0.250,1000). 

DEFINITION 4.10 (RANGE ADAPTATION) The operator of range adaptation C0, r, A 

is a function that transibrin the range of the alleles [min (, yp) , max (-yp) ] for a gene 

-yp. Formally, 

w-rp. A : [min (-yp), max(-rp)]i-l ý--+ [min (, yp), max(-yp)li 
(4.26) 

where (max (-yp) -min (, yp))i- I, > (max (-rp) - min(7p)) i 

Fast convergence to a local minima and loss of diversity are common prob- 
lems of real-coded genetic algorithms. A tentative solution to this issue is by 

re-generating the entire population every M (M > 1) generations using the 
following procedure [1421, 

I Every M (M > 1) generations the average Y i, sampling and the standard devia- 

tion O_i, sampling of each delamination parameter pi are calculated by sampling 
the top half of the previous generation. 

2A new average and standard deviation for each parameter pi are obtained 
updating the previous values according with equation 4.27, where WP and 
co., are relaxation factors that provide robustness during the range adapta- 
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tion. 

Knew : Yi, present + COp (14i, 
sampling - Yi, presen 

0 

O'i, new -= Cý, Present + co, (O'i, 
sampling - O"i, present) 

(4.27) 

3 The new search range of each parameter pi is re-defined using Eq. 4.28, 

where K (I <K< 6), determines the degree of overlapping between the 

sampled top half population and the new generation. 

Pi, min Yi, new -K O"i, new 
Pi, max -:::: Yi, new +K Oi. new (4.28) 

4 All but two individuals (the first and second -best-fitness individuals) are 
discarded and then a new population is generated randomly according to 

the new parameter range. 

The essence of this operator is to adapt the population toward promising 

regions during the optimisation process, which enables efficient and robust 

search while keeping the length of the chromosome short. This characteristic 

makes this operator especially attractive when real number encoding is used. 
Additionally, this operator could eliminate the need for a prior definition of 

search boundaries since this operator distributes solution candidates according 

to the normal distribution of the design variables in a given population [1181. 

Remark In this study, the range of the planar location, the length, and the 

width of the delamination was fixed using knowledge from the DSPI results 
in the form of geometric moments and a laplacian edge detection technique. 

Results in Chapter 6 will show that this operator increase the speed in the pre- 
diction of these parameters. 

4.5.3.3 Genetic Operators - Operators affecting chromosomes 

DEFINITION 4.11 (CROSSOVER) Crossover is a function transforming a set of chro- 

mosomes to a chromosome. 
Wý . ýp ý---+ (4.29) 

Crossover is an operator that leads to the almost exponential convergence of 
the optimisation problem when using genetic algorithms. In this operator, two 
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parents are chosen according with their fitness, and then allowed to breed in 

order to produce offspring. The probability of cross over is relative high, and 

values of 0.6 to 0.8 are reported in the literature [143]. 

A number of different crossover mechanisms exists, that can be applied 

or not depending on the type of encoding that is used. If the genes are en- 

coded using a binary representation, the following mechanisms are available: 

(1) single-point crossover, (2) multi-point crossover, (3) uniform crossover, (4) 

shuffle crossover, and (5) crossover with reduced surrogate. 

For real number encoding the following mechanisms are available: (1) dis- 

crete recombination, (2) intermediate recombination, and (3) line recombina- 

tion. In this study real number encoding is used. 

Discrete recombination During a discrete recombination there is an ex- 

change of corresponding genes between two individuals. Consider the follow- 

ing two individuals that encode two particular sets of damage parameters, (this 

two individuals will also be used in the following examples on other types of 

real number mechanisms of recombination. Also note that the generation num- 
ber is omitted in the definition of the individual), 

(0.05,0.03,0.01,0.010,45, -0.125,10000) 
CQ : -- (0.07,0.04,0.02,0.005,90, -0.250,2500). 

For each locus in the chromosome the parent who contributes its genes to 

the offspring is chosen randomly with equal probability. This means that two 

arrays called donors are randomly created, where every position in it has a ran- 
dom value of either one or two as follows, 

donor, = (1,2,2,1,1,1,2) 

donor2 = (1,1,2,1,2,2,1 ). 

The procedure to create the offspring is simple, for the first offspring the 

array donor, is chosen, then the value stored in every location j of donor, in- 
dicates which parent inherits its gene to the offspring in loci J. The process to 
create the second offspring is the same. Using the previous definitions, the new 
two offspring are defined as, 

offspring, = (0.05,0.04,0.02,0.010,45, -0.125,2500) 
of fspring2 = (0.05,0.03,0.02,0.010,90, -0.250,10000). 
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Intermediate recombination During intermediate recombination, the al- 
leles of the genes of offspring are chosen somewhere around and between the 

genes alleles of the two individual-parents using the following rule, 

of fspringj -` &I+ Pj OX2 - &C I ), (4.30) 

where A is a random scaling factor chosen over a predefined interval (-r, I+ 

r). In intermediate recombination r=0, for extended intermediate recombina- 
tion r>0. Typical values of r found in the literature are around r=0.25. Each 

gene in the offspring is the result of combining the parents genes according to 

the above expression with a new A chosen for each gene. 
Considering individuals al and a2 defined above. Two new arrays called 

beta (6) are created with the same number of positions as genes in the parents. 
When using intermediate recombination every position in the A array is filled 

with a random number in the range (0,1) as follows, 

P, = (0.86,0.85,0.59,0.50,0.90,0.82,0.64) 

P2 = (0.82,0.66,0.34,0.29,0.34,0.53,0.73). 

The procedure to create the offspring is as follows, for the first offspring the 

array A, is chosen, then the offspring is created according to equation 4.30. 

The process to create the second offspring is the same. Using the previous 
definitions, the new two offspring are defined as, 

of fspring, = (0.0672,0.0386,0.016,0.008,90, - 0.250,5163.2) 

of fspring2 = (0.0660,0.0366,0.013,0.008,45, -0.250,4546.7). 

The application of this type of crossover mechanism in this study has some 

implications for genes five and six, which encode the angle of orientation and 
depth of the delarnination. Firstly, intermediate recombination generates val- 

ues for the angle of orientation that may not be aligned with the angle of fibres 

in the laminate. In that case, the resultant is rounded to closest valid angle 

of orientation. Secondly, a similar situation occurs with the depth of the de- 

lamination. In this case too, the resultant depth is rounded to the closest valid 

value. 
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Line recombination During line recombination, the alleles of the genes of 

offspring are chosen somewhere around and between the genes alleles of the 

two individual-parents using the following rule, 

of fspringj --::: &I +P(42- a- I), (4.31) 

The difference between line and intermediate recombination, is that for line 

recombination only two single scaling parameters 0 are used. 
Considering individuals a, and a2 defined above. Two new parameters 

called A, and 02 are randomly created in the range (0, I) as follows, 

pi = 0.5 

92 = 0.25 

The procedure to create the offspring is as follows, for the first offspring 

the scaling parameter P, is chosen, then the offspring is created according to 

equation 4.3 1. The process to create the second offspring is the same. Using the 

previous definitions, the new two offspring are defined as, 

offspring, = (0.060,0.0350,0.0150,0.0075,45, -0.125,6250) 

of fspring2 = (0.055,0.0325,0.0125,0.0088,90, -0.125,8125). 

The same procedure followed for intermediate recombination is used in here 

to correct the alleles from genes five and six. 

4.5.3.4 Genetic Operators - Operators Affecting Populations 

Selection is the only operator that operates on entire populations. Selection 

determines which individuals are chosen for reproduction (recombination). A 

formal definition of selection is the following: 

DEFINITION 4.12 (SELECTION) The population-specific genetic operator wn is a 

mapping transforming a population Hp of individuals into another population r1Q of 

individuals. 

wn : Flp ý--* r1Q. (4.32) 

Selection is accomplished through two successive steps. The first step is fit- 

ness assignment by using either proportional fitness assignment [113,115] or 
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rank-based fitness assignment [144,145]. Then, the proper selection method 

is performed. Parents are selected according to their fitness by means of one 

of the following methods: roulette-wheel selection [146,1471, stochastic uni- 

versal sampling [146], local selection [148,1491, truncation selection [1501, or 

tournament selection [ 15 11. 

Proportional fitness assignment In proportional fitness assignment, the 

individuals in a population are sorted according to their objective function. 

The fitness assigned to each individual depends only on the actual value of 

its objective function. The main problem associated with proportional selec- 

tion is that it is scale sensitive. At some stage of the genetic algorithm, some 
individuals will have a fitness that is much larger that the fitness of the remain- 
ing population. This implies that over-fitted individuals will reproduce more 
frequently leading the GA to a premature convergence. 

Rank-based fitness assignment In this fitness assignment method, the in- 

dividuals in the current population are sorted into descending order according 

to the objective function values. The fitness assigned to each individual de- 

pends only on its relative position in the individual rank. Ranking simplifies 

the mapping from the objective function to the fitness function and also elim- 
inates the fitness scaling problem exhibited by the proportional fitness assign- 

ment. However, a major drawback of ranking is that it ignores the information 

about the relative difference between individuals narrowing the search space 

slowly. 

Roulette wheel selection Before the selection step, proportional fitness as- 

signment is used such that the probability of selecting and individual for repro- 
duction is proportional to the individual's fitness. The sampling procedure is 

referred to as the roulette wheel selection, because the probability distribution 

can be represented as a roulette wheel on which every slice has an area accord- 

ing to the individual's selection probability. This selection algorithm provides 

zero biaS2 but does not guarantee minimum spread3. 

2Absolute difference between an individual's fitness and its expected probability of reproduction 
3 Range of possible values for the number of offspring of an individual 
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Stochastic universal sampling Stochastic universal sampling overcomes 

the limitations of the roulette wheel selection method. In this method, the 

probability distribution is mapped on to a roulette wheel, but N equal spaced 

pointers are used to determine which individuals will be selected. This selec- 

tion method is more efficient than the roulette wheel method because it ensures 

a generation of offspring that is closer to their parents. 

Local selection In local selection every individual of the population resides 
inside a constrained set called the local neighbourhood. Individuals only inter- 

act with other individuals inside the constrained set. The first step in local se- 
lection is choosing a half of the mating parents using proportional or ranking- 
based methods. Then, a local neighbourhood is defined for every chosen indi- 

vidual, and inside of this space the other mating parent is selected using any of 
the selection methods described in this section. The size of the neighbourhood 
determines the speed of propagation of genes between individuals inside of 
the population. 

Truncation selection In truncation selection individuals are sorted accord- 
ing to their fitness. Only the best individuals in the population are then selected 

to mate, producing a random offspring. Typically, only the 10% to 50% of the 

top fitness individuals is chosen to generate offspring, leaving the less fitted 

individuals without possibility of recombine. Then, truncation selection leads 

to a higher loss of diversity and much smaller selection variance compared to 
the other selection methods. 

Tournament selection In tournament selection a group of M individuals 

is chosen randomly from the population. Then, these chosen individuals take 

part in a tournament where the fitness value are compared between the M in- 
dividuals and the best individual is selected. This process is repeated to select 
all the parents, and this will lead to a high individuals' spread. An advantage 
of this method is that is invariant under scaling. 
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4.5.3.5 Convergence and stopping criteria 

Genetic algorithms are typically required to determine a satisfactory solu- 

tion to a problem where other search techniques have failed or can not be 

applied. The required parameters for the convergence of the algorithm are 

specified before the genetic algorithm is executed. When an individual in the 

population achieves the parameters of convergence, the algorithm stops. 

On the other hand, some times genetic algorithms are required to find the 

best solution to an optimisation problem. While a genetic algorithm can not 

guaranteed to find a global minimum, it usually finds suitable solutions in a 

reasonable period of time. In this circumstances, the stopping criteria is gen- 

erally specified as the number of generations since the last improvement in 

fitness was found. 

4.6 Conclusion 

This chapter addresses the research question three included in Chapter one. 

The main question that this chapter aimed to be solved is as follows, How can 

the problem of characterisation of delamination in composite laminates be formulated 

and solved? 
The methodology employed to solve the above question involved splitting 

the research question in three sub questions (A to C), which pointed to the for- 

mulation of the characterisation problem in terms of a classical inverse prob- 

lem. Next, the reformulation of the inverse problem in terms of central geomet- 

ric moments that allowed a more efficient algorithm of solution, and finally, 

genetic algorithms as a global optimisation tool for the solution of the inverse 

problem. The following sub sections provides the main conclusions to these 

questions. 

4.6.1 Formulation of the inverse problem - Subquestion 

A 

The problem of characterisation of delamination in composite laminates can 

be formulated as an inverse problem where the measured response of the sur- 

face of the laminate is used to predict the geometric parameters of the flaw. 

MathematicallY, the inverse problem can be formulated using the output error 
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criterion that relates the measured response of the laminate from DSPI and the 

displacements obtained from a FE model with a trial debonding. 

The output error criterion leads naturally to an optimisation problem where 

the objective function is written as the minimisation of the difference between 

the measured and computed FE displacements, and the variables to optimise 

are the geometric parameters of an idealised delamination in a FE model. 

4.6.2 Reformulation of the inverse problem - 
Subquestion B 

The classical formulation of the inverse problem leads to non-efficient so- 
lution algorithms as a consequence of the number of measurements that are 

provided by the DSPI technique. The large amount of data contained in the 

array of experimental results can be represented by a finite set of central geo- 

metric moments. 

Central geometric moments are able to represent accurately the physical 

content of the experimental results because they are sensitive to the size, lo- 

cation, and orientation of the displacement field contained in both the DSPI 

measurements, and the FE model that encapsulates the delamination to be 

characterised. These moments are equivalent to geometric moments that are 

calculated from the centroid of the out-of-plane displacement field. 

The computation of geometric moments involves the calculation of a convo- 
lution of the out-of-plane displacements with a predefined family of monomial 
functions. In case of the measurements from DSPI, geometric moments can be 

computed replacing the integral of area for a double summation. In the case of 

the FE model, a formula that also uses a double summation was developed in 

order to take advantage of the design of the FE mesh. 

Out-of-plane displacements from both the DSPI technique and a FE model 

can be compared using a seven-moment similarity measure, which is based in 

low order central geometric moments. A comparison of this condition is cost- 

effective because it reduces the time of computation used in such comparison. 
The use of central geometric moments involves the reformulation of the de- 

lamination characterisation problem, as an inverse problem where the central 

geometric moments computed form the measured response of the surface of 



120 Theoretical Background onInverse Problems, Optimisationand Genetic algorithms 

the laminate is used to predict the geometric parameters of the flaw. This new 

version of the inverse problem can be formulated using the output error crite- 

rion that relates the central geometric moments from DSPI and the moments 

obtained from the displacements of a FE model with a trial crack. 

The output error criterion is written as an optimisation problem where the 

objective function is written as the minimisation of a seven-moment similarity 

measure. 

4.6.3 Solution of the inverse problem - Subquestion C 

The formulation of non-destructive crack identification problems leads nat- 
urally to non-differentiable, non-convex optimisation problems. Traditional 
local minimisation techniques can not be used to solve such optimisation be- 

cause (1) they usually converge to local minima close to the starting point of 
search, and (2) they require the information about the derivates of the objec- 
tive function. Thus, a global optimisation method is required for the numerical 
solution of the optimisation problem. 

In a genetic algorithm, the set of unknown delamination parameters are rep- 

resented as a chromosome of genes using real number encoding. Furthermore, 

due to the stochastic nature of genetic algorithms, a initial population of trial 
delarninations is assumed. For each set of alleles of the genes in the chromo- 

some of an individual, the error function IF, (2, pl ), that is the difference be- d 
tween measured and calculated central geometric moments, is calculated. In 

accordance to the terminology used in genetic algorithms, the minimisation 
problem is transformed into a maximisation problem. Therefore, instead of an 
error (or objective) function, a fitness function is introduced. 

The mechanism of work of genetic algorithms is inspired on the concepts 
of natural selection and genetics. In the selection step, individuals with higher 
fitness function values are chosen to breed and to inherit their characteristics to 
the next generation. A cross over operator allows to interchange genetic con- 
tent between individuals within the reproduction step. Finally, random genes 
in individuals are randomly mutated during the creation of a new generation. 
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DELAMINATION IDENTIFICATION USING 
A LOW-POPULATION GENETIC ALGORITHM 

Abstract A novel identification technique based on a low-population genetic algorithm for 

quantitative characterisation of a single delamination in composite laminated pan- 

els is presented in this chapter. The damage identification procedure is formulated 

as an inverse problem through which system parameters are identified. The input 

of the inverse problem, the central geometric moments (CGM), is calculated from 

the surface out-of-plane displacements measurements of a delaminated panel ob- 

tained from DSPI. The output parameters, the planar location, size and depth of 

the flaw, are the solution to the inverse problem to characterise an idealised el- 
liptical flaw. The inverse problem is then reduced to an optimisation problem 

where the objective function is defined as the L2 norm of the difference between 

the CGM obtained from a finite element (FE) model with a trial delamination and 

the moments computed from the DSPI measurements. The optimum crack pa- 

rameters are found by minimising the objective function through the use of a 

real-coded low-population genetic algorithm. DSPI's measurements of ten de- 

laminated T700/LTM-45EL carbon/epoxy laminate panels are used to validate 
the methodology presented in here. 

5.1 Introduction 

The use of composite materials has expanded to many applications in recent 
years, including automotive, aircraft, and aerospace structures. These struc- 
tures, are often under the influence of heavy mechanical loads during their 

manufacturing and in-service operation, having them to be regularly controlled 
in order to check their serviceability. Systematic non-destructive inspections 

are normally scheduled in order to detect early signs of damage. When dam- 

age is detected, composite structures have to be subjected to both stringent 
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maintenance and structural integrity analysis to insure their capacity for con- 

tinued use. 

The increased complexity in the design of structures made of composite 

materials has lead to the continuous development of more sophisticated non- 
destructive techniques (NDT) for the detection of damage. These techniques, 

like DSPI, are more efficient, faster and accurate than traditional inspection 

techniques like X-rays or Thermography. However, results from these new 
NDT are less intuitive for human interpretation, often requiring experts to de- 

code the information obtained from such techniques. 

Although much research on detection of delamination in composite lami- 

nates has been done to date, it is clear from the literature that more studies 

need to be performed to design and test methodologies for the automatic iden- 

tification of such damage from measurements obtained from non-destructive 

techniques. 

5.2 Problem Statement 

Identification of damage in structures made of composite materials must 

meet at least two, often conflicting, objectives: speed and accuracy. Firstly, the 

time consumed to post-process data from NDT into meaningful flaw's geo- 

metrical parameters must be minimum. Secondly, engineers and researchers 

on-field need to know accurately the location and extent of damage in order to 

predict remaining strength and life span of structural components. In the liter- 

ature concerning damage identification, however, most researchers have been 

concerned with the ability to characterise damage in an accurate way, leaving 

apart the implications of speed in the chaýracterisation process. 

Although the amount of research on damage detection and identification is 

vast, much of it only presents theoretical results obtained from simulations that 

do not agree completely with the reality of on-field experimentation. Studies 

that validate experimentally the approaches suggested by researchers are the 

exception rather than the rule. 
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5.3 Objectives and Research Questions 

To the knowledge of the author of this thesis, there are not studies reported 
in the literature that suggest, and validate experimentally, a methodology for 

the identification of delamination in composite laminates. The main objective 

of this chapter is stated as follows, 

Design a computational methodology for delamination identification, and examine its validity 
using experimental data from Digital Speckle Pattern Interferometry (DSPV. 

This objective can be satisfied if the following research sub questions are 
solved: 

I Sub question A: How can the concepts of finite element analysis, geometric 
moments, inverse problems, and genetic algorithms be incorporated into a 
single computational methodology that can be used to identify delamina- 
tion in composite laminates? (Formulation). 

2 Sub question B: Does the experimental validation of the methodology leads 

to a cost-effective (in terms of speed and accuracy) solution of the identifica- 

tion problem? (Validation). 

The following section details the methodology and experimental setup used 
to solved these research questions. 

5.4 A Methodology for Identification of Delamination 
Sub question A 

A six-step computational methodology for the characterisation of delamina- 

tion from DSPI measurements is presented in this section. Based on Figure 5.1 

the basic steps in the methodology are as follows: 

I Edges of the bulge present in DSPI measurements are determined using a 
Laplacian-based filter (Chapter 3). 

2 Initial parameters that define the size and orientation of the delamination 

are calculated from the detected edges in step one (Chapter 3). 

3 Reduction of the amount of data in DSPI measurements is obtained by using 
central geometric moments of up to order three (Chapter 4). 
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4A finite element (FE) model with a trial delamination parameters is assem- 

bled in order to compare its response, in terms of displacements, against the 

response of the real laminate during a DSPI test. (Chapter 3). 

5 Central moments computed from the FE response are used as a base of com- 

parison with the moments calculated from DSPI (Chapter 4). 

6A genetic algorithm is used to minimise the difference between the cen- 

tral geometric moments computed from a FE model with a parametric trial 

crack, and moments from DSPI measurements (Chapter 4). 

Even though every one of the previous steps have been detailed in previous 

chapters, a brief summary is now presented in order to establish the context of 

this chapter. 

5.4.1 Laplacian-based edge detection - Step 1 

When loaded in a vacuum chamber, the surface of a laminate containing a 
delamination will tend to bulge. DSPI detects such bulging effect, and pro- 
duces a number of displacement measurements of the plate surface. The first 

step in the identification methodology is to locate the area of the panel where 
the bulge is present. 

A laplacian-based edge detection technique is used to define a boundary 

that separates the bulge form the regions of low (or zero) displacements. This 

technique uses both the laplacian and the variance of the laplacian calculated 
from the surface displacement measurements of the panel CIO (x, y). Given a 
particular planar position on the surface of the panel (xi, yi), the laplacian of 
Cio (xi, yi) is computed. If the laplacian is less or equal to a predefined threshold, 
then the variance of the laplacian is calculated in that point. If the variance in 
(xi, yi) is higher than a second threshold, then (xi, yj) is considered as an edge 
point. 

The process described in the previous paragraph is repeated for every mea- 
sured position of the panel. The output of this technique is an array of points 
(xi, yi) that define the boundary of the experimental bulge. 
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5.4.2 Determination of initial parameters of 

delamination - Step 2 

The solution of the inverse problem of characterisation of delamination is 

equivalent to the solution of a minimisation problem arising in the application 

of the output error criterion (Chapter 4). Cost-effective solution of optimisation 

problems can be obtained if a good starting point for the search is predefined. 

The second step in the identification methodology aims to provide such start- 

ing point by post processing the data, from the detected edges in step one, into 

a set of meaningful delamination geometrical parameters. 

A second order minimisation technique is used to map the Cartesian coordi- 

nates of the detected edges (step 1) into numerical values that define a para- 

metric ellipse. The technique starts by defining the equation of an ellipse in 

polar coordinates. Then, the partial derivates of this equation are obtained to 

construct the gradient vector and the Hessian matrix of the parametric ellipse. 
Finally, the gradient vector, and the Hessian matrix are used in a second order 
Newton-Raphson method to find the optimum parameters of the ellipse that 

minimise the distance between the points in the edge of bulge, and the points 

along the boundary of the ellipse. 

The output of this technique is a set of values that represent the size and ori- 

entation of the delarnination that can be used as starting point for the solution 

of the inverse problem studied in this thesis. 

5.4.3 Central geometric moments from DSPI 

measurements - Step 3 

Among non-destructive techniques, DSPI shows potential to be used in iden- 

tification of damage in composite laminates. This technique is able to make 
non-contact, whole-field , and real-time measurements of out-of-plane static 
displacements that can be used to evaluate the existence of internal damage. 
Typically, DSPI provides an unequivocal set of experimental data in the form 

of an array that contain up to 300000 individual measurements. Even though 
this technique has several advantages for crack identification, the vast quantity 
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of data must be reduced, with minimal loss of quality, in order to be used in an 

efficient way 

In this thesis central geometric moments (CGM in Chapter 4) are used to 

represent DSPI measurements. These moments allow reducing the amount of 
data from DSPI maintaining at the same time the physical significance of such 

results. The numerical computation of CGM from the experimental data is 

somewhat simple. 

The array of measurements from DSPI can be considered as a two dimen- 

sional array of pixels in an image. In this way, the integrals involved in the 

calculation of the moments are reduced to a double summation that relates the 

measurements at a given Cartesian point with the area of the pixel that contains 

such a point. 

The output of this step is an array of seven central geometric moments (up 

to fourth order moments), which represents DSPI measurements. 

5.4.4 FE representation of a delaminated laminate - 
Step 4 

Solution of the crack identification problems seeks for the minimisation of 
the difference between measured responses of a structure, and a the response 
from a FE model that contains a trial flaw. If the inverse problem is posed as 

an optimisation search, the FE model with multiple trial cracks must be solved 

as needed by the optimisation algorithm. The computer time consumed for 

solving such models can make them prohibitive in practice. 

A free-mesh-based FE model is used in this thesis (Chapter 3) to account for 

two main factors: (1) effective representation of the boundary of the damage, 

and (2) short computer time used in its solution. The FE model is discretised 

in such a way that regions with low displacement gradient are meshed using 

coarse elements. Regions close and inside of the delarninated area are meshed 

using refined elements. 

Computer time consumed in the solution of the FE model can be optimised 

not only by sizing the mesh, but also by choosing and adequate model that 

represents the physics of delamination during a DSPI experiment. In here the 

k- 
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sub-structure modelling technique was the one chosen because it balances both 

criteria. 

5.4.5 Central geometric moments from FE response - 
Step 5 

Surface displacements calculated from the FE model must be compared with 

the CGM derived from DSPI measurements. To do this, CGM are computed 

from the response of the FE Model (Chapter 4). The technique used to do this 

involves the assumption that every element in the two-dimensional mesh of 

the FE model can be considered as pixels in an image. In this way, CGM are 

calculated in the same way as it is described in step 3. 

5.4.6 Delamination identification through a genetic 

algorithm - Step 6 

The formulation of non-destructive crack identification problems leads natu- 

rally to non-differentiable, and non-convex optimisation problems. Local min- 

imisation techniques can not be used to solve such optimisation because they 

usually converge to local minima close to the starting point of search, and they 

require the information about the derivates of the search space. Therefore, a 

global optimisation method is required for the numerical solution of the opti- 

misation problem. 

A low-population genetic algorithm is used as the global optimisation tech- 

nique to solve the inverse problem. In this genetic algorithm, the set of un- 
known delamination parameters are represented as a chromosome of genes 

using real number encoding. Furthermore, due to the stochastic nature of ge- 

netic algorithms, an initial population of trial delaminations is assumed. For 

each set of alleles of the genes in the chromosome of an individual, the error 
function that represents the difference between measured and calculated cen- 
tral geometric moments, is calculated. 

The output of the genetic algorithm is the geometric parameters of the de 
lamination that is embedded in the composite laminate. 
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Figure5.1. Methodology of identification of delamination from DSPI measurements. 
Determination of edges of the bulge present in DSPI measurements (1). Initial calculation of the 

geometrical parameters that define the size and orientation of the delarnination from the previ- 

ous step (2). Representation of DSPI data using central geometric moments (3). A finite element 
(FE) model is used to represent the composite laminate with a trial flaw (4). Displacements from 

FE analysis are represented through central geometric moments (5). A genetic algorithm is used 

to minimise the difference between the moments from DSPI and FE analysis (6). 

The following section presents the methodology and procedures followed 

for the experimental validation of the methodology that was presented in the 

previous sections. 

5.5 Experimental Validation - Sub question B 

This section presents a description of the procedural steps, materials, and 

tools employed for the experimental validation of the methodology presented 

above. Firstly, the description of the experimental samples provided for valida- 

tion in this work is given. Secondly the specific configuration of the variables 

of the models used in this validation is provided. Finally, the methodology 
followed to present the results of the validation is described. 

5.5.1 Experimental Samples 

A group of ten experimental out-of-plane displacement field measurements 

were used as test cases for the damage identification technique. The author 



ExpeTimental Validation - Sub question B 129 

of this thesis did not have any participation in the preparation of the samples 

nor in the DSPI sessions where the measurements were obtained. However, in 

order to give completeness to this thesis, and to provide a consistent method- 

ology for replication of the procedures developed in this work, the following 

two subsections describe the manufacturing of the samples and the process fol- 

lowed during the DSPI experiments. Both sections are based on personal com- 

munications with Mr Luis Rivera (manufacturer of the samples at the laborato- 

ries of Automotive and Aeronautical Engineering - Loughborough University), 

and Dr Pablo Ruiz (DSPI experimenter at the Wolfson School - Loughborough 

University). 

5.5.1.1 Manufacturing of composite laminates 

The process carried out for manufacturing preconditioned composite panels 

included cutting of individual Plies, lay-up, delamination embedment, curing 

and trimming. Laminate panels were fabricated from T700/LTM-45EL car- 

bon/epoxy unidirectional (UD) prepreg. The UD mechanical properties of this 

composite system were determined as El I= 127 GPa, E22 = 9.1 GPa, G12 = 5.6 

GPa and Poisson's ratio V12 = 0.31. The ply thickness was determined as 0.125 

mm. Prepreg was cut using a sharp blade, following a cutting plan to min- 

imise waste. Once the individual plies were cut, they were stacked in a cross 

ply symmetric lay-up sequence. The lay-up was (90/0/90)s for a final 6-ply 

laminate. 

Artificial delarnination was embedded into the laminate, in the form of a 
double layer of thermoplastic fluorinate ethylene propylene (FEP) film of 0.051 

mm thick. Between the two layers of FER a silicon grease ring was applied 

along the edge, to trap the air inside and avoid any interaction between the 
inclusion and the resin during the curing process. The two FEP layers were 
first cut with a scalpel by placing either circular or elliptical steel templates on 
a large piece of FEP thermoplastic film. Size of circular inclusions were 40,20, 
10 and 5 rnm in diameter. Elliptical inclusions were 40 and 20 mm major axis 
with 3: I aspect ratio. After cutting, the inclusions were carefully cleaned, 
prepared with the silicon ring and centrally located onto the specimen, stacked 
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Table 5.1. Experimental composite laminates used for validation. 

Number Name Shape Length tmm] Width [mm] Angle (degrees) Depth Imml 

I IOC12D Circular 10 10 -0.125 
2 1OC23D Circular 10 10 -0.250 
3 20C12D Circular 20 20 -0.125 
4 20C23D Circular 20 20 -0.250 
5 40C 12D Circular 40 40 -0.125 
6 40C23D Circular 40 40 - -0.250 
7 E2012D90 Elliptical 20 6.67 90 -0.125 
8 E2023DO Elliptical 20 6.67 0 -0.250 
9 E4012D90 Elliptical 40 13.33 90 -0.125 
10 E4023DO Elliptical 40 13.33 0 -0.250 

between the Ist and 2nd, the 2nd and 3rd, and the 3rd and 4th plies. Table 5.1 

shows a specimen list. 

All the panels were cured in an autoclave using the manufacturer's recom- 

mended curing cycle of 18 hours at 60'C at 80 psi, with an initial ramp rate of 
20CImin. No vacuum was used, so the air trapped the delamination would 

remain inside the laminate. After curing panels were trimmed down using a 
diamond coated wheel trimmer. The nominal in-plane dimensions of all the 

panels were 100 mm wide by 100 mm long. 

5.5.1.2 DSPI experimental setup 

Figure 5.2 shows the speckle interferometer used to measure the surface de- 

formation of the carbon composite laminates as the embedded delaminations 

expanded inside them due to vacuum loading. The beam from a frequency- 

doubled CW Nd: YV04 laser (A == 532nm) was divided into object and refer- 

ence arms by a 90 : 10 beam splitter. The reference beam passed through a 

Pockels cell and recombined with the speckle pattern formed by the scattered 

object beam using a second 90 : 10 beam splitter in front of the camera ob- 

jective. The Pockels cell was driven by a staircase waveform generator that 

produces one out of a set of four equally-spaced voltage levels, which were 
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Figurc 5.2. Optical set-up of the high-speed out-of-plane speckle interferometer. 

Personal computer (PC), frame store (F), pulse conditioner and high-voltage arnplifier (D), Pock- 

els Cell (P), 90 : 10 beam splitter (13S), mirrors (M), lenses (L), carbon fibre specimen (S) and 

vacuum chamber (V). 

clocked cyclically in response to the rising edges of the strobe signal from the 

camera (VDS HCC-1000). In this way, the camera acted as the master clock 
for the whole system and a different phase step was introduced at the start of 

every new frame. 

The laminates were placed in a vacuum chamber and imaged through a 
built-in transparent Perspex window. The initial relative pressure was -900 
mbar, which caused the air trapped inside the delarnination crack to expand 

and to deform the laminate. Air was allowed slowly into the chamber to release 

the load over the laminate and when the pressure reached -800 mbar, the cam- 

era started recording a sequence of 1024 phase-stepped interferograms, which 
is the maximum that can be stored in the camera's available memory. 

5.5.2 Laplacian-based edge detection - Step 1 

DSPI experimental results were given in arrays of 512 by 631 elements. The 

detection of the borders of the bulge contained in the DSPI array was per- 
formed according to the steps presented in chapter 3. The mathematical model 
was implemented in MATLAB 5.3, and was solved in a DELL Inspiron 8100 
Pentium III computer. The source code of the implementation is included in 
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the cdroom that is attached to this thesis under the directory tree /SRC/Border 

Detection. 

Given the large number of measurements contained in the DSPI array, 323.072 

individual measurements, the laplacian-based technique was only applied to 

such positions where the out-of-plane displacements were lower than 10% of 

the maximum displacement present in the array This value was found by trial 

and error, as there is not a pre-defined criterion in the literature. 

For every point in the subset defined above, the laplacian was calculated 

using the equation 3.1. If the laplacian was less or equal to a pre-established 

threshold of 0.95 (value obtained by trial and error), then the point under analy- 

sis was considered as a border candidate. 

Finally, for every point in the border candidate subset, the variance of the 

laplacian was calculated using the equation 3.2. If the variance was less or 

equal to a pre-established threshold of 0.01, then the point under consideration 

was labelled as part of the border of the DSPI bulge. 

5.5.3 Determination of initial parameters of 

delamination - Step 2 

Given the set of points that defined the boundary of the DSPI bulge ob- 

tained in step one, a second-order Newton-Raphson minimisation technique 

was used to determine the best set of numerical values that represented math- 

ematically the aforementioned boundary. The process that was used is de- 

scribed in chapter three. The mathematical model was solved in the same com- 

puter as the algorithm presented in step one. 

The initial values for the minimisation process were chosen in the following 

manner. The centre of the ellipse was fixed as the average of the coordinates 

of the points that were present in the boundary of the DSPI bulge. The initial 

value of the major axis of the delamination was pre-defined as the absolute 

difference between the maximum and minimum coordinate along the x- axis. 

Similar procedure was followed for the minor axis of the ellipse. The initial 

angle of orientation of the ellipse was pre-fixed as zero degrees. 

The source code of the implementation is included in the cdroom that is 

attached to this thesis under the directory three /SRC/Border Detection. 
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5.5.4 Central geometric moments from DSPI 

measurements - Step 3 

Central geometric moments up to order three were used to represent the 

DSPI measurements in a compact and efficient manner. Moments were calcu- 
lated using the procedure described in chapter four using equations 4.7 and 4.10. 

These mathematical equations were implemented in MATLAB 5.3, and were 

solved in a DELL Inspiron 8100 Pentium III computer. The source code of the 

implementation is included in the cdroorn that is attached to this thesis under 

the directory tree ISRCIGeometric Moments. The master file is MAIN. m. 

5.5.5 FE representation of a delaminated laminate - 
Step 4 

The mathematical modeling of delarninated panels was performed through 

a specifically designed FE model, as was described in chapter three. The soft- 

ware used to implement the FE model was ANSYS 8.3. FE models were solved 

on a supercomputer SGI Origin 2000, with 4 CPU, 1 GB RAM, 128 GB HD 

located at the Advanced Computer Center MOX at Los Andes University in 

Bogota - Colombia. 

The stages involved in the specification of the FE model were: (1) build the 

model, (2) apply boundary conditions and solve the model. These stages are 
described in the following paragraphs. 

Build the model. The first step in building the FE model was the specifi- 

cation of the element type to be used. The ANSYS software element library 

contains more than 150 different element types. For composite materials, AN- 

SYS offer one three dimensional element, SOLID46. This is a layered element 
designed to model layered thick shells or solids, which provides three degrees 

of freedom, that is displacements along x, y, z coordinates. The element is de- 

fined by eight nodes, layer thicknesses, layer material direction angles, and 

orthotropic material properties. Shear moduli GXZ and GYZ must be within 

a factor of 10.000 of each other. 
Parametric models in ANSYS are implemented using the ANSYS Parametric 

Language (APDL), which is a scripting language that is used to either automate 
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tasks or build FE models in terms of variables. APDL is an extension of the 

FORTRAN programming language that form the core of the ANSYS software. 

The specification of the element type SOLID46 using APDL can be found in 

the attached cdroom under the directory tree ISRCIFE ModelIELEM. txt. 

The second step in building the model is the definition of the element real 

constants. These are properties that depend on the element type SOLID46, like 

the number of plies, fibre orientation, and material properties of each ply The 

number of plies is a model specific, at it is used to determine the depth of the 

delarnination as it was explained in chapter three. The APDL subroutine that 

defines the real constants for the element SOLID46 can be found in the attached 

cdroom under the directory tree ISRCIFE ModeYCONSTREAL. MAC. 

The third step during the setup of the FE model is the definition of mate- 

rial properties. The material properties used in the FE model correspond to 

the ones showed above, which correspond to T700/LTM-45EL carbon/epoxy 
El I= 127 GPa, E2z = 9.1 GPa, G12 = 5.6 GPa and Poisson's ratio VI 2=0.31. 
The APDL script that contains the definition of the mechanical properties of 

the laminate can be found under the directory tree ISRCIFE Mode]IVAR. txt and 
ISRCIFE Model/MAT txt. 

Once the material properties have been defined, the fourth step in the analy- 

sis is generating the FE model (nodes and elements) that describes the geome- 

try of a composite laminate with a trial delamination. The method that gener- 

ates the FE model used in this thesis was solid modelling. In this approach, the 

geometry of the model is generated first (as it was described in chapter three), 

then the ANSYS program automatically meshes the geometry with nodes and 

elements. The advantages of solid modelling are as follows: (1) it is appropriate 
for 3D models of solid volumes, (2) it allows geometric boolean operations like 

extrusion and subtraction of volumes, (3) APDL scripting can be incorporated, (4) 

it readily allows modifications to geometry The complete process to gener- 

ate the FE model was described in chapter three. The APDL subroutines that 

incorporate such process can be found under the directory tree ISRCIFE ModeY. 

Boundary conditions. Once the FE model is generated, the following step 

is to define the boundary conditions and the external loads on the FE model. 

k 
'199011h., 
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Given the physics involved during a DSPI test', a static structural analysis was 

performed, where DOF constraints and surface loads were applied onto the FE 

model. 
Degrees of freedom (DOF) constraints were specified as zero displacements 

around the boundary of the composite panel, and the surface load corresponded 

to a trial pressure inside of the delarninated area, as it is shown in figure 3.17. 

After the boundary conditions are defined, the complete model is solved using 

the ANSYS Solver routine. 

5.5.6 Central geometric moments from FE response - 
Step 5 

Central geometric moments up to order three were used to represent the 

out-of-plane displacements obtained from the FE model described in the pre- 

vious section. These moments were calculated using the procedure described 

in chapter four using equations 4.9 and 4.10. These mathematical equations 

were implemented in using APDL, and The source code of the implementation 

is included under the directory tree ISRCIFE ModeYCANMOMENTMAC. 

5.5.7 A low-population adaptive-range genetic 

algorithm (LARGA) - Step 6 

As it was shown in chapter four, identification of clelarnination can be for- 

mulated as an inverse problem with the crack's extension and location as the 

system parameters to be determined. This inverse problem can be reformu- 

lated as an optimisation search with the objective function defined as the dif- 

ference between a set of two-dimensional central geometric moments (CGM), 

calculated from finite element (FE) model with a trial parameter set, and the 

extended CGM calculated using the DSPI out-of-plane measurements from the 

panel with a single delamination having unknown geometrical parameters. 
The inverse problem is redefined as the least-squares minimisation problem 
for a scalar performance function T.. (2, p) as follows, d 

I See chapter three for the discussion of the physics involved during a DSPI test. 
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where 11 - 11 is the 12 norm (least square identification). It was shown in chap- 

ter four, that this minimisation problem could be solved through the use of a 

genetic algorithm. 
Finding the global optimum in the discrete domain for the scalar perfor- 

mance function in Eq. 5.1 is challenging even for common GA implementa- 

tions. Adaptive range genetic algorithms (ARGA) R 181 integrate the ideas of 

stochastic GAs and the use of dynamic real-code representations for exploring 

a large search space more efficiently. ARGAs incorporate three new steps onto 

the structure of the conventional GA, as it is shown in Fig. 5.3. First, every M 

generations the top half of the previous generation is selected into a subset, 

and the average and standard deviation of this subset is calculated. Then, in 

the second step (range adaptation), a new search range for every gene in the 

chromosome is calculated using the average and the standard deviation calcu- 
lated in the first step. In the third step (regeneration), all but one individual 

in the population are generated randomly according to the new gene's range. 
Here, the process overlaps with the structure given for the conventional GA, 

and the process continues as described in the chapter four. 

However, a main disadvantage of GAs is the computational time consumed 

to find the minimum of a given function. The main reason for this, is that 

typically GAs use a large number of individuals (population) in a given gen- 

eration (iteration). This author of this thesis proposes the use of a novel low- 

population adaptive-range genetic algorithm (LARGA) that provides a sound 
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balance between speed and accuracy for the identification of delamination from 

DSPI measurements. 

The feasibility and utility of the proposed low-population LARGA is inves- 

tigated through numerical simulations involving the characterisation of a cir- 

cular and elliptical delarninations. In this work two separate studies are re- 

ported as follows. In the first study (Theoretical feasibility study), out-of-plane 

displacements are obtained from FE simulations and using different levels of 

white noise, the performance of the LARGA to characterise damage is evalu- 

ated. In the second study (Experimental validation study), real measurements 
from DSPI are used to evaluate again the performance of LARGA. The next 

subsections presents the results of these studies and the description of meth- 

ods and materials used. Finally, the complete methodology described in this 

chapter (steps one to six) is applied to the characterisation of delamination from 

the ten experimental samples outlined above. 

5.5-7.1 LARGA Evaluation - Materials and methods 

The finite element representation of the physical model consist of a clamped 

eight-ply T300/5208 (450/ -450/00/900), graphite epoxy panels with size 0.1 

by 0.1 by 0.003 m. The material properties of the layers are E" = 132 GPa, 

Ey = 10.8 GPa, v,, y = 0.24, vy, = 0.49, G,, y = 5.6 GPa, Gy, = 3.38 GPa. In the 

physical model the plate is into a vacuum chamber that is used to excite the 
damaged region by separating the adjacent delaminated layers. A parame- 
terized re-meshing technique is used to modify the FE models automatically 
during the LARGA procedure. In this technique, the mesh of every FE model 
is regenerated when the delamination's parameters are changed, allowing a 

smooth transition in the size and aspect ratio of the elements in the mesh. 

The LARGA algorithm was coded in-house using the ANSYS Parametric 

Language (APDL). The code is approximately 1000 lines including specific con- 
figuration files. The complete code is available in the cdrom attached to this 

thesis under the directory tree ISRCILARGA except for the experimental DSPI 
data, which is copyrighted by Loughborough University. The main file of the 
LARGA implementation is gaLARGA. MAC which loads every step of the ge- 
netic algorithm. 
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As it was shown in chapter four, the problem of identification of delamina- 

tion can be encoded using seven genes. Six of them representing the damage 

parameters 2= [x,, y, a, b, 0, hj T, and one representing the pressure of air in- 

side of the delarnination Pd. These genes are encoded using real numbers. The 

alleles of the genes were specified as follows. 

m Alleles of genes -yj = x, and 72 = y, that represent the planar location of 

the centre of the delarnination in the plane of the laminate, were defined by 

equation 4.17. The value of the parameter E was set as 0.1 by trial-and -error. 

Alleles of genes 73 = a, and 74 = b, that encode the size of the delarnination 

to be characterised, are defined by equation 4.18. The value of the parameter 

was set as to 0.2 by trial-and-error. 

Allele of gene 75 = 0, that encodes the angle of orientation of the delamina- 

tion in the composite panel, was set as the pair [0,90] that are the angles of 

orientation of the fibres in the laminate. 

Allele of geneY6 = h, that encodes the depth of the delarnination measured 
from the surface of the laminate that is closest to the DSPI detector, was set a 
the array of discontinuous values -y6 = [-0.125, -0.25, -0.375, -0.5, -0.625]. 
These values correspond to vertical coordinates of the interface between 

every ply in the composite laminate. 

Allele of gene 77 ---: Pd, that encodes the pressure of the air trapped in 

the delamination when the DSPI test take place. It was fixed as the range 
(0,300OPa) by trial-and-error. However, it must be noted that this range is 

not the optimal one, as it is not possible to determine, neither experimen- 
tally (using DSPI) nor analytically, the change of pressure of the air inside 

of the delamination. 

Roulette wheel selection was applied to select the parents for the crossover 

step. The algorithm used the following parameters: probability of crossover 

p, = 1.0, probability of mutation p.. = 0.1. The range adaptation operator, 

equations 4.27 and 4.28 were set with parameters M=4. wp = 0.75, w, = 0.75, 

and K=3. Parents crossover was performed using intermediate recombina- 
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tion, equation 4.30. The LARGA algorithm converged when the best-fit indi- 

vidual in the current population reached a threshold value of 0.998, or when 

the algorithm was not capable to find better fitness regions for a period of seven 

generations. 

5.5.7.2 LARGA Evaluation - Theoretical feasibility study 

The objective of this study is to determine the accuracy and speed of the 
LARGA under a controlled environment. The input for the genetic algorithm, 

the Geometric Central Moments (GCM), are calculated from a FE model of the 
delarninated panel. The FE model was set up with an ideal circular delami- 

nation of 20 mm of diameter located 0.25 mm beneath the surface. In order to 

evaluate the solution time and accuracy of LARGA versus the population size, 
LARGAs with populations of 5,10,15 and 20 individuals were used. To take 
into account the influence of noise in the input CGM, three types of models 

with random-white noise equivalent 0%, 5% and 10% of the maximum dis- 

placement were also implemented. Finally, to account for the influence of the 
initial population in the efficiency and effectiveness of LARGA, ten replications 

of every model were performed using randomly-generated initial population. 

5.5.7.3 LARGA Evaluation - Experimental validation study 

The objective of this study is to determine the accuracy and speed of the 
LARGA using real out-of-plane DSPI measurements. The reference composite 

panel was prepared with a 20 mm diameter delamination located 0.25 mm be- 

neath the surface. The damage characterisation was performed using a LARGA 

with five individuals, and twenty replications were performed using a differ- 

ent randomly-generated initial population. 

5.6 Results 

5.6.1 LARGA Evaluation - Theoretical feasibility study 
Figure 5.4a shows the comparison of the convergence of LARGA for five 

different replications using a population of five individuals and white-noise of 
0%. The accuracy of the analysis was found to be inversely proportional of the 

number of generations used by LARGA to converge to the global optimum. 
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These results may be explained by considering that if the initial population 

contained a better genetic content, then the search procedure may be shorter. 

The solution time of the LARGA was found to be inversely proportional to 

the population size (Figure 5.4b and 5.5b). The predicted delaminated area 

using LARGA was found to be significantly closer to the real value used in the 

original FE model as shown in Figure 5.5a. 
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Figure 5.4. (a) Comparison of convergence histories of five model replications for simulated 

out-of plane displacements. Noise 0%, population = 5. Figure not at scale. (b) Comparison of 

convergence time of five model replications for simulated out-of plane displacements. Noise 

0%, population = 5,10,15 and 20. 

E 

cl 

37 

29 

-0- Avw. g. Sobao 12%) 

6 10 15 20 5 10 is 20 
Papuktion size (kKwIdWIS) PopulMion size (Wky"Is) 

(a) (b) 

Figure 5.5. (a) Comparison of predicted delamination area for simulated out-of plane displace- 

ments. Noise 0%, population = 5,10,15 and 20. (b) Comparison of average solution time for 

simulated out-of plane displacements. Noise 0%, population = 5.10,15 and 20. 
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5.6.2 LARGA Evaluation - Experimental validation 

study 

The average solution time of LARGA using DSPI measurements was found 

to be in consistency with those reported in the theoretical study (Figure 5.6a 

and 5.5b). At a difference with the theoretical study, LARGA over predicted 

the delarninated area as is shown in Figure 5.6b. Also it was found that using 

real experimental data, LARGA predicted the correct delamination depth in 18 

of 20 replications (Figure 5.7. In the theoretical study the prediction rate was 

of 100%. These results may be explained by taking into account the complex 

noise pattern that is present in DSPI. 

I 

(a) (b) 

Figure 5.6. (a) Probability density plot of solution time for real DSPI measurements. (b) Com- 

parison of predicted cielamination area of twenty model replications for real DSPI measure- 

ments. Population = 5. 

The following subsections present the results obtained from the delamina- 

tion identification methodology proposed in this thesis. A summary of the re- 

sults presented for all the experimental samples is included in tables 5.2 to 5.6. 

5.6.3 Identification Methodology: Sample 1- 1OC12D 

Figure 5.8 presents the findings of the identification methodology for sam- 

ple one. Experimental data from DSPI were for a circular delarnination with 
diameter 10mm located at (50,50) mm from the bottom left corner of the panel, 
and with a depth of 0.125 mm. 
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Laplacian-based edge detection. Subfigure (b) shows the detected bor- 
ders of the bulge showed in (a). The border of the bulge is irregular, and It 
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Figure5.7. Comparison of predicted delamination depth of twenty model replications for real 
DSPI measurements. Real delamination depth is 0.25 mm. Population = 5. 

is not present around its whole perimeter. A tentative interpretation might be 

that experimental results present a discontinuity where the border is not de- 

tected, as it can be seen in (a). 

Initial parameters of delamination. Subfigure (c) shows the identified 

initial parameters of the ellipse from the edges detected above. The effective 
borders of the bulge were found to cover a little more of 180 degrees of the 

bulge. The identified ellipse (continuous line) is significantly smaller than the 

current delamination in the laminate, the area of the ellipse is around one-half 

of the original crack. Also the location of the centre of the ellipse displayed an 

offset of 5 percent in relation with the original damage. 

Convergence of the genetic algorithm. Subfigure (d) shows the history 

of convergence for five replications of the genetic algorithm with different ran- 
dom initial population. Replication three and four converged to a minimum 

of the objective function in the four generation. After this point, the algorithm 

could not find another region for exploration, and consequently it terminated 

eight generations later. Replications two and five did converge to a local min- 

ima of the objective function around generation three of the algorithm. Succes- 

sive attempts to re-initiate the population using the operator of range adapta- 

tion failed to help to move the population toward other regions of the search 

space. On the other hand, replication one was able to move to another region of 
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the domain, but it landed in another local minima. The average solution time 

for the replications was 711 seconds, with an average of eleven generations per 

replication. 

Identified parameters of the delamination. Subfigure (e) shows the com- 

parison between the size and location of the identified laminate, and the equiv- 

alent variables in the physical laminate. The relative error in the planar location 

of the laminate is 4.72%, the area of the predicted crack is 2.2 1% bigger. Two out 

of the five GA replications converged to the correct depth of delarnination. The 

average change of the pressure of the air trapped inside of the delarnination 

was 41 Pa. 

5.6.4 Identification Methodology: Sample 2- 1OC23D 

Figure 5.9 presents the results of the identification methodology for sample 

two. Experimental measurements from DSPI were for a circular delamination 

with diameter 10 mm located at (50,50) mm from the bottom left corner of the 

panel, and with a depth of 0.250 mm. 

Laplacian-based edge detection. The detected edge of the bulge showed 

in subfigure (b) was not complete, it expanded to an angle of around 180 de- 

grees of the circumference due mainly to the effects of the experimental results, 

as it was suggested in the previous sample. 

Initial parameters of delamination. Subfigure (c) shows the identified 

initial parameters of the ellipse from the edges detected above. The identified 

ellipse was smaller than the current delarnination in the laminate, the area of 
the ellipse was around one fifth smaller than the original crack. Also the loca- 

tion of the centre of the ellipse displayed an offset of 4 percent in relation with 

the original damage. 

Convergence of the genetic algorithm. Subfigure (d) shows the history 

of convergence for five replications of the genetic algorithm with different ran- 
dom initial population. All five replications converge to a region of the search 
space where the objective function was similar, however, three of the replica- 
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tions (2,3,5) converged to the incorrect local minima of the function. Repli- 

cations one and four converged to the correct minima of the function, but the 

algorithm took more than six generations to find it. The average computer time 

used by the replications was 275 seconds, and the average number of iterations 

was twelve. 

Identified parameters of the delamination. Subfigure (e) shows the com- 

parison between the size and location of the identified laminate, and the equiv- 

alent variables in the physical laminate. The relative error in the planar location 

of the laminate was 3.79%, the area of the predicted crack is 23% larger. Two 

out of the five GA replications converged to the correct depth of delamination. 

The average change of the pressure of the air trapped inside of the delamina- 

tion was 695 Pa. 

5.6.5 Identification Methodology: Sample 3- 20C12D 

Figure 5.10 presents the findings of the identification methodology for sam- 

ple three. Experimental data from DSPI were for a circular delamination with 
diameter 20 mm located at (50,50) mm from the bottom left corner of the panel, 

and with a depth of 0.125 mm. 

Laplacian-based edge detection. Subfigure (b) shows the detected bor- 

ders of the bulge showed in (a). The border of the bulge is regular, and it is 

present around the entire perimeter. As a difference with samples one and 

two, the bulge on from the experimental data is well defined. 

Initial parameters of delamination. Subfigure (c) presents the identified 

initial parameters of the ellipse that were calculated from the edge detected 

above. The initial size of the delamination was 30 percent smaller than the 

actual delarnination in the panel. Also, it was found that the centre of the 

identified ellipse was offset to the right by five percent. 

Convergence of the genetic algorithm. Subfigure (d) shows the history 

of convergence for five replications of the genetic algorithm with different ran- 

dom initial population. Replications three and four converged to a point close 
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to the global minima in the ninth generation of the algorithm. The rest of the 

replications converged to a local minimum around generation twelve. The av- 

erage solution time for each replications was 1220 seconds, with an average of 
17 generations per replication. 

Ident ifled parameters of the delaminat ion. Subfigure (e) shows the com- 

parison between the size and location of the identified laminate, and the equiv- 

alent variables in the physical laminate. The best individual in all the replica- 

tions displayed a relative error in the planar location of the laminate of 4.60%, 

the area of the predicted crack was 0.06% bigger. Two out of the five GA repli- 

cations converged to the correct depth of delarnination (0.125 mm) with an av- 

erage change of the pressure of the air trapped inside of the delamination of 65 

Pa. 

5.6.6 Identification Methodology: Sample 4- 20C23D 

Figure 5.11 presents the results of the identification methodology for sample 
four. Experimental measurements from DSPI were for a circular delamination 

with diameter 20 mm located at (50,50) mm from the bottom left corner of the 

panel, and with a depth of 0.250 mm measured from the top of the laminate. 

Laplacian-based edge detection. The laplacian-based edge technique de- 

tected accurately the borders of the bulge from the experimental data as is 

shown in subfigure (b). This is due to the symmetric nature of the bulge from 

DSPI measurements. 

Initial parameters of delarnination. Subfigure (c) shows the identified 

initial parameters of the ellipse from the edges detected above. The identified 

ellipse was smaller than the current delamination in the laminate, the area of 
the ellipse was around thirty percent smaller than the original crack. Also the 
location of the centre of the ellipse displayed an offset of 3 percent to the right 

of the original delamination. 

Convergence of the genetic algorithm. Subfigure (d) shows the history 

of convergence for five replications of the genetic algorithm with different ran- 
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dom initial population. All five replications did not converge to the global 

minimum of the objective function, but to a local one. The average computer 
time used by the replications was 475 seconds, and the average number of iter- 

ations was 18. 

Identified parameters of the delamination. The genetic algorithm de- 

tected a delamination. with an area 9.8% bigger than the current crack in the 
laminate. The centre of the delamination was predicted with an accuracy of 
3.92%. Five out of five replications converged to a delamination closer to the 

surface. 

5.6.7 Identification Methodology: Sample 5- 40C12D 

Figure 5.12 presents the findings of the identification methodology for sam- 

ple five. Experimental data from DSPI were for a circular delamination with 
diameter 40 mm located at (50,50) mm from the bottom left corner of the panel, 

and with a depth of 0.125 mm measured from the top surface of the laminate. 

Laplacian-based edge detection. The experimental data from DSPI were 

smooth and symmetrical as it is showed in subfigure (a). The laplacian-based 

technique identified properly the points around the central bulge of the dis- 

placement measurements as it is shown in subfigure (b). 

Initial parameters of delamination. The initial size and position of the 

ellipse representing the damage were closed to the real parameter damages. 

The area predicted was 8% smaller, and the centre of the delamination was 

identified with a relative error of less than 1%. 

Convergence of the genetic algorithm. Subfigure (d) shows the history 

of convergence for five replications of the genetic algorithm with different ran- 
dom initial population. Replications two to five converged to a point close 

to the global minima between the eighth and eleventh generation of the GA. 

Replication one converged to a local minimum in the 13th generation of the 

algorithm. The average solution time for each replications was 1128 seconds, 

with an average of 16 generations per replication. 
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Identifled parameters of the delarnination. Subfigure (e) shows the com- 

parison between the size and location of the identified laminate, and the equiv- 

alent variables in the physical laminate. The best individual in all the replica- 

tions displayed a relative error in the planar location of the laminate of 2.67%, 

the area of the predicted crack was 5.35% bigger. Four out of the five GA repli- 

cations converged to the correct depth of delarnination (0.12 5 Mm) with an av- 

erage change of the pressure of the air trapped inside of the delarnination of 99 

Pa. 

5.6.8 Identification Methodology: Sample 6- 40C23D 

Figure 5.13 presents the findings of the identification methodology for sam- 

ple six. Experimental data from DSPI were for a circular delamination with 
diameter 40 mm located at (50,50) mm from the bottom left corner of the panel, 

and with a depth of 0.250 mm. 

Laplacian-based edge detection. Subfigure (b) shows the detected bor- 

ders of the bulge showed in (a). The border of the bulge is regular, and it is 

present around the entire perimeter. The bulge from the experimental data is 

well defined, but there is a spurious small bulge located to the right of the main 
dome. A feasible explanation for this extra bulge is a localized defect during 

the manufacturing of the sample. However, the abnormality does not affect the 

initial detection of the bulge's shape. 

Initial parameters of delarnination. Subfigure (c) presents the identified 

initial parameters of the ellipse that were calculated from the edge detected 

above. The initial size of the delamination was five percent smaller than the 

actual delarnination in the panel. Also, it was found that the centre of the 

identified ellipse was offset to the right by six percent. 

Convergence of the genetic algorithm. Subfigure (d) shows the history 

of convergence for five replications of the genetic algorithm with different ran- 
dom initial population. Replications one, two, four and five converged to a 
point close to the global minima in the seventh generation of the algorithm. 
The remaining replication converged to a local minimum around generation 
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seventh. The average solution time for each replications was 1226 seconds, 

with an average of 17 generations per replication. 

Identified parameters of the delamination. Subfigure (e) shows the com- 

parison between the size and location of the identified laminate, and the equiv- 

alent variables in the physical laminate. The best individual in all the replica- 

tions displayed a relative error in the planar location of the laminate of 1.60%, 

the area of the predicted crack was 0.42% bigger. Four out of the five CA repli- 

cations converged to the correct depth of delamination (0.250 mm) with an av- 

erage change of the pressure of the air trapped inside of the delamination of 
270 Pa. 

5.6.9 Identification Methodology: Sample 7- 
E2012D90 

Figure 5.14 presents the results of the identification methodology for sample 

seven. Experimental measurements from DSPI were for an elliptical delamina- 

tion with length 20 mm, width 6.67 mm, orientation of 90 degrees, located at 
(50,50) mm from the bottom left corner of the panel, and with a depth of 0.125 

MM. 

Laplacian-based edge detection. The detected edge of the bulge showed 
in subfigure (b) was not complete, it expanded to an angle of around 240 de- 

grees of the circumference due mainly to an incomplete set measurements from 

DSPI. 

Initial parameters of delamination. Subfigure (c) shows the identified 

initial parameters of the ellipse from the edges detected above. The identified 

ellipse was smaller than the current delarnination in the laminate, the area of 

the ellipse was around one forty percent smaller than the original crack. Also 

the location of the centre of the ellipse displayed an offset of ten percent in 

relation with the original damage. 

Convergence of the genetic algorithm. Subfigure (d) shows the history 

of convergence for five replications of the genetic algorithm with different ran- 
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dom initial population. All five replications converge to a region of the search 

space where the objective function was similar, however, none of the replica- 

tions converged to the global minima of the function. The average computer 

time used by the replications was 1262 seconds, and the average number of 
iterations was seventeen. 

Identified parameters of the delarnination. Subfigure (e) shows the com- 

parison between the size and location of the identified laminate, and the equiv- 

alent variables in the physical laminate. The relative error in the planar location 

of the laminate was 0.63%. the area of the predicted crack is 2.82% larger. None 

of the five GA replications converged to the correct depth of delamination. 

5.6.10 Identification Methodology: Sample 8- 

E2023DO 

Figure 5.15 presents the findings of the identification methodology for sam- 

ple eight. Experimental data from DSPI were for an elliptical delamination 

with length 20 mm, width 6.67 mm, orientation of 0 degrees, located at (50,50) 

mm from the bottom left corner of the panel, and with a depth of 0.250 mm. 

Laplacian-based edge detection. The experimental data from DSPI was 
discontinuous, incomplete and asymmetrical as it is showed in subfigure (a). 

The laplacian-based technique identified a suitable set of points around the 

central bulge of the displacement measurements as it is shown in subfigure (b). 

Initial parameters of delarnination. The initial size and position of the 

ellipse representing the damage were closed to the real parameter damages. 
The area predicted was 15% larger, and the centre of the delamination was 
identified with a relative error of less than 13% 

Convergence of the genetic algorithm. Subfigure (d) shows the history 

of convergence for five replications of the genetic algorithm with different ran- 
dom initial population. None of the replications converged to the global mini- 
mum of the objective function. The average solution time for each replications 
was 2983 seconds, with an average of 14 generations per replication. 
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Identified parameters of the delamination. Subfigure (e) shows the com- 

parison between the size and location of the identified laminate, and the equiv- 

alent variables in the physical laminate. The best individual in all the replica- 

tions displayed a relative error in the planar location of the laminate of 2%, the 

area of the predicted crack was 5.66% bigger. None of the five CA replications 

converged to the correct depth of delamination (0.250 mm). 

5.6.11 Identification Methodology: Sample 9- 
E4012D90 

Figure 5.16 presents the results of the identification methodology for sample 

nine. Experimental measurements from DSPI were for an elliptical delami- 

nation with length 40, width 13.33 mm, orientation of 90 degrees, located at 

(50,50) mm from the bottom left corner of the panel, and with a depth of 0.125 

MM. 

Laplacian-based edge detection. The detected edge of the bulge showed 

in subfigure (b) was not complete, it expanded to an angle of around 260 de- 

grees of the circumference due to an incomplete set of measurements from 

DSPI. 

Initial parameters of delarnination. Subfigure (c) shows the identified 

initial parameters of the ellipse from the edges detected above. The identified 

ellipse was smaller than the current delamination in the laminate, the area of 

the ellipse was around twenty percent smaller than the original crack. Also the 

location of the centre of the ellipse displayed an offset of less than one percent 

in relation with the original damage. 

Convergence of the genetic algorithm. Subfigure (d) shows the history 

of convergence for five replications of the genetic algorithm with different ran- 

dom initial population. Two out of five replications converged to a region of 

the search space where the objective function was similar. The average com- 

puter time used by the replications was 294 seconds, and the average number 

of iterations was fourteen. 
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Identified parameters of the delamination. Subfigure (e) shows the com- 

parison between the size and location of the identified laminate, and the equiv- 

alent variables in the physical laminate. The relative error in the planar location 

of the laminate was 1.8%, the area of the predicted crack is 7.90% larger. Two 

out of the five GA replications converged to the correct depth of delamination 

(0.125 mm) with an average change of the pressure of the air trapped inside of 

the delarnination of 77 Pa. 

5.6.12 Identification Methodology: Sample 10 - 
E4023DO 

Figure 5.17 presents the results of the identification methodology for sample 

ten. Experimental measurements from DSPI were for an elliptical delarnination 

with length 40, width 13.33 mm, orientation of 0 degrees, located at (50,50) mm 
from the bottom left corner of the panel, and with a depth of 0.250 mm. 

Laplacian-based edge detection. The detected edge of the bulge showed 

in subfigure (b) was not complete, it expanded to an angle of around 270 de- 

grees of the circumference. However, the shape of the bulge is not as distorted 

as in samples seven to nine. 

Initial parameters of delamination. Subfigure (c) shows the identified 

initial parameters of the ellipse from the edges detected above. The identified 

ellipse was smaller than the current delarnination in the laminate, the area of 
the ellipse was around twenty five percent smaller than the original crack. Also 

the location of the centre of the ellipse displayed an offset of five percent in 

relation with the original damage. 

Convergence of the genetic algorithm. Subfigure (d) shows the history 

of convergence for five replications of the genetic algorithm with different ran- 
dom initial population. Three out of five replications (1,2,5) converged to a 

region of the search space where the objective function was similar. The aver- 
age computer time used by the replications was 385 seconds, and the average 
number of iterations was sixteen. 
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Table 5.2. Laplacian based edge detection for all experimental samples. 

In general the edges of the bulge were not detected completelv, most of the tirnes, due to gaps of 

discontinuities contained in the DSPI diitý,, 

Sample Name Shape Was the edge complete? Was the edge symmetrical? 

1 IOC12D Circular No No 

2 IOC23D Circular No No 

3 20C 12D Circular Yes Yes 

4 20C23D Circular Yes Yes 

5 40C12D Circular Yes Yes 

6 40C23D Circular Yes No 

7 E2012D90 Elliptical No No 

8 E2023DO Elliptical No No 

9 E4012D9O Elliptical No No 

10 E4023DO Elliptical No No 

Identified parameters of the delarnination. Subfigure (e) shows the com- 

parison between the size and location of the identified laminate, and the equiv- 

alent variables in the physical laminate. The relative error in the planar location 

of the laminate was 11 %, the area of the predicted crack was I I% larger. Three 

out of the five GA replications converged to the correct depth of delarnination 

(0.250 mm) with an average change of the pressure of the air trapped inside of 

the delamination of 1425 Pa. 

5.7 Discussion and Conclusion 

This chapter addresses the research question four included in chapter one. 

The main question that this chapter aimed to solved is as follows, How can 

experimental DSPI measurements be incorporated into a fast and accurate validated 

computational methodology for the identilication of delamination in composite lami- 

nates, that can be used in-service, where size, mechanical properties, and Jay up of 

laminates are not known a priori?. 

The methodology employed to solve the above question involved splitting 

the research question in two sub questions (A and B). These sub questions 
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Figure 5.8. Results of damage characterisation for a sample one (IOC12D). 

(a) Zoomed DSPI's out-of-plane displacements: (b) detection of the edge of the bulge using 

a laplacian filter (black points); (c) initial estimation of delamination parameters using the de- 

tected edges (--) versus original flaw in the sample (- -); (d) convergence history from genetic 

algorithm (GA) after five replications with random initial population; (e) planar location, size 

and orientation of delamination predicted from GA (--) versus original flaw in the sample 
(--); (0 predicted depth of the flaw from the GA, thick black arrow on the left indicates the 
depth of the delamination in the experimental sample. Arrows on the right indicate the pre- 
dicted depth, and the computed average pressure Pd of the air trapped inside of the delamina- 

tion. Note that numbers in square brackets indicate the relative frequency that the GA predicted 
a particular depth during five replications. 
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Figure 5.9. Results of damage characterisation for a sample two (I OC23D). 

(a) Zoomed DSPI's out-of-plane displacements; (b) detection of the edge of the bulge using 

a laplacian filter (black points); (c) initial estimation of delamination parameters using the de- 

tected edges (--) versus original flaw in the sample (- -); (d) convergence history from genetic 

algorithm (GA) after five replications with random initial population; (e) planar location, size 

and orientation of delamination predicted from GA (--) versus original flaw in the sample 

(--); (f) predicted depth of the flaw from the GA, thick black arrow on the left indicates the 

depth of the delamination in the experimental sample, Arrows on the right indicate the pre- 

dicted depth, and the computed average pressure pd of the air trapped inside of the delamina- 

tion. Note that numbers in square brackets indicate the relative frequency that the GA predicted 

a particular depth during five replications. 
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Figure 5.10. Results of damage characterisation for a sample three (20C 1213). 

(a) Zoomed DSPI's out-of-plane displacements; (b) detection of the edge of the bulge using 

a laplacian filter (black points); (c) initial estimation of delamination parameters using the de- 

tected edges (--) versus original flaw in the sample (- -); (d) convergence history from genetic 

algorithm (GA) after five replications with random initial population; (e) planar location, size 

and orientation of delamination predicted from GA (--) versus original flaw in the sample 
(- -): (0 predicted depth of the flaw from the GA, thick black arrow on the left indicates the 

depth of the delamination in the experimental sample. Arrows on the right indicate the pre- 
dicted depth, and the computed average pressure Pd of the air trapped inside of the delamina- 

tion. Note that numbers in square brackets indicate the relative frequency that the GA predicted 
a particular depth during five replications. 

XI, ', ] 



156 Delamination, identification by genetic aýgwithrns 

1, ., o' 
ý2 

0 

2 

0 0, 

0056 

0- 045 
006 

y 

(a) 

a 

0.07 

0065 

0055 

0,06 . 

00.5 

0.04 

036 

0.03 - 
0.03 004 0,05 ON 

X 1-1 

(e) 

20 25 

f 5/51 (AP, = 763 Pa) 

-0250 

(0 

Figure 5.11. Results of damage characterisation for a sample four (20C23D). 

(a) Zoomed DSPI's out-of-plane displacements; (b) detection of the edge of the bulge using 

a laplacian filter (black points); (c) initial estimation of delamination parameters using the de- 

tected edges (--) versus original flaw in the sample (- -); (d) convergence history from genetic 

algorithm (GA) after five replications with random initial population: (e) planar location, size 

and orientation of delamination predicted from GA (--) versus original flaw in the sample 
(--); (f) predicted depth of the flaw from the GA, thick black arrow on the left indicates the 

depth of the delamination in the experimental sample. Arrows on the right indicate the pre- 

dicted depth, and the computed average pressure Pd of the air trapped inside of the delamina- 

tion. Note that numbers in square brackets indicate the relative frequency that the GA predicted 

a particular depth during five replications. 
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Figure5.12. Results of damage characterisation for a sample five (40CI213). 

(a) Zoomed DSPI's out-of-plane displacements: (b) detection of the edge of the bulge using 

a laplacian filter (black points); (c) initial estimation of delamination parameters using the de- 

tected edges (--) versus original flaw in the sample (- -); (d) convergence history from genetic 

algorithm (CA) after five replications with random initial population; (e) planar location, size 

and orientation of delamination predicted from CA (--) versus original flaw in the sample 
(- 4 (f) predicted depth of the flaw from the CA, thick black arrow on the left indicates the 

depth of the delamination in the experimental sample. Arrows on the right indicate the pre- 
dicted depth, and the computed average pressure Pd of the air trapped inside of the delamina- 

tion. Note that numbers in square brackets indicate the relative frequency that the CA predicted 

a particular depth during five replications. 
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Figure 5.13. Results of damage characterisation for a sample six (40C23D). 

(a) Zoomed DSPI's out-of-plane displacements; (b) detection of the edge of the bulge using 

a laplacian filter (black points); (c) initial estimation of delamination parameters using the de- 

tected edges (--) versus original flaw in the sample (- -); (d) convergence history from genetic 

algorithm (GA) after five replications with random initial population: (e) planar location, size 

and orientation of delamination predicted from GA (--) versus original flaw in the sample 

(--); (f) predicted depth of the flaw from the GA, thick black arrow on the left indicates the 

depth of the delamination in the experimental sample. Arrows on the right indicate the pre- 

dicted depth, and the computed average pressure Pd of the air trapped inside of the delamina- 

tion. Note that numbers in square brackets indicate the relative frequency that the GA predicted 

a particular depth during five replications. 
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Figure 5.14. Results of damage characterisation for a sample seven (E2012D90). 

(a) Zoomed DSPI's out-of-plane displacements; (b) detection of the edge of the bulge using 

a laplacian filter (black points); (c) initial estimation of delamination parameters using the de- 

tected edges (--) versus original flaw in the sample (- -): (d) convergence history from genetic 

algorithm (GA) after five replications with random initial population: (e) planar location, size 

and orientation of delamination predicted from GA (--) versus original flaw in the sample 
(- -); (f) predicted depth of the flaw from the GA, thick black arrow on the left indicates the 
depth of the delamination in the experimental sample. Arrows on the right indicate the pre- 
dicted depth, and the computed average pressure Pd of the air trapped inside of the delamina- 

tion. Note that numbers in square brackets indicate the relative frequency that the GA predicted 
a particular depth during five replications. 
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Figure 5.15. Results of damage characterisation for a sample eight (E2023DO). 

(a) Zoomed DSPI's out-of-plane displacements: (b) detection of the edge of the bulge using 

a laplacian filter (black points): (c) initial estimation of delamination parameters using the de- 

tected edges (--) versus original flaw in the sample (- -); (d) convergence history from genetic 

algorithm (GA) after five replications with random initial population; (e) planar location, size 

and orientation of delamination predicted from GA (--) versus original flaw in the sample 

(- -): (f) predicted depth of the flaw from the GA, thick black arrow on the left indicates the 

depth of the delamination in the experimental sample. Arrows on the right indicate the pre- 

dicted depth, and the computed average pressure Pd of the air trapped inside of the delamina- 

tion. Note that numbers in square brackets indicate the relative frequency that the GA predicted 

a particular depth during five replications. 
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Figure 5.16. Results of damage characterisation for a sample nine (E4012D90). 

(a) Zoomed DSPI's out-of-plane displacements; (b) detection of the edge of the bulge using 

a laplacian filter (black points); (c) initial estimation of delamination parameters using the de- 

tected edges (--) versus original flaw in the sample (- -); (d) convergence history from genetic 

algorithm (GA) after five replications with random initial population: (e) planar location, size 

and orientation of delamination predicted from GA (--) versus original flaw in the sample 
(- -); (0 predicted depth of the flaw from the GA, thick black arrow on the left indicates the 
depth of the delamination in the experimental sample. Arrows on the right indicate the pre- 
dicted depth, and the computed average pressure Pd of the air trapped inside of the delamina- 

tion. Note that numbers in square brackets indicate the relative frequency that the GA predicted 
a particular depth during five replications. 
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Figure 5.17. Results of damage characterisation for a sample ten (E4023DO). 

(a) Zoomed DSPI's out-of-plane displacements; (b) detection of the edge of the bulge using 

a laplacian filter (black points); (c) initial estimation of delamination parameters using the de- 

tected edges (--) versus original flaw in the sample (- -): (d) convergence history from genetic 

algorithm (GA) after five replications with random initial population; (e) planar location, size 

and orientation of delamination predicted from GA (--) versus original flaw In the sample 

(--): (f) predicted depth of the flaw from the GA, thick black arrow on the left indicates the 

depth of the delamination in the experimental sample. Arrows on the right indicate the pre- 

dicted depth, and the computed average pressure Pd of the air trapped inside of the delamina- 

tion. Note that numbers in square brackets indicate the relative frequency that the GA predicted 

a particular depth during five replications. 
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Table 5.3. Initial estimation of size and position of delarnination from bulge's edge. 

The initial estimation of the size and position of delamination from bulge's edge predicts dam- 

ages with smaller area than the real delamination inside of the composite laminate. The centre 

of the damage is not predicted accurately 

Sample Name Shape Was the size of the damage 

predicted accurately? 

Was the centre 

predicted accurately 

1 IOC12D Circular No [smaller - 50%] No 

2 IOC23D Circular No [smaller - 20%] No 

3 20C 12D Circular No [smaller - 30%1 No 

4 20C23D Circular No [smaller - 30%] No 

5 40C12D Circular Yes Ismaller - 8%] Yes 

6 40C23D Circular Yes [smaller - 5%] Yes 

7 E2012D90 Elliptical No Ismaller - 40%] No 

8 E2023DO Elliptical Yes [larger - 15%] No 

9 E4012D90 Elliptical No (smaller - 20%] Yes 

10 E4023DO Elliptical No [smaller - 25%] No 

pointed to (1) the formulation of a delarnination identification technique that 

incorporated the ideas of finite element analysis, inverse problems, and a novel 
low-population adaptive range genetic algorithm; and (2) the experimental 

validation of the methodology using real DSPI measurements from compos- 
ite laminates with embedded delarninations. 

5.7.1 Formulation of the identification methodology - 
Sub question A 

A novel six-step computational methodology was proposed for the post- 

processing of experimental DSPI data into meaningful numerical quantifica- 
tion of delamination in composite laminates. The first step in the methodology 
is the segmentation of the DSPI measurements that aims for the identification 

of the region where the damage is present. The tool used with this purpose is 

a laplacian-based edge detection technique that isolates regions of low defor- 

ination from regions with high displacements. The second step, is the transfor- 
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Table 5.4. Delamination Identification Methodology: convergence history for all experimental 

samples. 

The rate of success of LARGA for five repetitions using random initial populations of size five 

shows encouraging results. The number of generations (iterations) used to search was small. as 

well as, the time used for the identification. The limited number of successful identifications, 

in special in samples 7 and 8, can be explained by the limited resolution of the DSPI technique, 

and the severe discontinuities present in the out-of-plane displacement fields. 

Sample Name Converged replications 

to global minimum? 

How many generations 

were used to converge? 

How long did it take? 

(seconds) 

I 1OC12D 2 JR3 and R41 11 711 

2 IOC23D 2 IR1 and R41 12 275 

3 20C 12D 2 [R3 and R41 17 1220 

4 20C23D 0 18 475 

5 40C12D 4 [R2, R3, R4, R51 16 1128 
6 40C23D 4 [RI, R2, R4, R51 17 1226 
7 E2012D90 0 17 1262 

8 E2023DO 0 14 2983 

9 E4012D90 2 [R1 R21 14 294 

10 E4023DO 3 [RI, R2, R51 16 385 

mation of the DSPI's bulge edge into numerical parameters of size and planar 
location of an idealised ellipse that can be used later as initial values for the 

search of the correct values of size, orientation and depth of the delamination. 

Cost-efficiency, in terms of speed and accuracy is introduced in the Identifi- 

cation methodology in steps three to six. In step three the concept of Central 

Geometric Moments (CGM) was used to reduce the large amount of data con- 
tained in DSPI into a reduced set of moments that were easily manipulated 
during the iterative process of the identification methodology. An interested 

aspect of CGM is that they compress the experimental data, maintaining at 
the same time the physical significance of such data. The fourth step in the 

methodology was the design of a purpose-based finite element (FE) model that 

represented a composite laminate with a trial debonding. The FE model was 
designed in such a way that delarninations were represented in the most accu- 
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Table 5.5. Delamination Identification Methodology: prediction of size and position of delam- 

ination for all experimental samples. 

In genaral the sizes of the delarniantion predicted by LARGA were modestly larger than the size 

of the real delarninations in the composite panel. The planar location of the delamination was 

predicted with great accuracy 

Sample Name Shape Is the size of the damage 

predicted accurately? 

Was the centre 

predicted accurately 

I IOC12D Circular Yes [bigger - 2.21%] Yes [4.72%] 

2 IOC23D Circular No [bigger - 23.0%] Yes [3.79%] 

3 20C12D Circular Yes [bigger - 0,06%] Yes [4.60%) 

4 20C23D Circular Yes [bigger - 9.80%) Yes [3.92%] 

5 40C12D Circular Yes [bigger - 5.35%] Yes 12.67%) 

6 40C23D Circular Yes [bigger - 0.42%] Yes 11.60%] 

7 E2012ID90 Elliptical Yes [bigger - 2.82%] Yes [0.63%] 

8 E2023DO Elliptical Yes [bigger - 5.66%] Yes [2.00%] 

9 E4012ID90 Elliptical Yes [bigger - 7.90%] Yes [1.80%] 

10 E4023DO Elliptical Yes [bigger - 11.0%] Yes 111.0%] 

rate way, and the solution time was maintained low. The fifth step involved 

again the use of CGM for the representation of the out-of-plane displacements 
from the FE model with a trial debonding. In the final step of the methodology 

a novel low-population adaptive range genetic algorithm (LARGA) was intro- 
duced for the fast quantitative determination of the geometrical parameters of 
the delarnination embedded in the laminate. 

To the knowledge of the author of this thesis, there is not a systematic ap- 
proach in the literature, like the one reported in this chapter, for the identifica- 
tion of delamination in composite panels. The only related work on this area 
was performed by Panni [1] in 2002 (see chapter 2, section 2.6 where it was 
discussed extensively). 
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Table 5.6. Delarnination Identification Methodology: prediction of depth of delarnination and 

pressure of air trapped inside of the crack. 

The LARGA-based identification methodology shows that the precise prediction of the depth 

of the delamination can be obtained almost the 50% of the time. However. it must be noted 

that erroneous classifications of depth are located just one interlaminar layer above or below 

of the correct location. Results for the pressure of the air traped inside of the delamination are 

inconclussive, as there are not experimental measurements of anaylitical calculations to verify 

their correctness. 

Sample Name Shape How many replications predicted Change of pressure 

the depth accurately? inside of delamination 

1 1OC12D Circular 2 out of 5 41 Pa 

2 IOC23D Circular 2 out of 5 695 Pa 

3 20C 12D Circular 2 out of 5 65 Pa 

4 20C23D Circular 0 out of 5 - 
5 40C12D Circular 4 out of 5 99 Pa 

6 40C23D Circular 4 out of 5 270 Pa 

7 E2012ID90 Elliptical 0 out of 5 - 
8 E2023DO Elliptical 0 out of 5 - 
9 E401ZD90 Elliptical 2 out of 5 77 Pa 

10 E4023DO Elliptical 3 out of 5 1425 Pa 

5.7.2 Experimental validation of the methodology - 
Sub question B 

The computational identification methodology was validated against ten 

experimental samples manufactured and tested at Loughborough University. 

The main findings of the validation program are as follows: 

Laplacian-based edge detection. DSPI measurements of a delaminated 

composite panel display a characteristic bulge that can be isolated using the 

laplacian-based edge detection technique. From the identification methodol- 

ogy, it can be concluded that the edge can be completely determined if DSPI 

experiments do not present discontinuities. It was observed that this is usually 

true for circular delarninations with diameter greater than 10 mm (samples 3,4, 
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5, and 6). For DSPI experiments that present abrupt discontinuities, (samples 

1,2,7,8,9 , and 10), the bulge's edge is usually incomplete, covering angles 

that oscillates between 180 and 270 degrees. 

Initial parameters of delarnination. In here, the aim was to give an initial 

estimation of the size and planar location of the delarnination using the edges 

detected above. It can be concluded that independently of the completeness 

of the edge, the area of the delamination is under-predicted. Regarding the 

planar position of the delarnination, it is possible to conclude that if the edge 

of the bulge is fully resolved, then the planar coordinates of the centre of the 

crack are predicted in a more accurate way. 

Convergence of the genetic algorithm. It was found that if random ini- 

tial populations are used during five repetitions for the same algorithm, an 

average of the 50% of such repetitions converge the global optimum of the op- 

timisation space. The other 50% converge converges to local minima, or does 

not converge at all. The validation using a random population for every repli- 

cation has not been explored in the literature, where researchers usually use the 

same initial population every time. The author of this thesis believes that this 

tradition can be criticised from several points of view: (1) when an algorithm 

with a given initial population converges to the global minimum of the objec- 
tive function, successive runs with the same population will also converge the 

global minimum in an almost different generation. The main reason for this 
is that if the initial population converged it was because it has in its genes the 

proper traits that after many random combinations were present in a single in- 
dividual. Therefore, if the same algorithm is re-started, the analyst only needs 
to wait long enough to observe again an individual with the proper combina- 
tion of genes. (2) It is impossible to engineer an initial population if the answer 
of an optimisation problem is not known. Therefore, if a finite initial popula- 
tion is generated randomly, then there is not a prescribed guarantee that it will 
converge to the global optimum of an objective function. However, if the pop- 
ulation is composed of a large number of individuals, then the chance of catch 
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the global minimum increases, but at the same time the computational time 

increases making such approximation extremely inefficient and not practical. 

The proposed LARGA algorithm did achieve the requirements of speed and 

accuracy needed for its use in real-time in-service analysis. Convergence times 

ranged from five minutes (sample 2) to fifty minutes in the worst scenario (sam- 

ple 8), where the algorithm did not converge at all. The number of generations 

(iterations) was less than 20 in all cases. 

Identified parameters of the delamination. Size, planar location and 
depth of delamination were the primary objectives of the proposed identifica- 

tion methodology. Independently of the completeness of the DSPI measure- 

ments, the size of the predicted delarnination was bigger than the real delami- 

nation embedded in the laminate. Normal over predictions were in the range of 
five to ten percent, but in one case (sample 2) the over prediction was much big- 

ger. The planar location of delaminations was predicted with accuracy greater 
than 95% in nine of the ten samples. The predicted depth of the delamina- 

tions was predicted correctly 50% of the times, taking into account that always 

a different initial population was used in the LARGA. In those cases where 

the delamination was not predicted accurately, the identification methodology 

reported depths that were close to the real value. 



Chapter 6 

CONCLUSION AND FUTURE WORK 

This chapter is divided in three section. Firstly, conclusions about the re- 

search questions are presented. They were drawn at the end of each chapter. 

Therefore they are presented again here for convenience. Secondly, the main 

contributions of this thesis are listed, and finally, suggestions for future work 

are detailed. 

6.1 Conclusions about research questions 

Research Question 1 

Delamination modelling techniques Historically two main approaches 

have been used to model delamination in composite laminates: the classical 

laminated plate theory and the theory of elasticity. The former was deprecated 

during the 80's as a consequence of (a) its inability to predict accurately the 

shear stresses in the interface of the laminate and (b) the increasing availability 

of computer power during the early 70's, that opened the possibility to im- 

plement complex numerical routines needed to calculate the solutions of the 

constitutive equations provided by the theory of elasticity. 

Solutions to the theory of elasticity have been found through two different 

approaches: Finite Differences (FD) and the Finite Element Method (FEM). Fi- 

nite differences have been used to solve problems of stress and strains in lam- 

inates, however it lacks the flexibility of FEM to deal with complex laminate 

shapes. Research on modelling of delamination since 1980 has included, as a 

general rule, some form of finite element simulation. 
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To date, finite element models of delarnination take advantage of three im- 

portant conclusions derived from the studies on low-velocity impact during 

the 70's and 80's: Firstly, delamination represents a major component of dam- 

age that evolves accordingly to a definite pattern. Secondly delamination is 

present only at interfaces between plies with different fibre orientation. Fi- 

nally if delamination is present, the debonded area has an elliptical or peanut 

shape. 

Literature concerning the modelling of delamination through the FEM can 
be classified in four groups accordingly to the type of interface used between 

the delaminated and base regions. They are the hybrid element interface, de- 

equivanlenced crack, degraded inter-laminar layer, and sub-structure. 

In the hybrid element interface technique, both sub-laminates are connected 
through a combination of spring and beam elements. It has been successfully 

used in studies of low-velocity impact. However, a major drawback in its im- 

plementation is the dependency between the size of the delamination and the 

coarseness of the FE mesh. Another disadvantage is that the solution of the FE 

model requires large amounts of CPU time. The de-equivalenced crack tech- 

nique has been used to model buckling in composite laminates where there are 

not overlapping between the sub-laminates. Researchers using this technique 
have reported a good agreement between the predictions of the FE model and 

experimental measurements. 

The degraded inter-laminar layer model is the most simple of all the mod- 

els. However, it is the one with less agreement with experimental data. In 

this technique, the delarnination is simulated through a reduction in the elastic 

properties of the elements that are just beneath of the delarninated region. The 

last technique is labelled as delamination as sub-structure where the model in- 

clude only the delaminated region. This is the most cost-effective technique 

in terms of CPU solution time, however, there is not research available on the 

evaluation of the performance of this model against experimental data. 

Digital Speckle Pattern Interferometry (DSPI) This isan experimental 

technique that has been proved to be capable for precise measurements sensi- 

tivity of the order of the wavelength of light from diffusely scattering objects. 
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DSPI produces real-time fringe patterns that typically represent contours of 

constant displacement component depth. However, fringe patterns provide 

visual information to the trained eye, but they are generally noisy Loss of ac- 

curacy in the technique is due to systematic and random errors. 

Systematic errors appear form the effect of higher harmonics, miscalibration 

and vibration. Higher harmonics can be produced for non-linearities in the 

detector array. Miscalibration represented by a poor alignment of the device or 

motion of the specimen while the experiment is being carried. Vibration and 

other environmental disturbances such air currents can cause significant errors. 
Random errors are introduced due to variations of the laser output power or 

electronic noise in the detector camera. 

Researchers using DSPI to detect delamination in laminates have found that 

small and deep delaminations are difficult to detect if the sensitivity of the sys- 
tem is poor, or there is not strict control on the pressures inside of the vacuum 

chamber. 

Compact representation of DSPI data The theory of two dimensional 

moments is a paradigm that is widely used by researchers on pattern recogni- 

tion. By using moments, it is possible to reduce large sets of experimental data 

into small arrays containing the convolution of the experimental data with a 

suitable base-function family. Two types of moments are commonly used by 

researchers: Zernike and Geometric. 

Zernike moments appeal researchers by their properties like orthogonally, 
rotation invariance, robustness to moderate levels of noise, and efficiency in 
terms of the non-redundancy provided by lower order moments. However, 

some of these properties make them not useful to characterise damage. Zernike 

moments contain information about an image hath is independent of the size, 

planar position and relative angular orientation. 

On the other hand, central geometric moments offer attributes that make 
them attractive to be used in the characterization of delamination. Firstly, they 

are sensitive to the location of the crack that is given by the equation 2.3. Sec- 

ondly, this type of moments are sensitive to the size of the image that are rep- 
resenting. Finally, the orientation of the flaw can be discriminated using CGM, 
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because these moments are function of the angle of orientation of the features 

of the image. 

Characterization of damage Progress has been made to understand and 

identify the damage of truss structures. Some authors suggested that the static 
load distribution in the structure affects the damage detection, and indicated 

that although structural damage is non-linear in behaviour, the use of loads of 

small magnitudes result in structures behave only in their elastic ranges. It was 

showed also those standard modal properties such as resonant frequencies and 

mode shapes are poor indicators of damage, and consequently the methods 

studied were inconsistent and did not clearly characterise the damage location. 

Having developed an understanding for damage identification in truss struc- 

tures, researchers have turned their attention to characterise flaws in composite 

materials. It has been found that the damage detection using structural waves 

is sensitive to manufacturing tolerances, decreasing its applicability in prob- 
lems where exist input noise from uncertainty in geometrical properties. Also 

it has been showed that for damage detection based on strain flexibility meth- 
ods failed to locate damage in some elements. 

The findings of studies examining the use of neural networks and genetic al- 

gorithms in composite panels have been mixed. It was stated that it was easier 

to predict damage location than size due to location is a discrete variable and 

size out put is a continuous variable. However, there were no established pro- 

cedures for choosing the optimal number of hidden layers in neural network 

architectures, or for choosing the operators and its values in genetic algorithms. 
Also it has been mentioned that the performance of both neural networks and 

genetic algorithms decline gradually in the presence of noisy or incomplete in- 

put data and they were not accurate to identify the location and depth of the 

damage. Moreover, studies using genetic algorithm using experimental data 

have not provided accurate predictions of damage in terms of shape, size and 

position. Of the two approaches, genetic algorithms offers some advantages 

when used it in-service where the exact nature of laminate lay up, and materi- 

als properties is not known a-priori. 
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Genetic algorithms have shown to be effective at searching large domains for 

a global optimal point by sampling a small fraction of the total solution space. 

This ability has made them attractive for researchers working in the solution of 

inverse problems and optimisation. 

Latest research on characterisation of delarnination in composites 

The latest and closest research linked to this thesis was performed by David 

Panni at Loughborough University (2002). Panni developed a general method 

to integrate a FE model with genetic algorithm in order to design and opti- 

mise composite structures. As an extension of his research, he showed that 

at, least theoretically, is possible to characterise delamination in laminates. He 

showed that if the shape of the delarnination could be fully resolved, then the 

depth of the delarnination was found with total accuracy Panni concluded that 

problems in his model existed in terms of the a-priori knowledge needed to be 

incorporated, like for example the areas of the laminate that did not contain 
delaminations, and the on-line calibration of the genetic algorithm in terms of 

the value of its parameters. 

6.1.2 Research Question 2 

6.1.2.1 Parametric representation of delamination - Sub question 
A 

Delarnination represents a major component of damage that evolves accord- 
ing to a definite pattern. Geometrically, delarnination can be approximated an 

elliptical-shaped crack with with six parameters: (1,2) the planar location, (3) 

length of the delamination, (4) width, (5) angle of orientation, and (6) depth 

below the measured surface of the laminate. The findings of laplacian-based 

techniques for the detection of edges in out-of-plane displacements from the 

DSPI technique, indicate that is possible to determine the size and orientation 

of flaw, but in general this approach will provide results that under predict the 

area of the delarnination. 
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6.1.2.2 Type of FE mesh to represent delarnination - Subjection B 

Two possible FE meshing paradigms can be applied for the geometric repre- 

sentation of delamination in a FE model. These are mapped and free meshing. 
The findings from numerical experiments indicate that a mapped mesh is not 
flexible enough to cope with the geometry of elliptical delarninations. The prin- 

cipal reasons for this are that (1) in order to accurately represent the boundary 

of the flaw, it is necessary to increase the resolution of the mesh, increasing at 

the same time the CPU time needed to solve the FE model, and (2) complex, 

and not always precise, routines are needed to search the mesh in order to de- 

termine which nodes must be delaminated. 

On the other hand, free meshing is a flexible and cost-efficient paradigm to 

represent the geometry of damage. This paradigm is parallel to the solution of 

classical or forward problems in the sense that the FE mesh is generated in a 

geometric model a laminate after the flaw is merged with laminate model. The 

findings indicate that using a well designed free mesh it is possible to represent 

a parametric delamination with high accuracy, and with low computational 

cost in terms of the number of FE elements needed in the model. 

6.1.2.3 Delarnination model - Sub question C 

Studies in the literature concerning the simulation of the physics in the liter- 

ature provide two models that can be used to represent the physics of delam- 

ination during a DSPI experiment. These are the de-equivalenced crack and 

the sub-structure model. The former has an element of intuitiveness that could 

make them attractive to use in the following manner: once the FE mesh of 

a laminate composite has been implemented, then search and de-equivalence 

the nodes of the mesh that are inside of the delaminated region. The findings 

indicate that although this technique could represent the physics of delamina- 

tion, it is not cost-effective in terms of the computational time required to both 

de-equivalenced the mesh, and solve the FE model. 

On the other hand, the sub-structure approach Is not intuitive. but it pro- 

vides a direct connection between the physics of the delamination and the 

type of mesh required in the analysis. Findings indicate that this delamination 

model works best with free meshing, satisfying multiple objectives simultane- 
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ously: (1) accurate representation of the geometry (boundary) of the flaw, and 
(2) compact FE models that are cheap to run. 

6.1.2.4 Boundary conditions - Sub question D 

Boundary conditions refer to the combination of both displacement con- 

straints and external loads on a FE model. If the delamination model to use 
is sub-structure, then the displacement constraints have defined presented in 

the literature. They are (1) cantilever-cantilever around the boundary of the de- 

laminated sub laminate. On the other hand, the determination of the external 
loads that act on the delaminated region during a DPSI experiment is rather 

complex. 

The two main forces on the delaminated region are the pressure in the vac- 
uum chamber and the pressure of the air inside of the delamination. The find- 

ings of the interpretation of the integral-differential equation that correlates the 

out-of-plane displacements and the pressures on the delaminated region, indi- 

cate that in order to calculate the pressure of the air inside of the delamination, 

it is necessary to know the exact volume of air contained inside of the bulge. 

If this volume is not known, then the problem of characterisation of delam- 

ination from DSPI measurements is ill-posed, and in consequence, a unique 
determination of the parameters of the delarnination is not possible. 

6.1.3 Research Question 3 
6.1.3.1 Formulation of the inverse problem - Sub question A 

The problem of characterisation of delamination in composite laminates can 
be formulated as an inverse problem where the measured response of the sur- 
face of the laminate is used to predict the geometric parameters of the flaw. 
Mathematically, the inverse problem can be formulated using the output error 
criterion that relates the measured response of the laminate from DSPI and the 
displacements obtained froin a FE model with a trial debonding. 

The output error criterion leads naturally to an optimisation problem where 
the objective function is written as the minimisation of the difference between 
the measured and computed FE displacements, and the variables to optimise 
are the geometric parameters of an idealised delamination in a FE model. 
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6.1.3.2 Reformulation of the inverse problem - Sub question B 

The classical formulation of the inverse problem leads to non-efficient so- 
lution algorithms as a consequence of the number of measurements that are 

provided by the DSPI technique. The large amount of data contained in the 

array of experimental results can be represented by a finite set of central geo- 

metric moments. 

Central geometric moments are able to represent accurately the physical 

content of the experimental results because they are sensitive to the size, lo- 

cation, and orientation of the displacement field contained in both the DSPI 

measurements, and the FE model that encapsulates the delarnination to be 

characterised. These moments are equivalent to geometric moments that are 

calculated from the centroid of the out-of-plane displacement field. 

The computation of geometric moments involves the calculation of a convo- 
lution of the out-of-plane displacements with a predefined family of monomial 
functions. In case of the measurements from DSPI, geometric moments can be 

computed replacing the integral of area for a double summation. In the case of 

the FE model, a formula that also uses a double summation was developed in 

order to take advantage of the design of the FE mesh. 

Out-of-plane displacements from both the DSPI technique and a FE model 

can be compared using a seven-moment similarity measure, which is based in 

low order central geometric moments. A comparison of this condition is cost- 

effective because it reduces the time of computation used in such comparison. 

The use of central geometric moments involves the reformulation of the de- 

lamination characterisation problem, as an inverse problem where the central 

geometric moments computed form the measured response of the surface of 

the laminate is used to predict the geometric parameters of the flaw. This new 

version of the inverse problem can be formulated using the output error crite- 

rion that relates the central geometric moments from DSPI and the moments 

obtained from the displacements of a FE model with a trial crack. 

The output error criterion is written as an optimisation problem where the 

objective function is written as the minimisation of a seven-moment similarity 

measure. 
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6.1.3.3 Solution of the inverse problem - Sub question C 

The formulation of non-destructive crack identification problems leads nat- 

urally to non-differentiable, non-convex optimisation problems. Traditional 

local minimisation techniques can not be used to solve such optimisation be- 

cause (1) they usually converge to local minima close to the starting point of 

search, and (2) they require the information about the derivates of the objec- 

tive function. Thus, a global optimisation method is required for the numerical 

solution of the optimisation problem. 
In a genetic algorithm, the set of unknown delamination parameters are rep- 

resented as a chromosome of genes using real number encoding. Furthermore, 

due to the stochastic nature of genetic algorithms, a initial population of trial 

delaminations is assumed. For each set of alleles of the genes in the chromo- 

some of an individual, the error function T, (2, p'), that is the difference be- d 
tween measured and calculated central geometric moments, is calculated. In 

accordance to the terminology used in genetic algorithms, the minimisation 

problem is transformed into a maximisation problem. Therefore, instead of an 

error (or objective) function, a fitness function is introduced. 

The mechanism of work of genetic algorithms is inspired on the concepts 
of natural selection and genetics. In the selection step, individuals with higher 
fitness function values are chosen to breed and to inherit their characteristics to 
the next generation. A cross over operator allows interchanging genetic content 
between individuals within the reproduction step. Finally, random genes in 
individuals are randomly mutated during the creation of a new generation. 

6.1.4 Research Question 4 

6.1.4.1 Formulation of the identification methodology - Sub 

question A 

A novel six-step computational methodology was proposed for the post- 
processing of experimental DSPI data into meaningful numerical quantifica- 
tion of delarnination in composite laminates. The first step in the methodology 
is the segmentation of the DSPI measurements that aims for the identification 

of the region where the damage is present. The tool used with this purpose is 
a laplacian-based edge detection technique that isolates regions of low defor- 



178 Conclusion and Future Work 

mation from regions with high displacements. The second step, is the transfor- 

mation of the DSPI's bulge edge into numerical parameters of size and planar 
location of an idealised ellipse that can be used later as initial values for the 

search of the correct values of size, orientation and depth of the delamination. 

Cost-efficiency in terms of speed and accuracy is introduced in the identifi- 

cation methodology in steps three to six. In step three the concept of Central 

Geometric Moments (CGM) was used to reduce the large amount of data con- 
tained in DSPI into a reduced set of moments that were easily manipulated 
during the iterative process of the identification methodology An interested 

aspect of CGM is that they compress the experimental data, maintaining at 
the same time the physical significance of such data. The fourth step in the 

methodology was the design of a purpose-based finite element (FE) model that 

represented a composite laminate with a trial debonding. The FE model was 
designed in such a way that delarninations were represented in the most accu- 

rate way, and the solution time was maintained low. The fifth step involved 

again the use of CGM for the representation of the out-of-plane displacements 

from the FE model with a trial debonding. In the final step of the methodology 

a novel low-population adaptive range genetic algorithm (LARGA) was intro- 

duced for the fast quantitative determination of the geometrical parameters of 
the delamination embedded in the laminate. 

To the knowledge of the author of this thesis, there is not a systematic ap- 

proach in the literature, like the one reported in this chapter, for the identifica- 

tion of delamination in composite panels. The only related work on this area 

was performed by Panni [1] in 2002 (see chapter 2, section 2.6 where it was 
discussed extensively). 

6.1.4.2 Experimental validation of the methodology - Sub 

question B 

The computational identification methodology was validated against ten 

experimental samples manufactured and tested at Loughborough University. 

The main findings of the validation program are as follows: 
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Laplacian-based edge detection. DSPI measurements of a delaminated 

composite panel display a characteristic bulge that can be isolated using the 
laplacian-based edge detection technique. From the identification methodol- 

ogy, it can be concluded that the edge can be completely determined if DSPI 

experiments do not present discontinuities. It was observed that this is usually 
true for circular d elaminations with diameter greater than 10 mm (samples 3,4, 

5, and 6). For DSPI experiments that present abrupt discontinuities, (samples 

1,2,7,8,9 , and 10), the bulge's edge is usually incomplete, covering angles 

that oscillates between 180 and 270 degrees. 

Initial parameters of delarnination. In here, the aim was to give an initial 

estimation of the size and planar location of the delamination using the edges 
detected above. It can be concluded that independently of the completeness 
of the edge, the area of the delamination is under-predicted. Regarding the 

planar position of the delamination, it is possible to conclude that if the edge 
of the bulge is fully resolved, then the planar coordinates of the centre of the 

crack are predicted in a more accurate way. 

Convergence of the genetic algorithm. It was found that if random ini- 
tial populations are used during five repetitions for the same algorithm, an 
average of the 50% of such repetitions converge the global optimum of the op- 
timisation space. The other 50% converge converges to local minima, or does 

not converge at all. The validation using a random population for every repli- 
cation has not been explored in the literature, where researchers usually use the 
same initial population every time. The author of this thesis believes that this 
tradition can be criticised from several points of view: (1) when an algorithm 
with a given initial population converges to the global minimum of the objec- 
tive function, successive runs with the same population will also converge the 

global minimum in an almost different generation. The main reason for this 
is that if the initial population converged it was because it has in its genes the 

proper traits that after many random combinations were present in a single in- 
dividual. Therefore, if the same algorithm is re-started, the analyst only needs 
to wait long enough to observe again an individual with the proper combina- 
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tion of genes. (2) It is impossible to engineer an initial population if the answer 

of an optimisation problem is not known. Therefore, if a finite initial popula- 

tion is generated randomly, then there is not a prescribed guarantee that it will 

converge to the global optimum of an objective function. However, if the pop- 

ulation is composed of a large number of individuals, then the chance of catch 

the global minimum increases, but at the same time the computational time 

increases making such approximation extremely inefficient and not practical. 

The proposed LARGA algorithm did achieve the requirements of speed and 
accuracy needed for its use in real-time in-service analysis. Convergence times 

ranged from five minutes (sample 2) to fifty minutes in the worst scenario (sam- 

ple 8), where the algorithm did not converge at all. The number of generations 
(iterations) was less than 20 in all cases. 

Identified parameters of the delarnination. Size, planar location and 
depth of delamination were the primary objectives of the proposed identifica- 
tion methodology. Independently of the completeness of the DSPI measure- 
ments, the size of the predicted delamination was bigger than the real delami- 

nation embedded in the laminate. Normal over predictions were in the range of 
five to ten percent, but in one case (sample 2) the over prediction was much big- 

ger. The planar location of delaminations was predicted with accuracy greater 
than 95% in nine of the ten samples. The predicted depth of the delamina- 

tions was predicted correctly 50% of the times, taking into account that always 

a different initial population was used in the LARGA. In those cases where 

the delamination was not predicted accurately, the identification methodology 

reported depths that were close to the real value. 

6.2 Main Contributions of this Thesis 

The detection of defects in a structure is a ubiquitous problem across many 

industries, including aerospace, automotive, energy transmission and construc- 

tion. This study has taken a significant step forward in closing the gap between 

detection and characterisation of delarnination in composite laminates. The 

original contributions to the advancement of knowledge that have been made 

in the course of this research project are as follows: 
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1A cost-effective finite element model of a delamination in a composite lam- 

inate has been developed. The strength of the model lies in the fact that 

it balances the need for an accurate representation of the damage, and the 

time taken for its solution. 

2A numerical tool consisting of a laplacian-based edge detection technique 

and a least-square minimisation technique has been developed for the au- 

tomatic detection of delamination. Given a particular DSPI experimental set, 

analysts can use this tool to determine the existence of damage. 

3A mathematical model, based on the Euler-Bernoulli Beam equation, has 

been developed that correlates the out-of-plane displacements with the ex- 
ternal forces acting on the delaminated sub laminate when a DSPI experi- 

ment is performed. This model demonstrated that the problem of identifi- 

cation of delamination is in general ill-posed. 

4A reformulation of the inverse problem of delamination identification has 

been suggested that integrates the concept of Central Geometric Moments 

(CGM). It was demonstrated that CGM are able to represent accurately the 

physical content of the DSPI experimental results because they are sensitive 
to the size, location, and orientation of the displacement field contained in 
both the DSPI measurements, and the FE model that encapsulates the de- 
lamination to be characterised. 

5A novel computational methodology for the automatic identification of de- 
lamination in composite panels has been both developed, and experimen- 
tally validated. This methodology is flexible to allow the changing environ- 
ment that is common in-service, and efficient in the sense that its results are 

relevant and they are obtained in short periods of time. 

6 An original low-population adaptive-range genetic algorithm (LARGA) has 

been developed using the ANSYS APDL macro-language. The result is a 

versatile algorithm that exploits the functionality of commercial available 
FE software. This genetic algorithm demonstrated that is possible to use 
a low number of individuals during and optimisation search, without a 
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penalty in accuracy, but improving significantly the time invested to find 

the global optimum of an objective function. 

6.3 Future Work 

The approach outlined in this study can be extended if the following re- 

search tasks are performed. 

6.3.1 The use of new materials and loading conditions 
In order to validate the generality of the identification methodology pro- 

posed in this thesis, it is suggested to device an experimental program that 

includes composite materials with different lay-ups, and isotropic materials. It 

is also suggested to prepare delaminated composite panels using low-velocity 

impacts in order to check the accuracy of the identification methodology under 

a more realistic scenario. 

DSPI not only generates out-of-plane displacements but also maps of shear 
deformation. A complete new research can be implemented in order to use 
these shear maps in order characterise flaws in composite materials. 

6.3.2 The use of other optimisation paradigms 
An exciting area of research can be found in the optimisation side of the 

delamination identification technique. Instead of using genetic algorithms as a 

main tool for the minimisation of the difference between the experimental data 

and the results from a finite element model, it would possible to use any of the 
following optimisation paradigms: ants colony, memetic algorithms, particle 

swarm, neural networks, and case-based reasoning. The following paragraphs 

provide a brief description of each one. 

6.3.2.1 Ants Colony 

Ants Colony Optimisation (ACO) is a class of algorithms, whose main un- 
derlying idea, loosely inspired by the behaviour of real ants, is that of a parallel 

search over several constructive computational threads based on local problem 
data and on a dynamic memory structure containing information on the qual- 

ity of previously obtained result. The collective behaviour emerging from the 
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interaction of the different search threads has proved effective in solving com- 
binatorial optimization (CO) problems. 

6.3.2.2 Memetic Algorithms 

Memetic Algorithms is a population-based approach for heuristic search in 

optimisation problems. They have shown that they are orders of magnitude 
faster than traditional Genetic Algorithms for some problem domains. Basi- 

cally, they combine local search heuristics with crossover operators. 

6.3.2.3 Particle Swarm 

Particle Swarm Optimization (PSO) is motivated by social behaviour of or- 

ganisms such as bird flocking and fish schooling. PSO as an optimization tool, 

provides a population-based search procedure in which individuals called par- 
ticles change their position (state) with time. In a PSO system, particles fly 

around in a multidimensional search space. PSO combines local search meth- 

ods with global search methods, attempting to balance exploration and ex- 

ploitation. 

6.3.2.4 Neural Networks 

Neural networks are computing mechanisms made of a large number of sim- 
ple, highly interconnected processing elements, which manipulate information 
by their dynamic state response to external inputs. One of the properties of 
the neural networks is its ability to learn and generalise from examples and to 
adapt with changing scenarios. Neural networks are able to map causal models 
- for estimation and prediction-, and inverse mapping -from effect to possible 
cause. In their design, neural networks try to mimic some of the learning ac- 
tivities of the human brain. 

6.3.2.5 Case-based reasoning 

Case-based reasoning (CBR) is an interesting artificial intelligence (AI) par- 
adigm that crosses the line between scientific information and human cogni- 
tion. The main advantage of the CBR methodology resides in the potential to 
develop a tool that learns as cases are resolved. 
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