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Summary  

Composite materials show several interacting failure modes whose 
description and evolution prediction constitute a very complex task. The lack of a 
proper combination of progressive damage models and nondestructive evaluation 
techniques results in inefficient designs of composite structures from both cost 
and safety point of view. In this work, an innovative experimental methodology is 
proposed and validated for the nondestructive assessment of local elastic 
properties in composites. The methodology aims at isolating the vibrational 
response of a planar region of the component by clamping its contour. The 
mechanical vibrations induced through impulse are thus function of only the 
elastic characteristics of the inspected region. As a demonstrator of the 
methodology developed here, a preliminary clamping system, which invokes the 
use of testing machine equipped with compression blocks, is tested on a 
unidirectional composite plate. After showing the capability of the setup in 
isolating the vibrational response, local elastic properties are assessed through an 
optimization problem based on Finite Element analysis. Robustness of the 
optimization problem is also addressed. Numerical investigations based on a 
Rayleigh-Ritz formulation developed here show that the robustness can be 
increased by retaining information related to the modal shape. The effect of an 
additional concentrated mass is exploited and only two mass positions, i.e., two 
measures of the first resonant frequency are sufficient to assess the modal shape. 
Finally, the assessment of the residual elastic properties in damaged composites is 
also shown. As observations of any nondestructive evaluation techniques are 
constrained to the exposed surface, an innovative clamping system was designed 
which exploited the vacuum technique to clamp the boundaries of the inspected 
region. Complementarily, a new analytical approach is derived and validated for 
the assessment of the residual elastic properties of the damaged area. 
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I  

Introduction 

In recent years, we have witnessed a consistent increase of composite 
materials application in structural components of aerospace and automotive 
industries. The main advantage of composite materials lies in the optimal specific 
mechanical properties. Their application particularly offers mechanical 
performances comparable to those of standard metals, while the structure weight 
is consistently reduced. As a major consequence, the environmental impact of 
transportation systems can be tackled through the lightweight design of their 
components. In this regard, the increasing restrictions on CO2 emissions of 
vehicles have further pushed the automotive and aerospace industries to the use of 
composite materials. 

The widespread diffusion of composite materials is however limited by many 
factors, both of economical and mechanical nature. Among the economical 
limitations, the need for conversion of production lines from metals to composites 
is of particular concern. Apart from the required consistent investments for the 
production lines, manufacturing processes based on composite materials still 
require research and improvements. Currently, the use of composite materials for 
critical structural components is affordable only for low-volumes production [1]. 

Among the mechanical factors, the complexity of their damage mechanism, 
which usually consists in a rich collection of cracks of different sizes, geometries 
and orientations, plays a key role in their limitation. Several interacting failure 
modes are typical of composite materials and the uncertain evolution of these 
failure modes still poses doubts about the use of composites in structural 
applications, where high standard safety requirements are to be met. Indeed, the 
presence of damage can cause consistent discrepancies between the expected and 
the actual performances. In order to increase the reliability of composite 
structures, damage tolerance design approaches are increasingly invoked. Design 
approaches based on damage tolerance particularly intend to address the question: 
how much damage can be tolerated before the structural integrity is endangered? 
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The damage state description is a five-step process where, in the order of the 
presented questions, the knowledge about the damage is increasingly acquired. 
While the first four questions are specifically related to the damage, the latter 
involves other aspects of the component application, such as loading and support. 
Therefore, the nondestructive inspection of structures has focused on the 
development of techniques able to define existence, location, typology and extent 
of damage, while the prognosis is defined through proper modelling techniques. 

Composite materials are inherently nonhomogeneous and material state 
damage, i.e., cracks, irregularities, voids etc., is likely to occur. Consequences on 
the mechanical behaviour must be properly accounted, as their presence can 
particularly endanger the structural integrity. 

1.2 Damage in composites 

There are many forms of fibre reinforced plastics composites. The essential 
feature of all of them is that reinforcing fibres are embedded in a matrix. The 
fibres, usually glass, carbon or aramid, confer stiffness and strength to the 
composite. The matrix, which is typically a thermosetting polymer, such as epoxy 
resin, or less commonly thermoplastic, has three main tasks: protecting the fibres, 
holding them in predetermined orientations and transferring the load to the fibres. 
Fibres can be continuous or discontinuous, long or short, in parallel arrays or 
woven. Fibres are usually put down in layers, also called plies or laminae, whose 
orientation is dictated by the design requirements. Thermoset matrices undergo a 
curing process for building chemical cross links. The curing process can be 
carried out at room or elevated temperature, in vacuum or pressurized atmosphere 
in order to extract volatiles. Fibres can be impregnated with resin before curing 
occurs, such as in hand layup, resin transfer moulding or pultrusion processes. As 
an alternative, fibres impregnated with partially-cured resin, also called pre-preg, 
are typically used in aerospace industry. 

In composites, anomalies in the material state can be categorized as follows: 
matrix defects, fibre defects and interface defects. Matrix defects particularly 
concern voids, resin rich areas and uncured matrix. Misalignment, waviness, 
unimpregnated fibres, irregularly distributed and broken fibres are instead 
examples of fibre defects. Interface defects finally concern the fibre/matrix 
debonding, i.e., unbonded regions on fibre surfaces, or the lamina/lamina 
debonding in laminated composites, i.e., delamination. These anomalies in the 
material state can occur both in the manufacturing process and during the service 
life. 

1.2.1 Manufacturing defects 

In fibre reinforced plastics, the material is produced concurrently with the 
component, which can affect the overall quality. Complexity of manufacturing 
processes, combined with the rather limited know-how, can result in several 
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experiences severe damaging with penetration and perforation. A level of damage, 
known as barely visible impact damage (BVID), is often used to characterise 
impact. In this case a slight indentation will be only visible on the impacted side 
[7]. 

1.2.3 Failure modes and effects of damage and defects 

The complete understanding of consequences of damaged regions on the 
mechanical behaviour of composites still represents a challenging task. As result 
of their heterogeneous nature, composites present several failure modes and flaw 
types which differently affect the mechanical performances. As discussed, 
anomalies are likely to arise during the manufacturing process as well as during 
the service life. Such defects can act as crack initiators, causing premature failure, 
or can consistently affect the material stiffness. Indeed, defects in the material can 
drive the failure mechanism. 

In this regard, the case of the unidirectional plies, which can be considered as 
a building block of many composite structures, can be exemplary. When tensiled 
along the fibre direction, unidirectional plies show a linear behaviour until 
complete cracking occurs. As observed in early studies on composites [8], fibres 
firstly break singly or in clusters of two neighbouring fibres, while in proximity of 
the final failure, clusters of four or more broken fibres can be observed. The 
tensile strength is thus strongly affected by the fibre integrity. Compression along 
fibres direction is instead governed by the formation of kink bands, i.e., local 
instability of fibres [9]. Misalignment of fibres consistently affects the failure 
stress in compression, which thus results usually smaller than that in tension. 
Also, as reported by Hsiao and Daniel [10,11], the major Young modulus is 
seriously degraded with increasing fibre waviness and the dominant failure 
mechanism is the interlaminar shear failure. Tensile loads in transverse direction, 
i.e., normal to the fibre direction, lead to fibre-matrix debonding. This mechanism 
is governed by a critical value of dilatational energy for the matrix, which is 
generally reached in correspondence of the fibre-matrix interfaces as result of the 
local triaxial stress state [12]. The presence of defects, such as moisture, weakens 
the fibre-matrix interface, thus reducing the critical value of the dilatational 
energy. Compression loads in the transverse direction induce failure in an inclined 
plane in the matrix, indicating the involvement of the shear stress in the process. 
The application of in-plane shear stress in a unidirectional composite shows 
significant nonlinear behaviour with inelastic deformation, which can be 
attributed to both the matrix nonlinearities and to the formation of cracks. 
Analogous considerations on the influence of the micro-structural material state 
on the mechanical response of the component can be argued for other composite 
typologies, e.g., woven based laminates. 

The combination of different loading conditions introduces further 
uncertainties in the driving failure mechanism, as it does not follow a unique 
scheme. For example, the application of transverse loading (tension or 
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compression) to a unidirectional ply tensioned in the fibre direction does not 
affect the tensile strength. Instead, the application of in-plane shear stress 
contributes to the fibre failure and a quadratic combination of these loading 
condition can be considered as proposed by Hashin [13]. 

When unidirectional plies are stacked to produce laminates, other failures can 
arise. For example, the application of loads transverse to the laminate plane may 
induce delamination, i.e., crack between two adjacent layers. Delamination 
particularly affects the compressive strength of composites, while its effect on the 
tensile properties, i.e., tensile strength and in-plane stiffness, is limited if not null. 
Damage induced by impact involves delamination and usually a multiple-cracks 
scenario, whose evolution under external load is not strictly depending on the 
most critical crack, i.e. the most extended crack normal to the loading direction, as 
in metals [14]. The identification of such most critical crack is particularly critical, 
as cracks can combine and interact with a priori unknown schemes. This raises 
doubts also on the current practice of adopting the residual compressive strength 
of impacted laminates as a design factor. The definition of a residual strength is 
indeed not unambiguous in composites, given the directional dependency of their 
mechanical properties [14]. 

Further, it is also worth highlighting that, as a ply placed within the laminate, 
the unidirectional composite experiences combined loading conditions which 
govern the failure at the ply level. Crack growth is constrained by the presence of 
the other layers, which further complicates the failure prediction. For example, as 
a single layer, a unidirectional composite tensioned in transverse direction 
presumably fails from the largest matrix defect. Within a laminate, the failure 
process in the same composite shows progression in terms of multiplication of ply 
cracks. Each ply can indeed sustain the presence of multiple cracks, thanks to the 
presence of other layers. As cracks approach laminae interface, delamination 
occurs. For increasing delamination, the load bearing capacity decreases until 
final failure [15]. 

Previous observations highlight that the prediction of damage consequences 
still has open questions. The rather complex and highly varying failure modes 
demand for increasing information on the actual health state. In particular, the 
multitude of damage mechanisms combined with the limited knowledge of their 
evolution and interaction suggests the need of assessing the damage severity on 
the basis of the material response in presence of damage or flaws. Its proper 
assessment, in terms of existence, location, typology and severity of the damage, 
is particularly crucial for the application of composite materials. 

1.3 Nondestructive damage detection 

In order to detect defects, many nondestructive techniques have been 
developed over the years. Two categories can be recognized: the first involves 
local investigation methods, whereas in the second category the global behaviour 
is analysed. The local methods are particularly able to assess the existence, the 
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author showed that the proposed SWFs were particularly sensitive to the relative 
orientation of the transducers with respect to the material, as a result of the 
material anisotropy. Therefore, a correlation between the SWFs and the local 
elastic properties was suggested, even though not explicitly articulated. Recently, 
Pillarisetti and Talreja [20] have shown that the same SWFs definition well 
correlates with the crack density in damaged composites. However, as stated by 
the authors, a correlation between local elastic properties and measured SWFs still 
needs to be established. In this regard, the nonphysical meaning of the SWFs does 
not help. Further, as acousto-ultrasonic measurements are comparative, 
repeatability is particularly critical to provide adequate sensitivity of SWFs for the 
detection of damage. As shown by Russel-Floyd and Phillips [44], when statistical 
methods are applied to account for the scatter of SWF readings, even impact 
damage of 15 mm diameter becomes undetectable. 

As an alternative to the methods described in Section 1.3, Seo and Lee [45] 
investigated the electrical resistance change as damage parameter in fatigue tests 
of carbon fibre reinforced plastics. They showed that the measured stiffness and 
electrical resistance presented a very similar trend of change. In particular, as the 
damage proceeds, the electrical resistance increases due to the rise of microcracks, 
which reduce the material conductivity. They thus proposed a damage parameter 
based on the electrical resistance measurements, given by the ratio of the initial 
and the actual value. However, it is worth noting that the proposed damage 
parameter correlates well with global stiffness of the specimen, while damage 
cannot be localized. This compromises the applicability of the method to real 
structures. Further, another limitation arises from the need of conductive materials 
as carbon fibre reinforced plastics. 

Similar considerations can be done for the multi-physics approach based on 
the measurement of the dielectric response in composite laminates, as recently 
proposed by Vadlamudi et al. [46]. By measuring the dielectric response, the 
methodology is not limited to conductive materials. The technique intends to 
observe and model the variation in the dielectric response as a function of the 
damage development and evolution in order to characterize the current material 
state. This interesting idea is based on the observation that the presence of cracks, 
voids etc., increases the presence of internal surfaces thus altering the capacitive 
properties of the material [47,48]. The technique thus intends to characterize the 
current material state. Even though the methodology has been shown to be able to 
well identify the different phases of damage progression, it is worth noticing that 
the global stiffness is again considered, which limits the localization of the 
damage. 

The goal of this dissertation is to present a new methodology for the 
nondestructive inspection of composite structures. The methodology aims at the 
nondestructive, local and quantitative assessment of the residual elastic properties. 
In particular, the technique intends to characterize the damage severity condition 
through the quantitative evaluation of the elastic constants of the damaged zone. 
The methodology is particularly based on a local vibrational analysis, where a 
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proper equipment is adopted to localize the vibrational response. After showing 
the sensitivity of the technique to the local material properties, the assessment of 
damage severity is addressed. This also introduces a new metric of the damage 
severity, which is not limited to the extension of the damaged zone. 

1.5 Organization 

This dissertation is focused on the characterization of damage severity in 
terms of residual elastic properties in composite materials. The Detecting Damage 
Index technique is firstly investigated for the nondestructive assessment of local 
material properties. This methodology was recently brought into the realm of 
nondestructive characterization tests of composite material components [49]. In 
Ch. 2, the application of the Detecting Damage Index to a progressively damaged 
composite plate is shown and limitations are discussed.  Thereafter, the work 
introduces the new methodology based on local vibration analysis (see Ch. 3). The 
methodology is firstly shown to be sensitive to the local material properties and its 
enhancements, as well as its limitations, are analysed in Ch. 4. In Ch. 5, the local 
vibrational technique is adopted to characterize the damage severity of impacted 
composite plates. Conclusions and possible implications of the proposed 
approach, with particular reference to the damage tolerance design strategies, are 
finally given in Ch. 6. 


















































































































































































































