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New applications for polymer composite materials are occurring at a rapid pace
today. These include structural components in the energy, transportation, and biomedical
fields. Many if not all of these new applications will require that part performance is
insured with some degree of sustainable damage.

With the growth in the use of

composite structures comes the necessity of improved methodologies that can predict
more accurately the life and serviceability conditions of composite parts. Damage
mechanics in two-phase composite materials is a very complex problem that has
challenged researchers for many years. However, most of the available models perform
only a macromechanics analysis that attempts to determine when the part will fail under a
certain set of boundary condition, but do not provide a better understanding of how the
materials fail, and what is the effect of individual constituents on the overall behavior of
the material. Explicit modeling of microcracking is another issue that few researchers
have attempted to address. Moreover, most models tend to neglect the viscoelastic
behavior of composites. This paper describes a multiscale model based in continuum
mechanics and thermodynamics that can be used as a predictive tool for designing

viscoelastic structural components that undergo cracks on different length scales. This
work also presents experimental results of glass-fiber reinforced polymers (GFRP) beams
subjected to impact loads. The test setup included an instrumented drop weight machine
and a high speed camera. Example problems and some comparisons of the experimental
and numerical results are also shown.
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CHAPTER 1
INTRODUCTION

Composite materials are natural or engineered materials made from two or more
constituents with the main intention of obtaining improvement in the physical and/or
chemical properties of the resulting material. A piece of wood, with long fibers of
cellulose held together by a much weaker lignin, is an excellent example of a natural
composite. As good examples of engineered composites, we can have two of the most
used materials in the world, Portland cement concrete and asphalt concrete.
In the last 60 years, the use of composite materials has been increased exponentially in
many different areas, especially in the naval, aeronautical and military industries. Those
three branches of the industry were responsible for the majority of the use in composites
in the past decades. Most recently, many other applications can be found in civil
engineering, offshore oilfield components, automotive parts, windmills and so on. Figure
1 shows the growth in the use of carbon fiber composites in last 10 years. With the
growth in the use of composite structures comes the necessity of new methodologies that
can predict more accurately the life and serviceability conditions of such parts.
Many numerical methods have been developed to help solve complex engineering
problems like the ones involving the design of composite parts. The most disseminated of
all those numerical techniques is certainly the Finite Element Method (FEM), originated
in the 1950s by the need for solving complex structural analysis problems, mainly in
aeronautical engineering.
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Figure 1: Use of carbon fiber composites in the last 10 years (Source: www.toray.com )

One other great motivation for the development of new computational models to evaluate
the performance of composite structures is the price of experiments. Experimental set-ups
are extremely expensive and time consuming, demanding extensive amounts of money
and man power. Computational models, on the other hand, are able to predict and
evaluate the performance of such materials requiring much less money and time,
especially because new geometries, materials and loading conditions can be input into the
model very easily, while, in the case of experiments, new fixtures and samples are
required every time a design variable changes.
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Even with advances in computational models, the failure of composites materials has
been extensively investigated only from the macromechanical (entire structure) point of
view. However, most of the failure mechanisms are related to the phenomena observed at
the microscale (interaction among basic constituents such as fibers and matrix). It is
extremely important to mention that those failure mechanisms and processes vary not
only with the type of loading but they are also intimately related to the properties of the
constituents, i.e., matrix, reinforcement (fiber) and matrix-fiber interface.
One numerical technique that highlights the micromechanics theories is the multiscale
analysis approach. In this method, constitutive properties of the microscale are required
to predict deformations, stresses, and strains in the macroscale (ALLEN AND SOARES,
2007).

1.1. RESEARCH OBJECTIVES
The main objective of this research is to investigate the damage behavior of composite
materials subject to impact loads through the use of a finite element multiscale model and
compare the modeling results with experimental observations.
More specifically, the objectives can be summarized as follows:


Verify the performance of composite materials experimentally;



Simulate the behavior of composite materials subject to impact loads through the
use of a FE multiscale model;



Compare experimental observations with model simulations

1.2. RESEARCH SCOPE
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To accomplish the proposed objectives, this study has been performed in three phases.
Phase 1: The first phase of this work consisted of a literature review of the composite
materials, as well as a review of the response of those materials when subjected to impact
loads. Also in this phase, a study about multiscale and cohesive zone models was
performed.
Phase 2: The second stage of this study was focused on the experimental part,
comprehending the materials selection, sample manufacturing, experimental set-up and
mechanical performance evaluation of composite samples subjected to impact loads.
Phase 3: In the third step of this work, finite element multiscale simulations of composite
materials subjected to impact loads were performed and results were compared to
experimental observations.

1.3. ORGANIZATION OF THE RESEARCH
This thesis is composed of six chapters which are organized as follows:
Chapter I: Chapter I presents a brief introduction about the problem studied, as well as
the main objectives and the organization of this thesis.
Chapter II: Following this introduction, chapter II presents a literature review associated
with the main topics treated in this study: (i) the use of composite materials, (ii) the
mechanical response of composite structures when subjected to impact loads, and (iii)
finite element multiscale modeling.
Chapter III: In chapter III, a more detailed description of the material selection and
composite materials manufacturing are studied in more detail. Also in this chapter are
details of the experimental set-up and a description of the multiscale model used.
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Chapter IV: This chapter gives the main results obtained in the experiments and in the
simulations. It also shows some comparisons and discussions.
Chapter V: This last section gives concluding remarks and some recommendations for
future work.
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CHAPTER 2
LITERATURE REVIEW

Impacts of foreign objects on composite structures can develop internal damage that can
reduce significantly the strength and the stiffness of the structure. The study of the
response of composite materials when subjected to impact loads requires understanding
of the material constituents, the dynamics of the event and the prediction of the damage
induced (ABRATE, 2001).
Damage mechanics in two-phase (matrix-fiber) composite materials is a very complex
problem that has challenged researchers for many years. The literature on new
developments in the composite materials technology is very rich. Yet there is still a need
for more research to allow a better comprehension of the composite material
characteristics and performance under different impact loading conditions.

2.1. COMPOSITE MATERIALS
Most composites are made up of just two materials. One material (the matrix) surrounds
and binds together a cluster of fibers or fragments of a much stronger material (the
reinforcement). In the case of the glass fiber reinforced plastics (GFRP) the two roles are
taken by a plastic and the fibers, respectively. The threads of glass are very strong under
tension but are also brittle while the matrix not only holds the fibers together, but also
protects them from damage by sharing any stress among them. By choosing the matrix
and fibers, engineers can obtain the properties to meet specific requirements. They can,
for example, make a composite strong in one direction by aligning the fibers that way,
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but weaker in another where strength is not so important. Other important properties such
as resistance to heat, chemicals and weathering can also be achieved by choosing an
appropriate matrix.

2.1.1 History
The idea of mixing two or more constituents together in order to obtain better properties
has been around for more than 7000 years. In Serbia, remains of a hut dating to 5600 BC
have been found, with a floor made of red lime, sand, and gravel. Some primitive
concretes were also found in Assyrians and Babylonians societies, who used clay as
cement, and Egyptian society, who used lime and gypsum cement. The Egyptians were
also responsible for the first fiber reinforced composites, using straw (a fibrous material)
and mud (an adhesive with strong compressive strength) to make bricks for building
construction (STRONG, 1989).
Today, when we speak of composite materials, or just “composites”, we are referring
mainly to the highly engineered combinations of polymer resins and reinforcing materials
such as glass and carbon fibers. The history of those modern composites probably began
in 1930s with the beginning of the manufacturing of glass fibers. In the 1940s, the glass
fibers were added to polymer melts and were poured into molds, making the first
fiberglass laminates. The production quickly grew motivated mainly by the marine and
the military industry. While the metallic components that had been used up to that point
certainly did the job in terms of mechanical properties, the heavy weight of such
components was prohibitive. In 1942, the U.S. Navy replaced all the electrical terminal
boards on their ships with glass fiber reinforced polymer (GFRP) and in 1944 the first
plane with a GFRP fuselage flew at Wright-Patterson Air Force Base.
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The second generation of the fiber reinforced composites came with the space race in the
1960’s and consequently, with the need for lighter, stronger components than GFRPs. At
this point, new stronger fibers such as carbon and boron were developed. While boron
has strength that exceeds that of the carbon fibers, the latter are easier and cheaper to
produce, what makes carbon fibers more popular for commercial applications. At the
same time, scientists also began looking at metal matrix composites (MMCs), especially
at steel wire reinforced cooper.
In the 1970s and 1980s composites began to be more popular and they have found a lot of
use in high-end sports equipment such as racing bikes, tennis rackets and fishing rods.
They also started to be used by the automobile industries, especially in high-performance
cars. During these two decades, there was also more investigation and, therefore, more
development of metal matrix composites. By the 1990s, a variety of MMCs had found
uses in spacecraft applications: carbon reinforced copper was used in the combustion
chamber of rockets, SiC-reinforced copper was used in rocket nozzles, and SiCreinforced aluminum was used for wings and blades. Another important advance of the
1980s is the development of ceramic matrix composites, which appears after the
development of high temperature reinforcing fibers, since low-melting fibers would be
destroyed at the high processing temperatures required for ceramic sintering.
In the last two decades, both scientists and industries started to extend their composite
studies towards the nanoscale with the advance of the so-called nanocomposites.
Although most of the activities in nanotechnology are still concentrated in the research
area, it is already possible to see some applications such as capacitors for computer chips,
solid polymer electrolytes for batteries, and oxygen and gas barriers (http://www.sfc.fr).
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2.1.2 Advantages and disadvantages
The greatest advantages of composites are strength and stiffness combined with low mass
density. Composite materials can have a specific tensile strength (strength/density) four
to six times greater than steel or aluminum. The aviation industry, for instance, would be
much less advanced without composites. It is common to find wings, propellers and rotor
blades made from advanced composites. Another very important advantage of composite
materials over most metals is their fatigue resistance. Besides the high strength to weight
ratio, composites are also less likely to fracture catastrophically under stress. A small
crack in a piece of metal can spread quickly with very serious consequences, especially in
the case of an aircraft, while the fibers in a composite act to share the stresses around
small cracks, slowing the damage evolution.
Composite structures also resist heat and corrosion very well, which makes them ideal for
products that are exposed to extreme environments such as boats, chemical handling
equipments and spacecraft. Also, those materials have great design flexibility that can
allow for physical property directionality where needed. Besides that, composite
materials can be molded into very complex shapes, allowing more specific designs that
reduce the amount of material used (BARBERO, 1998).
The biggest disadvantage of composite structures is definitely the cost. The lack of welldefined design rules and high productivity manufacturing methods, as well as the prices
of the basic components (fibers and resins), brings the prices up. Another disadvantage of
composite materials is that at the same pace that one obtains the best properties of each
component; the design should be able to deal with the constraints of each material. For
instance, should the matrix be susceptible to solvent attack, the composite would be
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inappropriate for use in an environment where that solvent would be present, even though
the reinforcement is not solvent sensitive (STRONG, 1989).

2.1.3 Main applications
Among the many applications of composite materials, some can be highlighted:


Electrical and electronics: insulations, supports for circuits, antennas, cable tracks,
windmills, etc.



Buildings: housing cells, chimneys, concrete molds, swimming pools, partitions,
doors, construction and rehabilitation of structures.



Marine transport: hovercrafts, boats, trawlers, etc.



Aerospace: wing boxes, radômes, spoilers, stabilizers, tails, and many other parts
(approximately 50% of a Boeing 787 is made of CFRP).



Military: vehicles (reduction of up to 30% of the weight of a Composite Armored
Vehicle – CAV), helmets, body armors, etc.

2.2. IMPACT ON COMPOSITE STRUCTURES
During the life of composite material structures, impact loading conditions can be
expected in many forms, either during manufacturing, service or maintenance operations.
For instance, tools can be dropped during the manufacturing process, stone and other
debris are propelled at high velocities on airplanes during landing and take-offs, airplanes
are subjected to impacts of foreign objects when cruising through a hail storm, etc. In all
cases, those impacts can create internal damage that sometimes cannot be detected by
visual inspection (KIM and KEDWARD, 2000). That internal damage can cause severe
reduction in strength and stiffness of the material and can grow under loading.
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Consequently, a better understand of impact damage in composite materials is highly
important to a better and safer design of those structures (ABRATE, 1998). Figure 2
shows an airplane radôme after a hail storm.

Figure 2: Airplane radôme after hail storm (Source: NOAA photo library)

Many mathematical models have been developed to predict the force applied by a
projectile on the structure during impact. In order to account for that force, the model
should consider the contact conditions between the two objects, the motion of the
structure, the motion of the impactor and the masses of the objects. In this sense, studies
of contact laws and indentation problems have motivated many researchers in the past
three decades.
KEER and MILLER (1983) have developed analytical studies of contact between a beam
and a rigid indentor for isotropic materials with cylindrical indentor. KEER and
BALLARINI (1983) and SANKAR (1989a, 1989b) have worked on a problem of a
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simply supported orthotropic beam subjected to a cylindrical indentor. KEER and
SCHONBERG (1986a, 1986b) have also discussed the indentation of cylindrical and flat
indentors for orthotropic cantilever beams. Most recently, some studies have been
focused on the study of the indentation of laminates by rigid impactors. WU et al. (1993)
and WU and YEN (1994) have studied the contact forces of metallic spherical indentor in
composite laminates. SUN et al. (1993) have focused on the experimental investigation
of contact forces of Aramid Aluminum Laminates (ARALL) while WU and SHYU
(1993) concentrated on the analysis of low velocity impacts.
Along with the contact laws between the structure and the impactor, another very
important aspect of the study of impacts is the impactor itself (mass, velocity, material,
shape), as well as the type of impact. OLSSON (2000) has studied the influence of the
mass and the velocity of the impact in the response of the structure. He also developed
models for small and large mass impacts. KIM and KEDWARD (2000) and KIM et al.
(2003) have used a gas cannon to project ice spheres at high velocity (100-200m/s) onto
carbon/epoxy composite panels while ASP and JUNTIKKA (2008) have projected ice
and granite stones onto non-crimp fabric (NCF) composite materials. RUIZ and
HARDING (2000) have employed a split Hopkinson bar to test carbon, Kevlar and glass
fiber composites under high strain rates. FERABOLI and KEDWARD (2003) have
performed four point bending tests in multi-directional carbon fiber reinforced composite
(CFRP). Many articles have been developed focusing on the analysis of drop weight
impact tests on carbon and glass fiber composites. Among them, one can highlight the
efforts made by LIFSHITZ et al. (1994), who analyzed the impact of a spherical weight
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on a CFRP beam, and ASLAN et al. (2003), who concentrated on the analysis of CFRP
plates.
Another very important aspect of impact on composite materials is damage assessment.
VARNA et al. (2001) presents a methodology to predict the laminate stiffness variations
with crack density and applied strain. SJOREN et al. (2001) have studied the reduction of
the elastic properties in damaged regions. BRENN et al. (2006) have worked on the
problem of damage analysis of thick CFRP laminates. Most recently, CRAVEN et al.
(2008) examined the effect of impact damage on local tensile stiffness of multidirectional laminates.

2.3. MULTISCALE MODELING
With the growth in the use of composite structures comes the necessity of new
methodologies that can predict more accurately the life and serviceability conditions of
such parts. Many numerical methods have been developed to help solve complex
engineering problems like the ones involving the design of composite parts. Some of the
most commons are: Finite Difference Methods, developed in the 1950s and mostly used
in thermal analysis problems; Boundary Element Methods, developed in the 1970s and
principally used in linear continuum mechanics problems; Discrete Element Methods,
developed in the 1970s and used mainly with granular materials problems; Meshfree
Methods, recently propagated and it has its primary uses in fracture and crack
propagation analysis; and the Finite Element Method, originated in the 1950s by the
necessity for solving complex structural analysis problems, mainly, in aeronautical
engineering.

14
While the macromechanics failure analyses just determine when the part will fail under a
certain set of boundary conditions (loads and supports), the predictions based on the
micromechanics theories allows us to have a better understanding of how the materials
fail, as well as where are the failure initiation critical points. Those are fundamental
points in the design of better structures and in the development of new composite
materials.
However, in order to optimize the performance of composite materials, it is necessary to
use methodologies capable of analyzing in more detail the microstructure and the damage
evolution in composite materials. Those deeper analyses can be reached by using
mechanistic damage models, which are procedures that can quantitatively describe the
relationship between a physical phenomenon (damage) and its causes. Those models are
usually based either in the continuum damage mechanics, which are based on the socalled internal variables of state or in the micromechanics (multiscale models), which
take into account the interactions among the basic components of the material.
In the continuum damage models, the body is considered to be a homogeneous material,
in which the damage is represented by internal state variables. Those variables represent
the average amount of damage in the sample and evolve according to phenomenological
laws determined experimentally. The main advantage of the continuum damage
techniques is the computational time required because no analysis is made at the local
scale. Its main disadvantage is the fact that the evolution laws are determined
experimentally, which requires a new set of experiment for every change made in the
microscale of the material (volume fraction of constituents, orientation of particles)
(ALLEN, 2002; SOUZA, 2005; KIM et al., 2006).

15
The main continuum damage models for viscoelastic materials are based in studies by
SCHAPERY (1990a, 1990b), PARK et al. (1996) and LEE and KIM (1998a, 1998b).
Those models define the evolution of the internal variables based in a function of strain
energy and use the viscoelastic correspondence principle (SCHAPERY, 1984) to
consider the viscoelastic behavior of those materials.
In order to achieve a better design, it is necessary to have an understanding of the relation
among the basic constituents of the material (fiber and matrix) and of the effects of their
interactions in the response of the whole structure (global scale). Therefore, a model that
can predict the damage evolution in the form of cracks in multiple length scales can be
very useful as a tool to design and analyze composite structural components (SOUZA et
al., 2008).
In the multiscale models, the analyses are performed separately in two different scales
(local and global) and it can be shown that the constitutive behavior of the macroscopic
scale can be obtained by the principles of homogenization without significant loss of
accuracy. However, it is important to notice that two important conditions should be
satisfied in order for this to be true: The two geometric length scales should be widely
separated; and, the local scale should be statistically homogeneous (represent accurately
enough the global behavior of the global material) (ALLEN, 2002; SOUZA, 2005).
Several researchers have been working on multiscale models for predicting the behavior
of composite materials, both analytical and numerical approaches. However, since
problems in damage evolution in composite materials are usually of high complexity,
computational models, especially the ones based on the finite element method, have been
used. Some recent progresses have been made by ALLEN (1994), who studied the
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damage evolution in laminates and FEYEL (1999, 2000), who discussed the modeling of
the behavior of structures reinforced by long fiber SiC/Ti composites. FISH and SHEK
(2000) also worked on multiscale analysis of composite structures. ALLEN and
SEARCY (2006) and TALREJA (2006) have developed models that consider damage
growth. SOUZA et al. (2008) have developed a model that accounts for inertial effects
and therefore can be used for impact problems.
The homogenization technique consists of a way to obtain the properties of the global
scale through a process of averaging the properties of the basic components (local scale).
In the multiscale models, these properties are determined by solving some simple initial
boundary value problems for the local scale and transferring that constitutive behavior to
the global scale, linking both scales. In the 1960’s, a number of researchers attempted to
develop mathematical homogenization techniques to understand the elastic properties of
multiphase elastic media. Among them, ESHELBY (1957), HASHIN (1964) and HILL
(1963) have been the first ones. Later on, studies conducted by HASHIN (1966) and
SCHAPERY (1967) included the homogenization analysis of thermoviscoelastic
materials. More recently, SCHAPERY (1986), ZOCHER and ALLEN (1997) and
ALLEN and YOON (1998) obtained homogenized constitutive equations for viscoelastic
micromechanics problems with microcracks.
The micromechanics based models also can predict the evolution of internal boundaries.
Therefore, the damage evolution, which is governed by certain fracture mechanics
theories, is directly related to the growth of those internal boundaries. One of the ways to
predict crack propagation is through the use of cohesive zone models, which were mainly
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developed as an attempt to remove the stress singularity (from Griffith’s classical theory
of fracture mechanics) at the tip of a crack.
The idea of a cohesive zone, first proposed by DUDGALE (1960) and BARENBLATT
(1962), consists basically of the introduction of a region of non-zero tractions preceding
the crack tip. Dudgale’s cohesive zones consist of a constant traction ahead of the tip
with a value equivalent to the yield stress of the surrounding bulk material. Barenblatt
modified the stress distribution in his cohesive zone model by introducing a nonlinear
traction-displacement relationship. Later on, KNAUSS (1973) and SCHAPERY (1975a,
1975b, 1975c) worked on the development of crack initiation and propagation models for
viscoelastic media.
In computational models, other researchers such as NEEDLEMAN (1987) and
TVERGAARD (1990) improved the cohesive zone models by using a potential function
in the constitutive relations and by employing traction-displacement cubic laws,
respectively. Later on, KNAUSS and LOSI (1993), ALLEN et al. (1994) and YANG and
RAVI-CHANDRAN (1996) also developed numerical cohesive zone models.
Finally, the multiscale models allow the detailed analysis of the physical phenomena that
occurs at the local scale, giving a better precision and a better understanding of the cracks
initiation and propagation (SOUZA, 2005).
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CHAPTER 3
RESEARCH METHODOLOGY

This chapter describes the methodology adopted in this work: material selection,
experimental setup, samples manufacturing. It also provides us with specific details about
the multiscale model used in the finite element simulations and example problems used in
the validation of the model.

3.1

EXPERIMENTS

3.1.1

Material selection

The most common advanced composites are fiber reinforced polymeric composites.
These composites consist of a high performance fiber embedded in a polymeric or metal
matrix. Composite materials can be classified in various ways, the main factors being the
following (BARBERO, 1998):
1. Reinforcement
-

Continuous long fibers
o Unidirectional fiber orientation.
o Bidirectional fiber orientation.
o Random orientation.

-

Discontinuous fibers
o Random orientation.
o Preferential orientation.

-

Particles and whiskers
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o Random orientation.
o Preferential orientation.
2. Laminate configuration
-

Unidirectional

-

Laminate
o Symmetric (for each ply there is another ply oriented symmetrically
with respect to the midplane).
o Balanced (for each ply with fiber orientation  there is another ply
with same thickness with orientation -).
o Cross-ply (the only ply orientations are 0º and 90º).

Fibers
Fibers are used in composites because they are lightweight, stiff and strong. Because of
the reduced number of defects present in a fiber and because of the preferential
orientation of molecules along the fiber direction, those are usually stronger than the bulk
material that they are made of. For instance, an E-glass fiber has a tensile strength of 72.3
Gpa while the strength of bulk E-glass ranges from 1.5-6 Gpa. Besides that, composites
reinforced with whiskers and particles usually present large creep deformations. This is
one of the main reasons for the use of continuous fiber for structural applications
(BARBERO, 1998). Among the many types of fibers available, the most used ones are
glass, carbon and organic (Kevlar). Table 1 shows some properties of the most common
fibers used.
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Table 1: Properties of most common fibers (Source: BARBERO, 1998)

Glass fibers are the cheapest ones, and consequently, the most common type in low-cost
industrial applications. For instance, 70% of all pleasure boats are constructed of glass
fiber materials. Many kinds of glass fibers are produced, but just three of them are
extensively used in the industry: (i) E-glass ones are the preferred structural
reinforcement because they present good mechanical performance and the lowest cost,
(ii) S-glass fibers have the highest strength, but cost up to four times more than the Eglass ones and (iii) C-glass type has the better corrosion resistance and, therefore, are the
most common in corrosive environments (HULL and CLYNE, 1996).
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Carbon fibers are among the highest-strength and highest-modulus materials known
today. Carbon fibers are usually chemically inert (except in extreme situations) and have
very low density (four to five times lower than steel’s density). Some of the shortcomings
of the carbon fibers include a low-impact resistance and a relatively low compressive
strength, but the main one is definitely the cost (more than ten times the cost associated
with glass fiber). For the cost reason, the use of carbon fibers is better justified when the
weight savings can offer a very large payoff, such as in airplane parts, rotor blades, etc.
Figure 3 shows a carbon fiber.

(a)

(b)

(c)

Figure 3: SEM micrographs of fibers: (a) Glass, (b) Carbon, (c) Aramid

The best-know organic fiber is aramid fiber, produced by DuPont under the commercial
name Kevlar. Those fibers usually have very high energy absorption during failure,
which is an excellent characteristic for impact and ballistic protection. Kevlar fibers, like
carbon ones, have high strength/weight and stiffness/weight ratios, fact that, allied to
good impact resistance, make them ideal for applications in helmets and body armors.
Some of the disadvantages include the low maximum operating temperature of about
160ºC and their low compressive strength. Besides, they are also very expensive when
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compared to glass fiber (at least five times the price of E-glass). Figure 3 shows an
aramid fiber.
Matrixes
The matrix material is responsible for holding the fibers together, transferring and
distributing the loads among the fibers. The matrix also has an important role protecting
the fibers from environmental and mechanical abrasion. Even some mechanical
characteristics of the composite, such as transverse stiffness and strength, are dominated
by the matrixes. Besides, the matrices have primary influence on damage initiation and
propagation in fiber reinforced polymers (FRPs) because, in general, they are weaker
than the fibers. The main types of matrix materials are polymers, metals, or ceramics.
Because they have the easiest fabrication process, polymer matrix composites (PMCs) are
by far the most common ones for industrial applications.
Metal matrix composites (MMCs) usually consist of a high-performance reinforcement in
a metallic (aluminum, magnesium, titanium, etc) matrix. Since the metal matrixes already
have high-stiffness and high-strength, the increase in the MMCs by the addition of
reinforcements are, usually, relatively small. Some of the advantages of the MMCs
include a very high temperature capability (some superalloys reinforced with tungsten are
being developed to be used in jet turbine engines that operate temperatures above
1000ºC), no moisture absorption and very good fire resistance. On the other hand, one of
the main shortcomings of this new material is a complex fabrication method, which leads
to a higher cost of production. Some of the applications include space shuttles, airplanes
parts, bicycles, automobiles, and so on (HULL and CLYNE, 1996).
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Ceramic matrixes are very complex oxides, carbides, nitrides which have very high
chemical and thermal stability. In fact, this is one of the greatest characteristics of the
ceramic matrix composites (CMCs), allowing them to resist to very high temperatures
(some materials have been reported to be able to withstand temperatures of up to 3300ºC
for short periods). Another very important feature of CMCs is corrosion resistance.
However, the sensitivity of ceramics to small flaws and resulting brittle fracture has
severely limited the use of those materials in more applications. Some military and
commercial applications of that material include engine vanes, heat shields, heat
exchangers, pistons and turbocharger rotors.
The most used matrix materials are polymers. They can be classified into two main
subgroups: (i) thermoplastics and (ii) thermoset. The main differences of them are
presented in Table 2. Epoxy and polyester resins are the best examples of thermosets
while polypropylene and poly ether ether ketone (PEEK) are some of the most used
thermoplastic matrixes.
Table 2: Characteristics of thermoplastics and thermosets
Thermoplastics

Thermosets

High strains to failure

Low strain to failure

Can be reprocessed

Cannot be reprocessed

Short cure cycle

Long cure cycle

Soften on heating and pressure

Decompose on heating

The epoxy resins are widely used because of their versatility, high corrosion resistance
and high mechanical properties. Besides, epoxies have excellent bond characteristics and
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are less affected by water and heat than other polymer matrixes. Some of the
disadvantages of the epoxies include the cost (usually more than $4.00/kg), and the
relatively low service temperature (between 125ºC and 175ºC). The aircraft industry is
one of the main fields where the epoxy is used, but they also have a very broad range of
uses in the electrical and electronics industry (BARBERO, 1998).
Polyester resins have very good UV resistance, and, can therefore be used in many
outdoor applications. Like the epoxies, the polyesters present good resistance to acids,
peroxides, and hypochlorites attacks. Therefore, many applications for corrosion resistant
tanks, pipes and ducts can be found in the chemical process industry. The biggest
advantage of the polyesters over the epoxies is the price. Certain varieties of polyesters
can cost as low as one third of the epoxies.
In this research, unidirectional and cross-ply continuous long fiber composites were
fabricated. The plates were manufactured using a bag molding process of L600 E10 UD
E-glass fabric and LY5052/HY5052 epoxy resin.

3.1.2

Samples Manufacturing

The manufacturing process for the composite part depends on the type of matrix and
fibers, the temperature required to cure the matrix, and, mainly, the cost effectiveness of
the process. Because of costs, production volume and production rate, the manufacturing
process is sometimes one of the initial considerations in the design of composite
materials. Among the main manufacturing methods, one can highlight hand lay-up,
prepreg lay-up, compression molding, bag molding, autoclave processing, resin transfer
molding, poltrusion and filament winding. In this research, the process chosen was the
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Vacuum Assisted Resin Transfer Molding (VARTM), which is a variation of the resin
transfer process.
The RTM (Resin Transfer Molding) process uses a mold, with inlets to introduce the
resin and outlets that allow air to escape. The fiber reinforcement is placed dry in the
mold, and the mold is closed. Then, liquid resin is pumped into the mold through the
inlets, soaking the fibers fabric and filling the mold. When the mold is completely full,
the resin supply is retired, the inlets and outlets are sealed and heat is applied to the mold
to cure the resin. Finally, the mold is opened and the part is removed. The main
advantages of this process include high volume of fibers with low void contents, possible
labor reductions and both sides of the component have a molded surface. The relatively
expensive and very heavy tooling is one of the main shortcomings of the process.
Another disadvantage of the RTM is that the components are generally limited to very
small sizes. Also, two parts of the mold need to be made for each new component
desired. Figure 4 shows a RTM scheme (STRONG, 1989).

Figure 4: RTM scheme
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In the VARTM, the top part of the steel molding is replaced by a bag and a vacuum
pump. In this process, the dry stack of fiber fabric is laid up in the mold (just as in the
RTM), the whole stack is vacuum bagged and the bag is sealed. Once the bag leaks have
been checked and eliminated, the resin is allowed to flow into the laminate. For flat
components, sometimes a steel plate can be used on the top of the fabric to make the
surface of the part smoother. One of the greatest advantages of this process is that it can
be used for very large structures. Another benefit of this process is that it can use dry
fibers and 26erforms, which cost less and can be formed easier than prepregs. One last
convenience of this method is the cost of tooling, which is much lower than the one in the
RTM. Some of the drawbacks include the relatively complex process to perform well
(when compared with spray or hand lay-ups) and the fact that the resins have to be very
low in viscosity. Figure 5 shows a scheme of the VARTM process, in which the resin
enters from the left side while a vacuum pump is used in the right side. The pressure
difference generated by the vacuum pump guarantees the resin flow through the laminate.

Figure 5: VARTM scheme
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The first step of the manufacturing process is the cutting of the fabric in the right size and
orientation. A fully computer controlled Gerber GTxL cutting machine was used. The
cutting data was generated from a CAD-file with the desired layout. After that, the
machine is loaded with the fabric roll and the machine is started. After the process is
complete, the operator takes the pieces from the machine. The cutting machine is shown
in Figure 6.
The second step of the process would be the preparation of the mold table. While the
fabric is being cut, some preliminary works are made in the mold. The steel table used in
the process is cleaned and treated with a fiberglass shield, which provides appropriate
release of the cured composite parts. After that, the cut fabric is laid out in the table
according to the desired layup (either UD or cross-ply) and a steel plate is placed above
the fabric. As commented before, the steel plate is used to make the top surface of the
plate smoother. Figure 7 shows the steel plate with the fabric and the steel plates.
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Figure 6: Cutting machine operating on glass fabric

Figure 7: Heated steel table with fabric and steel plates
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The next phase of the procedure is covering the fabric and the steel plates with heat
resistant non-structural plastic. It is important to remember that this plastic, as well as the
steel plates, are not part of the composite, being used just as molds. After the plastic is
placed in place, two hoses are installed one in each side of the table and the edges are
sealed with a mastic adhesive. Those two hoses are the inlet, from where the resin will
enter the plastic bag, and the outlet, from where the air is coming out while the resin is
filling the plates. After that, the inlet is closed and a vacuum pump is connected to the
outlet and turned on. Then, a barometer is connected to the outlet and the bag is checked
for leaks. For instance, if the measure of the barometer is increase that means that air is
coming in and there is a leak somewhere. Once all the leaks are eliminated, the inlet is
open inside a resin feed tank and the resin start flowing inside the bag. Figure 8 shows the
bag covering the table, the fiber fabric and the steel plates.

Figure 8: Table, fabric and steel plates covered by plastic
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After the resin soaks all the fabric and start to get out from the outlet, both the inlet and
outlet are sealed and heat is applied to the table (the time and temperature depend on the
cure cycle of the resin). For the case studied in this research, a temperature of 100ºC was
applied during four hours for the curing process. After that, the plastic bag and the steel
plates were removed and the composite plates were subjected to a post-cure process of 1
day at a temperature of 25ºC. Finally, the plates were cut using an electric circular saw
and polished in an electric sandpaper machine. The final size of the samples was (150mm
x 75mm x 6mm). Figure 9 shows an electric saw and a sandpaper machine used to cut
and polish the composite plates to the desired size.

Figure 9: Tools used to cut and polish the plates

3.1.3

Experimental Set-up

In this research, a three point bend (TPB) impact test was used to verify the performance
of composite materials when subjected to impact loads. Also, in order to minimize
computational efforts in further numerical simulation, the experiments had to be set-up in
such a way that it could be simulated as a two-dimensional problem. The idea of using a
drop weight tower for TPB for polymer testing has been developed before (LOBO and

31
LORENZO, 1997). The TPB test is widely used to characterize mechanical behavior of
materials. In this test, a small beam of material is placed on two supports and a
displacement is applied to its center. The apparatus used in this test consists of a drop
weight tower, a falling weight, a base fixture with the desired supports and a high speed
camera. The drop weight tower consists of an open tube fixed to a steel column with a
pulley at the top end of it. Figure 10 shows the experimental set-up, in which a weight
falls inside the metallic tube. It is important to observe that the tube has a lateral cut
which is used to keep the cylinder in the falling weight in its orientation. This way, it is
guaranteed that the cylinder is going to hit the plate in the orientation desired.

Figure 10: Experimental set-up
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3.1.3.1 Impactor characteristics
The impactor used in this research consists of five basic parts: (i) an all-thread rod where
the weights, the tip of the impactor and the rope are connected, (ii) a cylinder that is the
tip of the indentor, (iii) the weights, (iv) two plastic guides that keep the cylinder falling
in the right orientation, (v) a rope that holds everything. Figure 11 shows the impactor
and the parts listed above. The weights can be changed and therefore the total weight of
the impactor can be adjusted. The plastic guides run along the cut in the tube and they are
adjusted in such way that the cylinder hits the plate parallel to the support cylinders, as
can be seen in Figure 10 and Figure 12.

Figure 11: Falling objects
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3.1.3.2 Experimental procedures
The experiment consists of a falling weight dropping from a variable height, impacting a
composite plate placed in the supports on the fixture. Initially, the plate is positioned in
the fixture and the top parts of the supports are held to the base fixture using two bolts, as
shown in Figure 12. After that, the weight and the height of the impactor are adjusted and
the impactor is held in position by the rope, which passes through the pulley attached to
the tube. Once the camera is adjusted and focused at the center of the plate, the operator
releases the rope and the impactor falls freely to hit the composite plate.

Figure 12: Support being attached to base fixture
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In this research, the height of the impactor varies from 0.3 to 1.2 meter, giving final
velocities ranging from 2.4 to 4.8 m/s. The total weight of the impactor can be adjusted
just by connecting more or less steel pieces to the impactor rod and, for this work; it
ranges from 2500 to 7500g. Considering the acceleration of gravitational field (g =
9.8m/s) and using Equation (1) the potential energy of the impact can be obtained (ranges
from 7.5 to 88.5 Joules).
(1)

3.2

COMPUTATIONAL MODELING

The model used herein was first developed by Allen and collaborators, who worked in a
quasi-static multiscale model, and later, by SOUZA et al. (2008), who extended the
model to dynamic problems. The main objective of the multiscale model shown is to
determine the constitutive behavior of heterogeneous materials by taking into account the
effect of the microstructure in the global averaged behavior of the structure. Therefore,
evolving cracks, voids and the interactions among the basic constituents of the material
are considered when determining the averaged constitutive behavior of the global
structure.

3.2.1 Initial Boundary Value Problem (IBVP) formulation
In this approach, different length scales within the macroscopic structure are analyzed. If
statistical homogeneity on the smaller scale is satisfied, constitutive equations for the
larger scale can be produced using a homogenization principle (Chad, 2004). In this
work, only two length scales (called herein global and local scales) were considered, but
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it is important to observe that the model presented can be applied in as many continuum
length scales as necessary to solve the problems. The number of scales in each problem is
determined by the physics of the problems and mainly, by the amount of computational
power available. Figure 13 shows a scheme of an arbitrary two scale problem with cracks
in both global and local scales.

Figure 13: Two scale problem scheme

For a global body of volume V and boundary V, divided in two parts: (i) Vt, where the
tractions are known and, (ii) Vu, where the displacements are known, the initial
boundary value problem (IBVP) can be posed as follows:
From the force balance in the body, the conservation of linear momentum can be written
in the following form:
(2)
where

refer to a global length scale variable,

tensor,

is the mass density of the object,

is the Cauchy stress
is the body force vector per unit
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mass,
object and,

is the displacement vector,
and

is the volume of the global scale

are independent variables that represent coordinates and time,

respectively. It is also important to note that Einstein notation is used, and, therefore, a
comma (,) means derivative.
From the conservation of angular momentum, one can obtain:
(3)
Assuming infinitesimal deformations conditions, the strain-displacements relationship
can be written as follows:
(4)
where

is the infinitesimal strain tensor in the global scale.

Since the model herein presented accounts for history dependent effects, such as
viscoelasticity, the constitutive behavior of the materials can be written as follows:
(5)
where

is a functional mapping determined from the locally averaged constitutive

behavior.
In order to complete the IBVP, it is assumed that the Cauchy stress tensor, the strain
tensor and the displacement vector are known a priori:
(6.a)
(6.b)
(6.c)
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Also, it is assumed that the boundary conditions are known a priori:
(7.a)
(7.b)
Where all the boundary is known and it is not possible to have superposition of loads and
displacement boundary conditions:
(8.a)
(8.b)
The IBVP for the local scales is very similar to the one describing above for the global
scale. However, in order to produce a reasonably accurate answer, the multiscale
methodology herein described requires some simplifications. One of the assumptions of
the method is that the global scale should be large compared with the local scale.
(9)
This assumption simplifies the connecting relationships between both scales. Another
important assumption that has to be made is that the cracks in the local scale have to be
small compared to the local scale length:
(10)
where

is the length of the cracks in the local scale.

If this condition is not satisfied, as in the case of a so-called localization problem, then
the multiscale model is no longer valid and a single scale analysis that takes into account
all the asperities of the material is necessary. One final condition that has to be meet is
that the length of the wave propagating in the global scale has to be large compared to the
local scale length:

38
(11)
where

is the length of the wave propagating in the global scale.

Once the condition above is satisfied, the local scale IBVP can be posed as a quasi-static
problem. Therefore, the conservation of linear momentum becomes:
(12)
The conservation of angular momentum can be written as:
(13)
The strain-displacement relationship is:
(14)
Finally, the constitutive equations can be addressed as:
(15)
where in this case

is known a priori.

3.2.2 Homogenization principle
To complete the multiscale model, some relationship connecting both scales has to be
established. Those mathematical approaches to link the kinetics and kinematics field
variables of the local scale to those of the global scale are the so-called homogenization
techniques. SOUZA (2009) developed a numerical procedure to solve micromechanical
IBVP allowing the computational of the homogenized incremental constitutive tensor
for elastic media with cracks, which can be written as follows:
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(16)
where
scale, and

is the constitutive tensor for the local scale,

is the volume of the local

is the incremental localization tensor, which accounts for

heterogeneities, internal boundaries and cracks at the local scale.
Later on, SOUZA (2009) extended the procedure to viscoelastic solids with evolving
cracks. For this case, the constitutive tensor and the constitutive homogenized tensor and
the history dependent stress term can be written, respectively, as:
(17)

(18)
where

is the constitutive tensor of the local scale, which accounts for

viscoelasticity effects. It is important to note that
heterogeneities, internal boundaries and cracks through

is dependent on the
.

3.2.3 Crack modeling
In this model, a cohesive zone model is used to model cracks because this type of fracture
mechanics model is very convenient to be implemented in a computational algorithm.
The cohesive zone approach herein used was developed by ALLEN and SEARCY
(2001), based on early works from DUDGALE (1960) and BARENBLATT (1962). This
model assumes that the critical energy release rate required for crack extension in
viscoelastic media is rate dependent. It is also formulated in such a way that the material
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parameters required to characterize the cohesive zone can be obtained from microscale
experiments. The cohesive zone herein used is represented by a fibrillated zone that is
small compared to the total cohesive zone area (Figure 14). The solution of the IBVP for
the cohesive zone has been obtained from equations (12) to (15), leading to the following
traction-displacement relation in the cohesive zone:
(19)

where,

is the crack opening displacement vector in the coordinate system aligned

with the crack faces,

is a material length parameter,

is the uniaxial

viscoelastic relaxation modulus of the undamaged conhesive zone material,
Euclidian norm of the crack opening displacement,
which cohesive zones are active and

is the

is the part of the boundary on

is the damage parameter, which is given by:

(20)

where

is the undamaged planform cross-sectional area of a representative area of the

cohesive zone,

represents the cross-sectional area of the kth fibril, and

number of fibrils contained in the representative area.

is the
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Figure 14: Micromechanical viscoelastic cohesive zone (Source: Souza et al., 2008)

It is very important to note that when all the fibrils in a representative area fracture, the
damage parameter goes to unity and the area can no longer carry any loads (traction in
equation 19 goes to zero). This way, a crack is propagated in the region. More details of
this cohesive zone approach can be found in ALLEN and SEARCY (2001).

3.2.4 Multiscale algorithm
The multiscale model described before was used in the development of a computational
algorithm for obtaining approximate solutions for complex problems with multiple scales
and cracks growing on different length scales. The Finite Element algorithm developed
has been implemented using Object Oriented Programming (OOP), which in most cases
facilitates the implementation of new features. As explained before in the IBVP
formulation, the model takes into account the right hand side of the conservation of linear
momentum (equation 2) for the global scale, meaning that the inertial effects are not

42
neglected and, therefore, an explicit finite element scheme should be used to solve the
problem. On the other hand, assuming that the length of the stress wave travelling in the
global scale is large compared to the length of the local scale, the inertial term can be
neglected and the local scale can be solved as quasi-static, meaning that an implicit finite
element scheme can be used.
The model is described in more detail in SOUZA (2009) but a simple description of the
algorithm is given in the following flowchart (Figure 15). It is important to note that the
algorithm is implemented using library called OPENMPI, which allows the use of the
parallel programming, and, therefore, the use of multiple processors (machines). This
feature allows each local scale to be solved by a different processor, reducing the total
computational time of the process.
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Figure 15: Multiscale computational algorithm flowchart (Source: SOUZA et al., 2008)

3.2.5

Model Validation

The model has been validated against both analytical solutions for simple problems
(uniaxial and tapered bars) and single scale problems. The results found are reasonably
accurate when the conditions established in the model are satisfied. Some of those results
can be found in SOUZA et al. (2008) and SOUZA (2009).

44

CHAPTER 4
TESTING RESULTS AND DISCUSSION

4.1

EXPERIMENTAL RESULTS

Since the test proposed herein is an impact test, it was assumed that some variables such
as weight and velocity of the impact were very important. Therefore, 8 samples were
tested with a variety of velocities and weights. Table 3 shows a summary of the tests
performed, with the weight used, the height from which the impactor was dropped and
the energy and velocity expected for the impact. The table also shows the lay-up for each
test (either UD or cross-ply). It is important to note that in the convention used herein, 0º
is the direction of the longitudinal axis of the cylinder that impacts the plate.
It is noteworthy to say that the values presented herein for velocity and energy are
expected values calculated according to the Equations 21 and 22, respectively,
disregarding effects like friction between the impactor and the walls of the tube,
imprecision of the operator, air resistance, etc.
(21)

(22)
However, not all of the potential energy is converted into kinetic energy and the
measured values of velocity can be measured from photos taken by the high speed
camera as will be explained next.
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Table 3: Test information
Test

Lay-up

Weight (kg)

Height (m)

Energy (J)

Velocity (m/s)

1

UD[0]

2.492

0.30

7.36

2.43

2

UD[0]

2.492

0.30

7.36

2.43

3

UD[0]

2.492

0.30

7.36

2.43

4

UD[0]

2.492

0.88

21.63

4.17

5

UD[0]

2.492

1.00

24.52

4.44

6

UD [0]

5.495

0.60

32.44

3.43

7

UD [0]

5.495

0.30

16.22

2.43

8

UD[0]

5.495

0.40

21.63

2.80

9

[0\90]1S

2.492

0.30

7.36

2.43

10

[0\90]1S

2.492

0.40

9.81

2.81

11

[0\90]1S

2.492

0.40

9.81

2.81

12

[0\90]1S

2.492

0.40

9.81

2.81

13

[0\90]1S

2.492

0.60

14.71

3.44

14

[0\90]1S

2.492

0.60

14.71

3.44

15

[0\90]1S

2.492

0.60

14.71

3.44

16

[0\90]1S

2.492

1.00

24.52

4.44

17

[0\90]1S

2.492

1.20

29.43

4.86

18

[0\90]1S

4.488

1.00

44.16

4.44

19

[0\90]1S

4.488

1.20

52.99

4.86

20

[0\90]1S

6.497

1.00

63.93

4.44

21

[0\90]1S

6.497

1.20

76.72

4.86

22

[90\0]1S

3.543

0.86

29.98

4.11

23

[90\0]1S

3.543

1.00

34.86

4.43

24

[90\0]1S

5.495

0.93

50.02

4.26

25

[90\0]1S

5.495

1.20

64.88

4.85

26

[90\0]1S

6.497

1.00

63.93

4.44

27

[90\0]1S

6.497

1.00

63.93

4.44

28

[90\0]1S

6.497

1.20

76.72

4.86

29

[90\0]1S

6.497

1.20

76.72

4.86

30

[90\0]1S

7.501

1.20

88.57

4.86
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As discussed before in the section describing the experimental set-up, a high speed
camera was used and the main outputs of the tests are the images from that camera. The
camera used herein was a Photron Fastcam SA1, produced by Photron Limited. The
equipment used is capable of capturing 5,000 fps (frames per second) at full resolution
(1024x1024 pixels) and up to 650,000 fps at its lowest resolution. Here, the camera was
set to a resolution of (1024x336 pixels), giving a maximum of 15,000 fps. With the
images, the displacements for each experiment were measured for each frame using
image editor software also provided by Photron Limited (Photron Fastcam Viewer PFV
version 3.0). Once the displacements are measured and knowing the time of each frame,
the velocities of the impact can be easily calculated.
Figure 16 shows how the displacements are measured from the frames. First, a vertical
line is drawn passing the center of the plate. Then, a horizontal line is drawn in the
intersection of the first line and the back of the plate. The xy-coordinates of the
instersection between the two lines are copied to an excel spreadsheet. Knowing the
coordinates of the intersection points for each time and for the initial frame (before
impact), the displacement can be calculated just by subtracting the y-coordinate of each
frame from the y-coordinate of the initial position. It is worth noting that the
measurements are calibrated according to the thickness of the plate. It is also valid to
mention that Figure 16 is just a demonstration of the procedure and that the
displacements were, in reality, obtained for every frame. This means that the
displacements were calculated for every 0.0667ms.
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Figure 16: Displacement measurement in the back of the plate

As can be seen from Table 3, the first three tests have the same height and weight, and,
consequently, the same impact energy is expected. Those tests were made to determine
the repeatability of the experiment and some results are presented in Table 4 .
Table 4: Repeatability of the test
Test

Velocity measured (m/s)

Energy(J)

Maximum displacement(mm)

1

2.700

9.09

3.429

2

2.411

7.25

3.143

3

2.596

8.41

3.286

Using a simple descriptive statistics analysis approach, some variability measures such as
mean, standard deviation and coefficient of variation can be calculated in order to
measure the dispersion of the results. The mean, standard deviation and coefficient of
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variation are shown in Table 5. It is valid to observe that the coefficient of variation (CV)
is a dimensionless measure of the dispersion of a series of numbers. Lower values of CV
represent small variations in the tests, which is very desirable to show that the results
obtained in one experiment can be repeated (within a given margin of error). A visual
qualitative analysis of the results was also made and the results from the three
experiments seem to be very similar. It is important to observe from Figure 17 that most
of the variation among the three curves occurs at the maximum displacement or after it;
probably indicating that the major differences occurs after some damage appears.
Table 5: Statistical analysis of results
Mean (mm)

Standard deviation (mm)

Coefficient of variation (%)

3.286

0.143

4.35

Displacement (mm)

0

-1

-2

Test 1

Test 2
-3

Test 3

-4
0

1000

2000

3000

4000

Time (microseconds)
Figure 17: Repeatability of the test

5000

6000
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One interesting analysis that can be made from the experimental results is regarding the
fundamental natural frequency of a material. The frequency
equivalent stiffness

is dependent only on the

of the beam and on the mass equivalent

and is given by

Equation 23.

(23)

where for a given structural system with mass

, stiffness EI (Young’s Modulus E and

second moment of area I), the equivalent mass and equivalent stiffness can be given by
Equations 24 and 25, respectively.
(24)
(25)
Since the period of the vibration

just depends on the frequency, it will only depend on

the mass equivalent and on the stiffness equivalent. This is exactly what is observed in
the experiments if the velocity of the impact is changed but the mass is kept constant.
Figure 18 shows a comparison of the displacement curves for 5 experiments (Tests 9, 10,
13, 16 and 17 shown on Table 3) in which the weight and the lay-ups are the same,
varying just the impact height, and consequently, the velocity.
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-1
-2
-3
V = 2.4m/s

-4
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-5

V = 3.4m/s
-6

V = 4.4m/s

-7

V = 4.9m/s

-8
0

1000

2000

3000

4000

5000

6000

Time (microseconds)
Figure 18: Velocity comparison

As can be observed from Figure 18, the displacements increase with the impactor
velocity but the total time taken for the plate to vibrate (reach the maximum displacement
and come back to the initial position) does not change, showing that the experiments are
in accordance with the structural dynamics equations that state that

is not dependent on

the velocity of the impact. On the other hand, if the velocity is kept constant and the mass
of the impact changes, the total time changes. Figure 19 shows a comparison of the
displacement for 3 experiments (Tests 16, 18 and 20 shown on Table 3) in which the
velocity is the same and the mass is changed.
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0

Displacement (mm)

-2
-4
Weight = 2.492 kg

-6

Weight = 4.488kg

-8

Weight = 6.497kg
-10
-12
0

2000

4000

6000

8000

10000

Time (microseconds)
Figure 19: Mass Comparison

It is important to notice from Figure 19 that the period of the vibration

increases when

we increase the weight of the impactor. Another important comparison that can be made
is with respect to the total energy of the impact, varying the velocities and weights in
such a way that the total energy stays the same. Figure 20 shows 2 situations (Tests 4 and
8 shown on Table 3) in which the final energy of the impact is the same. What can be
observed from those two experiments is that the maximum displacement is proportional
to the energy of the impact, which follows the energy principles in structural mechanics
(principles that make use of the total potential energy of a system to obtain values of an
unknown displacement at a certain point) REDDY (2002).
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-6

V = 4.2m/s
Weight =
2.492kg

-7
-8
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Figure 20: Same energy comparison

4.2

MODELING RESULTS

Before modeling glass-fiber composites subjected to impact loads, some considerations
about the modeling conditions have to be established. Since the cylinder impacts the plate
along the direction of the fibers, the problem can be approximated by a 2D geometry,
reducing the number of degrees of freedom (DOFs) and, consequently, the computational
time required in the simulation. Furthermore, due to the symmetry of geometry, only half
of the plate needs to be modeled without loss in accuracy, which further reduces the
computational effort required.
The model consists of a weight with a cylinder on its tip falling vertically with a
prescribed velocity

over a half of the glass fiber composite plate held by two steel

half-cylinder that simulate the boundary conditions in the problem. It is important to
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mention that the velocity was obtained from the high speed camera images. Figure 21
provides some details about the loads, geometry and material properties used in this
model. It is noteworthy to say that interface contact elements have been implemented in
the model, allowing contact among two solid objects. It is also important to mention that
Lagrange multipliers have been used, avoiding interpenetration between elements
(SOUZA, 2009).

Figure 21: Modeling details

4.2.1 Material Properties
In the global scale, the plate is assumed to be a homogeneous linear viscoelastic material,
while the impactor and the half-cylinders are assumed to be linear elastic materials. The
heterogeneities of the material (fibers) are accounted for the local scale structure. In order
to reduce the computational effort, a Unit Cell (a cell with a single fiber in its center) is
used to represent the microstructure of the material instead of a representative volume
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element (RVE) (which is the smallest cell that represents the overall behavior of the
properties of the entire structure). Also, an RVE should produce the same properties
either with traction or displacement boundary conditions, as shown on Figure 22,
obtained from SOUZA (2009).

Figure 22: Convergence of properties of a RVE with different boundary conditions
(Source: SOUZA, 2009)

The material properties used herein for matrix, fiber and steel parts were obtained from
literature and are presented in Table 6. Besides bulk material properties, some cohesive
zone properties are also presented in Table 6. It is important to mention that those
material properties are used for multiscale simulations.
For the single scale simulations, Rule of Mixtures (ROM) was used to obtain the overall
density of the composite. However, the ROM cannot consider shape, orientations and
sizes of the inclusions, being very inaccurate when there is a big difference among the
properties of the basic constituents. Therefore, a numerical relaxation test of a unit cell
was made in order to obtain the relaxation modulus of the global structure.
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Table 6: Material properties
Bulk materials
Fiber
E(GPa)

(kg/m3)

Matrix
80
0.3
2500


(kg/m3)

0.3
1170

I
Ei(Gpa)
i(s)
0.167

Steel
1
0.199
1.00E-02
E(GPa)
250
2
0.191
1.00E-01
0.29
3
0.314
1.00E+00

(kg/m3)
7850
4
0.149
1.00E+01
5
0.498
1.00E+02
6
0.697
1.00E+03
7
1.270
1.00E+04
8
0.891
1.00E+05
9
0.650
1.00E+06
Cohesive zone for local scale
matrix-matrix
matrix-fibers
1.00
1.00
n (m)
1.00
1.00
t (m)
Tn (MPa)
200
150
Tt (MPa)
500
300
A
0.3
0.5
M
1.2
1.5
Cohesive zone for global scale
matrix cracks
delamination
n (m)
1.00
1.50
t (m)
1.00
1.50
Tn (MPa)
150
200
Tt (MPa)
300
400
A
0.3
0.5
M
1.2
1.5
*Cohesive zone viscoelastic properties are same as for the bulk matrix

Besides those main decisions about loads, geometry and material properties used in the
model, some other general modeling parameters such as boundary conditions, time step
and mesh convergence have to be determined.
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4.2.2 Mesh Convergence Analysis
The first study that has to be made is a mesh convergence analysis. This analysis
basically consists in determining the minimum mesh refinement required to produce
numerical results (displacement in this particular analysis) converging to a certain value,
minimizing numerical errors inherent from the finite element method. However, it is also
essential to analyze the simulation running time required for every mesh in order to
minimize the computational effort with the maximum feasible accuracy. Table 7 shows
simulation time, number of DOFs and number of elements for six meshes that were
analyzed in this mesh convergence study. Figure 23 shows the displacement x time
curves for the six situations analyzed while Figure 24 shows the maximum displacements
for each mesh.
Table 7: Mesh convergence analysis
Simulation time (hours)

DOFs

Nº Elements

Mesh 1

1.04

282

207

Mesh 2

1.59

834

302

Mesh 3

4.02

982

394

Mesh 4

6.11

1374

1194

Mesh 5

9.17

2068

1847

Mesh 6

12.63

2670

2670
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Figure 23: Mesh convergence analysis

Maximum Displacement (mm)
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4.8
4.5
4.2
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0
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Figure 24: Maximum displacement convergence

2500
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Analyzing Figures Figure 23 and Figure 24 and looking at the time taken for every
simulation to run (Table 7), it is reasonable to say that mesh 4 (1374 DOFs) has the best
cost-benefit, having a relatively small error and yet requiring about 50% of the time taken
by the most refined mesh.

4.2.3 Time Step Study
Another very important modeling aspect would be the size of the time step in the
simulation. This parameter is not only important for the convergence of the values, but
also in the total time of the simulation. The idea is to find the largest possible time step so
more time can be simulated with less solution steps being solved by the code. For
instance, if a time step is determined to be 1 ms one would need 1000 solution steps to
simulate a one second event. On the other hand, if the time step is 10 ms, just 100
solution steps would be required to simulate the same total time, dramatically reducing
the computational effort necessary for the simulation.
In a dynamic problem, the time step should be small enough so the wave propagating
does not cross one entire element without being detected, which means that the time step
should depend on the stress wave speed propagating in the material and on the refinement
of the mesh. For example, if the wave speed is 1m/s and the minimum distance between
two integration points is 1cm, the wave will pass through this element within 1/100 of a
second, which means that the time step should be smaller or equal to that.
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For a homogeneous isotropic material under uniaxial strain conditions, the longitudinal
wave speed depends on the bulk modulus and on the density of the material and it can be
given by Equation 26.

(26)

Once the mesh is defined, the sizes of the elements are known, and, subsequently, the
distance between two integration points can be calculated. Knowing the wave speed and
the minimum distance between two integration points, the time step can be calculated in
such a way that a wave does not propagate through an element without being “detected”.
However, since the wave propagating does not follow uniaxial strain conditions, a time
step analysis is very important to guarantee convergence of the results. The wave speed
presented in Equation 26 can be used as an initial step in this study. For this study, seven
possible time steps were used as described in Table 8. The results for the displacements
in the bottom of the plate are shown in Figure 25.
Table 8: Time step convergence analysis
Time Step

Number of solution steps

Simulation time (hours)

500ns

20,000

0.45

200ns

50,000

1.18

100ns

100,000

2.38

50ns

200,000

4.75

25ns

400,000

9.45

10ns

1,000,000

24.35

5ns

2,000,000

48.93
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Figure 25: Time step convergence analysis

From that graphic, it is possible to observe that only the two first time steps did not
converge to the same results of displacement. For those two simulations, unreasonable
values were found for the displacements, indicating that some numerical errors were
found in the code. For that reason, the displacements of those two situations were not
plotted in Figure 25. For all the other situations, the displacements converge to the same
values indicating the convergence of the time step. Therefore, a 100 ns time step will be
used in this analysis without any loss in accuracy.

4.2.4 Boundary Conditions Study
Another very important aspect of the modeling is the definition of the appropriate
boundary conditions. These boundary conditions are based on the observation of the
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images from the high speed camera. The idea is that the boundary conditions used in the
model should simulate as close as possible the phenomena observed in the experiments.
For this study, 7 different situations were modeled (Figure 26): BC 1 is constrained on
the top and on the bottom of the plate in both x and y directions; BC 2 in constrained on
the top in the x direction and on the bottom in both x and y directions; BC 3 is
constrained just on the bottom in both x and y directions; BC 4 is constrained just on the
bottom and just in the y direction; BC 5 is constrained on both the top and bottom of the
plate in the y direction; BC 6 is modeled considering two cylinders on the top and bottom
of the plate (the plate is constrained by the use of contact element in the interface region,
but there are no nodes in the plate constrained); BC 7 is modeled similar to BC 6 with the
difference that in BC 7 the bottom node is also restrained in both the x and the y
directions.

Figure 26: Boundary conditions analysis
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It is important to notice that BC 6 would be simulating an ideal situation in which no
friction exists between the plate and the two cylinders (coefficient of friction equal to
zero) while BC 7 would be a situation with a coefficient of friction going to infinite (ideal
situation). It is also valid to remember that a lubricant was used in the experiments to
reduce the friction among the plate and the cylinders. Figure 27 shows a comparison
among the displacements of the 7 situations presented above and the experimental result.

Displacement (mm)

0
BC1
BCs 2 and 3
BCs 4 and 5
BC 6
BC7
Experiment

-2
-4
-6
-8
-10
0

1000

2000

3000

4000

5000

6000

7000

Time (microseconds)
Figure 27: Boundary conditions comparison

It can be observed from the results of these analyses that the boundary conditions BC 2,
BC 3, BC 6 and BC 7 are very close the experimental results. However, from the high
speed camera images is possible to observe that the plate slide in the x direction, situation
that is only allowed in the simulations by the boundary conditions BC 6. In this sense,
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this set of boundary conditions seems to be the most reasonable to represent the real
conditions observed in the experiments. Another very important conclusion that can be
taken from Figure 27 is the importance of selecting appropriate boundary conditions in a
three point bending test like the one presented herein. The results show that the maximum
displacement for the softer situation can be up to 2 times larger than the one in the stiffer
case, which is obviously very representative when modeling real situations.

4.2.3 Simulation Impact Problem
In this section, the results of the simulation of the cylinder impacting the plate will be
presented. The conditions for this simulation are the ones presented for Test 6 (see Table
3) because this experiment presents a reasonable amount of damage that does not violate
the assumptions of the model about the crack homogeneity. For this problem, five distinct
cases were considered as shown in Table 9.
Table 9: Simulation cases
Type of Analysis

Damage

Case 1

Single Scale

Matrix Cracks

Case 2

Single Scale

Delaminations

Case 3

Single Scale

Matrix Cracks and Delaminations

Case 4

Multiscale

No Damage

Case 5

Multiscale

Matrix Cracks in the Local scale

Case 6

Multiscale

Cracks in both Local and Global scales
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The modeling results for the stress in horizontal direction (

) are shown in Figures

Figure 28 to Figure 36.
Time=1.3 ms

Time=2.6 ms

Time=3.9 ms

Time=5.2 ms

Time=6.5 ms

Time=7.8 ms

Figure 28:

for Case 1 at different times
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Time=1.3 ms

Time=2.6 ms

Time=3.9 ms

Time=5.2 ms

Time=6.5 ms

Time=7.8 ms

Figure 29:

for Case 2 at different times
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Time=1.3 ms

Time=2.6 ms

Time=3.9 ms

Time=5.2 ms

Time=6.5 ms

Time=7.8 ms

Figure 30:

for Case 3 at different times
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Figure 31:

for Case 4 at t = 1.3 ms and 2.6 ms
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Figure 32:

for Case 4 at t = 3.9 ms and 5.2 ms
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Figure 33:

for Case 4 at t = 6.5 ms and 7.8 ms
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Figure 34:

for Case 5 at t = 1.3 ms and 2.6 ms
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Figure 35:

for Case 5 at t = 3.9 ms and 5.2 ms
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Figure 36:

for Case 5 at t = 6.5 ms and 7.8 ms
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Figure 37:

for Case 6 at t = 1.3 ms and 2.6 ms
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Figure 38:

for Case 6 at t = 3.9 ms and 5.2 ms
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Figure 39:

for Case 6 at t = 6.5 ms and 7.8 ms
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From case 1, the simulation was performed in such a way that the automatic insertion
algorithm would add new internal boundaries (cracks) just in the vertical direction,
simulating only matrix cracks, as can be observed on Figure 28. For the second case,
cracks were allowed just in the horizontal direction, simulating delamination in the plate
(Figure 29). In the third case, the cohesive zone parameters found in case 1 and 2 were
used in such a way that both matrix cracks and delaminations were allowed to grow, as
can be seen in Figure 30. It is noteworthy to say that even using the same delamination
properties for cases 2 and 3, the delamination is more pronounced in the latter case. On
the other hand, the amount of matrix cracks reduced from case 1 to case 3.
In the multiscale cases, what can be clearly observed is that the microstructures close to
the bottom of the plate are subjected to high tensile stress, which for the multiscale case
with damage resulted in crack growth and posterior propagation, while the ones close to
the top are subjected to compressive stresses. Furthermore, the elements close to the
supports experienced high concentration of stresses.
When comparing cases 5 and 6, which are both multiscale (with the difference that case 6
has damage in both scales), one can observe much more damage in the second situation
(damage in both scales), even with the model having no connections of the cracks itself
among the two scales. That can be explained by the fact that once the damage increases
in the global scale, there is a concentration of stresses in specific points, causing even
more damage in the local scales. On the other hand, the microstructures have their
strength reduced by the growth of new cracks, affecting, therefore, the constitutive
behavior of the global scale. That increases even more the crack density in the global
scale.
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4.2.4 Comparison among Experiment and Simulations
Finally, a comparison of displacement x time curves between experimental and
simulation results is presented in Figure 40. One can observe that the displacements for
case 5 are not very different from the ones in case 4. That can be explained by the fact
that there was a small amount of damage in the local scale for case 5. On the other hand,
the cases with damage in the global scale differ a lot from the case without damage,
because a crack in the global scale would represent a localization of a crack in the local
scale, which means that the microcracks in the local microstructure would have coalesced
into a macro global crack. Figure 41 shows the maximum displacement observed in all
five cases studied.
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Figure 40: Comparison among experiment and simulations
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

Due to the growth in the use of composite materials in structural components in the
energy, transportation, and military fields it is important to develop new methodologies
capable of accurately predicting the life and serviceability conditions of those parts. The
main intention of this work was to validate the multiscale finite element code developed
by SOUZA et al. (2008) against experimental results. The code has been validated before
against simple analytical solutions but there was still a need to test the code with real
problems. The study presented herein also included an analysis of the behavior of
composite materials experimentally when subjected to impact loading conditions and
several studies about the appropriate modeling conditions.
Some of the main conclusions of this work include:
•

Experiments can give us an estimation of how the material behaves under impact
load conditions, but does not give further information about damage initiation and
crack propagation. Also, the experiments are expensive and require a great
amount of work to set-up;

•

The multiscale approach seems to reasonably predict the material behavior when
subjected to impact loads. Simulation results are close to experimental results,
requiring one small fraction of the time and money required in the experiments;

•

Multiscale FE model can be used to evaluate phenomena that occur at the
microscale length. With that said, crack initiation and propagation can be
predicted as well as their critical points. That is extremely important not only for
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the understanding of the failure mechanisms of a part, but also in the design of
new structures.
However, some future researches need to be performed. Those future works include:
•

Experimental determination of bulk viscoelastic material properties for epoxy
resin;

•

Experimental determination of cohesive zone fracture properties;

•

Determination of a Representative Volume Element (RVE) for the microstructure
analyzed;

•

Convergence study for the local mesh.
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