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RESUMO

RIBEIRO, M. L. (2013) Modelos de falha e dano para estruturas aeronáuticas com
curvatura e fabricadas em material compósito. 234p. Tese - Escola de Engenharia de São
Carlos, Universidade de São Paulo, São Carlos.
As recentes melhorias nos processos de fabricação e nas propriedades dos materiais
associadas a excelentes características mecânicas e baixo peso tornam os materiais
compósitos muito atrativos para aplicação em estruturas aeronáuticas. No entanto, mesmo
novos projetos, ainda são muito conservadores, pois os fenômenos de falha dos compósitos
são muito complexos. Vários critérios e teorias de falha têm sido desenvolvidos para
descrever o processo de dano e sua evolução, mas a solução do problema ainda está em
aberto. Além disso, técnicas modernas de fabricação, como o enrolamento filamentar
(filament winding) vêm sendo utilizadas para produzir uma ampla variedade de formas
estruturais. Assim, este trabalho apresenta o desenvolvimento de um modelo de dano e a sua
aplicação para simular a falha progressiva de estruturas planas e cilíndricas fabricadas em
material compósito através do processo de filament winding. O modelo de dano proposto foi
implementado como sub-rotinas em linguagem FORTRAN (UMAT-User Material Subroutine
e, VUMAT-User Material Subroutine para simulações explícitas), que foram compiladas
junto ao programa comercial de Elementos Finitos ABAQUSTM. Várias análises numéricas
foram realizadas via elementos finitos, a fim de prever a falha dessas estruturas de material
compósito sob diferentes condições de carregamentos quase-estáticos e de impacto. Além
disso, vários ensaios experimentais foram realizados, a fim de identificar os parâmetros
relacionados com o modelo de material, bem como avaliar as potencialidades e as limitações
do modelo proposto.
Palavras-chave: estruturas curvas, materiais compósitos, modelo de material, análise
progressiva de falhas, Elementos Finitos.

ABSTRACT

RIBEIRO, M. L.(2013) Damage and progressive failure analysis for aeronautic composite
structures with curvature. 234p . PhD Thesis - São Carlos School of Engineering, University
of São Paulo, São Carlos.
Recent improvements in manufacturing processes and materials properties associated with
excellent mechanical characteristics and low weight have became composite materials very
attractive for application on civil aircraft structures. However, even new designs are still very
conservative, because the composite structure failure phenomena are very complex. Several
failure criteria and theories have been developed to describe the damage process and how it
evolves, but the solution of the problem is still open. Moreover, modern manufacturing
processes, e.g. filament winding, have been used to produce a wide variety of structural
shapes. Therefore, this work presents the development of a damage model and its application
to simulate the progressive failure of flat composite laminates as well as for composite
cylinders made by filament winding process. The proposed damage model has been
implemented as a UMAT (User Material Subroutine) and VUMAT (User Material Subroutine
for explicit simulations), which were linked to ABAQUSTM Finite Element (FE) commercial
package. Progressive failure analyses have been carried out using FE Method in order to
simulate the failure of filament wound composite structures under different quasi-static and
impact loading conditions. In addition, experiments have been performed not only to identify
parameters related to the material model but also to evaluate both the potentialities and the
limitations of the proposed model.
Key-Words: curved structures, composite materials, material model, progressive failure
analysis, Finite Element Method.
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development off primary structural
s
ellements. So
ome recentt designs, ee.g. Airbus A380 andd
e
for priimary strucctural elemeents such ass
Boeing 787 (Figgure 1), usee compositee materials even
wingg spars andd fuselage skins, prooducing ligh
ht weight structures without reeducing thee
airwoorthiness. However,
H
th
he applicatioon of comp
posite materrials in the ccivil aircrafft structuress
is stiill limited due
d to both the difficuulty in pred
dicting theirr service liffe and the certification
c
n
proceess ( Traveessa (2006)), Li and G
Goldberg

(2011), Zh
hou and Gaao (2012)). Also, thee

difficculty in predicting the structural fa
failure modees (Puck & Schürmannn, 2002) req
quires betterr
plannned test prrogram (Maaimí, Camaanho, Mayu
ugo, & Dáávila, 2007)) to reach the designn
requiirements.

(a)

(bb)
Figure 1: (aa) Boeing 787
7, (b) Airbuss A380

A
Among seveeral causes of damagee on compo
osite structu
ures, a speccial concerrn has beenn
givenn to damagee caused by impact loaadings. In faact, composiite structurees are more susceptiblee
to im
mpact damaage than th
he similar m
metallic stru
ucture. Imp
pact loadinggs may cau
use internall
damaage in com
mposite laminates, whiich cannot be detected
d normally by visual inspectionss
(veryy small or internal damage), connsisting of matrix
m
craccking, delam
minations and/or
a
fiberr
breakkage. However, this internal
i
dam
mage may cause a severe reducction of th
he structuree
strenngth (Abratee S. , 1998).
A
Associated to
t damage phenomenaa, the manu
ufacturing process connsists of an
nother veryy
impoortant aspecct for appliccation of coomposite materials.
m
Filament winnding is onee importantt
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method to produce composite parts. The basis of the filament winding process is the high
speed and the precise deposition of continuous fibers impregnated by resin onto a mandrel.
Several parts can be manufactured using a filament winding process, such as pressure vessels,
pipes, drive shafts and aircraft structures (panels and flight command surfaces). These
structures have high strength per weight, i.e. high specific strength. The geometry of the
mandrel is limited to producing closed and convex structures. Filament winding can produce
from small diameter tubes up to 40 meters, as well as large wind turbine blades. The
manufacturing process is computer controlled and the reinforcement may be oriented to match
the design requirement loads. With appropriate automation, this process is economically
attractive (Callister, 2011) and, it is possible to produce a wide variety of structural shapes
such as cylindrical parts and “quasi-flat” laminates (with high relative radius of curvature as
7.6 m), which are manufactured by a special mandrel. However, it is worth to mention that
complex parts even with cut-outs are not possible to be produced by using filament winding.
In this case, it is more strategic to use, for example, fiber placement process, which produces
aerospace parts with high quality.
In addition to the aspects commented above, it is very important to highlight that it is
difficult to find scientific contributions in the literature for flat or quasi-flat composite
laminates made by using filament winding. Thus, there is a scientific scenario, which
motivates the development of a damage model and its application to simulate the progressive
failure of quasi-flat (single curved) composite laminates and cylinders made by using filament
winding process. Also, numerical analyses via FEM (Finite Element Method) to model the
failure of flat filament wound composite laminates under different loading conditions are very
attractive not only for providing scientific contributions, but also creating new technologies
for the aeronautic industry.

1.1 OBJECTIVES
The present work aims to develop a material model to aid the study of damage and
progressive failure analysis of unidirectional long fibers composite structures, mainly with
curvature. This model should be easily implemented and would not significantly increase the
computational cost of finite element analyses. Also, the model parameters must be easily
identified and should require simple experiments. Therefore, the specific objectives of this
work consist of:
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 Formulating a new material model based on Continuum Damage Mechanics
(CDM) in order to predict, with good accuracy, the behavior of composite
structures (mainly with curvature) during failure process;
 Implementing the material model proposal as a FORTRAN subroutine in order to
be linked to the commercial finite element program ABAQUSTM. Thus, user
material subroutines defined as UMAT (for quasi-static simulations) and as
VUMAT (for dynamic simulations) need to be developed;
 Proposing a set of experiments to identify the model parameters. Thus, two groups
of experiments will be proposed. One group to characterize the material and
another to evaluate the damage evolution and how the stress state interacts with the
failure process. Based on this set of experiments, it is possible not only to
characterize the material, but also to determine the model parameters and partially
evaluate the material model potentialities;
 Performing a set of experiments in order to evaluate more deeply the potentialities
and limitations of the material model proposal, considering different geometries,
stacking sequences, type of loadings and etc;
 Carrying out Finite Element Analyses in order to simulate the experiments. Based
on the comparison between the numerical analyses and the experimental results, it
is necessary to discuss the advantages and disadvantages of the FE models.

1.2 ORGANIZATION OF CHAPTERS
In order to help the readers, this Thesis is divided into 7 (seven) Chapters, which are
summarized as follows:.
 CHAPTER 1: the first chapter presents the introduction, motivation, objectives and
the Thesis organization;
 CHAPTER 2: the second chapter presents the development of a new damage model
for composite materials. The specific literature review of progressive damage analysis
of composite materials is shown, as well as the theory used to develop the damage
model. After that, the procedures to identify the model parameters from experiments
are described in details. The new damage model is implemented as a FORTRAN
subroutine (UMAT and VUMAT – “user material”) linked to finite element software
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ABAQUSTM. The differences between implicit and explicit algorithms are also
discussed;
 CHAPTER 3: in the third chapter, the experiments results used to characterize the
material, as well as to identify the model parameters are described in details. The
experimental results to evaluate the model have also been presented (quasi-static and
impact tests). Procedures from American Standards for Testing Materials (ASTM)
have been used for all conventional tests and consulted as a guide for non
conventional tests. The results of experiments are discussed in details;
 CHAPTER 4: in this chapter, the new damage model is evaluated for quasi-static
loading cases of “flat” specimens, as well as for impact loadings on cylinders, veryfing
the model performance to simulate real filament winding structures. In fact,
potentialities and limitations of the new damage model are shown, considering the
comparison between numerical and experimental results;
 CHAPTER 5: in this chapter, the final conclusions based on the results of the previous
chapters are presented, correlating the obtained results and the established objectives.
Also, in the final of this chapter, it is possible to find a list of issues, which could be
investigated in future works;
 CHAPTER 6: this chapter shows the scientific publications developed by the author
during the PhD work.
 CHAPTER 7: the last chapter has all the references used to develop the present Thesis.
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2 MATERIAL MODEL
This chapter presents the development of the material model based on Continuous
Damage Mechanics in order to predict the failure behavior of composite structures. This
material model needs to be developed considering some important aspects:
 Requiring only simple tests for model parameters identification;
 Requiring only simple test coupons to be manufactured;
 Being simple to be implemented as a computational program;
 Possessing low computational cost;
It is important to mention that this material model has to be applied for either flat or
curved composite structures made of stacked plies with long unidirectional fibers.

2.1 FAILURE CRITERIA AND DEGRADATION LAWS
Two approaches are usually applied for laminate failure analysis. The first one, defined as
“first ply failure”, regards that the whole laminate fails when a single layer does. This
approach does not consider alternative load paths for the other laminate layers and, usually,
provides very conservative results. Also, the first ply failure approach only needs a failure
criterion. The other one, defined as “last ply failure”, is more complex because it considers
that the laminate fails only when its last ply does. The last ply failure approach requires a
failure criterion and a degradation law to be applied for the material elastic properties. In this
approach, the failed ply loads are redistributed to the other laminate plies.
On the other side, several macromechanical failure theories have been proposed for
composite materials. Some of them are adaptations of the isotropic failure criterion, which
accouts the anisotropy effects of composite materials (Daniel & Ishai, 2006). As reported by
Daniel and Ishai (2006), lamina failure theories are classified as:


Limit or noninteractive theories: either the lamina stress or the strain state acting
values (in local coordinate system) are compared to the corresponding stress or
strains allowable values. There are no interactions between the stress and strain
components;



Interactive theories: all the stress components are included in one expression and
there is no distinction among the failure modes;
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Theories based on failure modes : different failure criteria are defined for each
failure mode.

In fact, the prediction of mechanical behavior for composite structures is very
complicated, because these structures exhibit multiple types of damage before total laminate
rupture. The intrinsic heterogeneity of composite materials makes the failure process very
complex and not well defined. This process involves a quite different number of phenomena,
such as fiber fracture, fiber pull out, matrix cracking, fiber debonding, fiber kinking, interface
cracks and fiber splitting, which can be defined as intra-ply failure modes. In addition,
composite structures are normally made of the stacking of plies. And, it is very common to
observe also delaminations between plies, which are defined as inter-ply failure modes. It is
important to highlight that the difficulty in predicting the structural failure modes (Puck &
Schürmann, 2002) requires better planned design test program (Maimí, Camanho, Mayugo, &
Dávila, 2007) for aeronautic applications. Thus, considering this scenario, recent evolutions
have brought significant improvements to composite materials properties, e.g. tensile strength
and inter-laminar fracture toughness (Yokozeki, Ogasawara, & Ishikawa, 2005). However,
these new discoveries have not been enough to overcome the challenges related to the
prediction of composite structures mechanical behavior. On one side, the evaluation of
compression failure has still been considered essential for the safety design of composite
structures because the compressive strength is often lower than 60% of tensile strength
(Budiansky & Fleck, 1993). On the other side, under flexural loads, the mechanical behavior
of the composite structures can be driven by matrix properties, which are much lower when
compared to fiber properties. In addition, matrix not only transfers the stresses to the fibers,
but also protects the fibers and provides an alternative load path when a fiber fails (Reid &
Zhou, 2000). Therefore, there are many reasons to improve the prediction of the mechanical
behavior of composite laminates made of polymer matrix.
Continuous Damage Mechanics (CDM) has been applied by several authors in order to
model failure phenomena in composite materials. For example, Donadon et al. (Donadon,
Frascino, Arbelo, & Faria, 2009) have recently applied the CDM with crack smeared
formulation to model progressive failure mechanisms in composite structures. Pavan et al.
(2010) have used CDM in the development of a material model, which accounts the viscoelastic effects in the failure process of composites. Flatscher and Pettermann (2011)
performed finite element analyses for open hole specimens subjected to uniaxial tensile loads,
combining CDM and Plasticity Theory. Besides, multiscale approaches have been addressed
in order to develop models based on micromechanics and mesomechanics of laminated
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composites, and these approaches have created a synergy between them. In this context, a
semi-discrete and multiscale approach that called the computational damage micromodel for
laminated composites has been presented by Lubineau and Ladeveze (2008). Transverse
microcracking and microdelamination have been described through discrete cracks, for which
minimum cracking surfaces have been introduced according to finite fracture mechanics. The
cracked ply was assumed to be made of a “fiber-matrix material”, whose homogenized
behavior has been described through a continuum mechanics model. The authors
implemented the model into ABAQUSTM through a User Material subroutine (UMAT) and
discussed the advantages and limitations of the new proposed approach. In fact, not only the
multiscale approaches for micromechanics integrated to mesomodel with CDM have been
used to evaluate composite failure but also the combination of Fracture Mechanics Theory
and CDM. Lubineau (2010) described a pyramidal scheme to formalize the imbrication of
classical micromechanics based on discrete fracture mechanics coupled with damage
mechanics. The researcher has applied the pyramidal approach to deduce homogenized law to
be implemented into a commercial finite element software.

2.2 FAILURE MECHANISMS AND THEORETICAL MODELS
Due to both composite heterogeneity and anisotropy, it has been observed multiple
mechanisms of damage before the total failure. Thus, failure of composite materials and
structures are very complex and not well defined. However, as commented earlier, it is
possible to summarize composite laminate failures in two types of modes:
1. Intra-ply failure modes: damage at fibers, polymeric matrix and/or interface between
fibers and matrix (Figure 2(a));
2. Inter-ply failure modes: delaminations between plies (Figure 2(b)).
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(a)
(b)
Figure 22: (a) intra-ply failure of composite (A
Anderson, 19
995); (b) inteer-ply failuree of composiite
(delaamination).
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Regarding the numerical methods used to simulate structures it is possible to mention that
Finite Element Method (FEM) is the most popular numerical technique applied to structural
analysis. The process analyses via FEM allow to model complex structures, providing
displacements, strains and stresses components. Based on the stress components, it is possible
to carry out the progressive failure analysis using a theoretical model and strength values as
well. However, it is not a simple task, since some models demand a high computational effort
whereas the analysis time may be considerable. Also, material with softening behavior
normally presents severe convergence problems because the Jacobian matrix is no longer
positive definitive. This issue is more pronounced when implicit finite elements programs are
used (Lapczyk & Hurtado, 2007). Nevertheless computational simulations create some
problems, they can reduce the characterization costs of composite materials and support the
optimization of these materials (Meer & Sluys, 2009). Moreover, Xiao (2007) showed that
some damage model parameters can be identified by correlations among computational
simulations with standard material test results. In addition, some damage effects due to “free
surfaces” and discontinuities can be detected by the reduction of some physical properties as
stiffness, yield stress, hardness, ultrasonic wave velocity, density, etc (Lemaitre, 1996). Some
of these physical effects allow measuring the damage in an inverse way, mainly with the
support of CDM approach, which has been used by several authors to describe the damage
process (initiation and propagation) as commented before.
Based on the considerations shown above, the present work used CDM to develop the
mathematical formulation of the material model and numerical simulations via FEM in order
to evaluate the potentialities of the proposed model.

2.2.1 LONGITUDINAL FAILURE
When a unidirectional, UD, composite lamina is loaded in fiber direction (see Figure
3(a)), the largest portion of the load is supported by the fibers due to their high stiffness
compared to the matrix. Also the transmission of tensile loads in the fibers is not influenced
by the state of damage in the matrix (Matzenmiller et al., 1995). The behavior of
unidirectional lamina varies because of several factors such as: fiber volume fraction, matrix
material, fiber material, manufacturing process, compressive or tensile load, etc. After fiber
failure, the internal loads are redistributed and it may cause a structural collapse (Maimí,
Camanho et al., 2007).
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In UD composites, intralaminar failure mechanisms trigger structural collapse almost
immediately. However, multidirectional composites can support an increase of intralaminar
failure before final collapse (Maimí, Camanho et al., 2007).
Considering that the fiber limit strain value is usually lower than the matrix limit strain
value, when this unidirectional composite lamina is loaded in fiber direction, fibers will fail
before the matrix. The majority of load supported by the fibers will be transferred to the
matrix. However, under tensile loads, the fibers tend to straighten, what may contribute to
matrix damage (Herakovich, 1998).
On the other hand, under compressive load, the composite failure is considered to be a
fiber microbuckling problem. This phenomenon is influenced by several factors such as fiber
size and shape, fiber waviness, fiber matrix bonding, fiber and matrix stiffness and strength
(Herakovich, 1998). The compressive load carrying capacity is severely affected by the
effective stiffness and strength of matrix. The matrix works as an elastic base for the fibers
under compression (Matzenmiller, Lubliner et al., 1995).
Whereas fiber tensile strength XT can be regarded as the true fiber tensile strength, fiber
compressive strength XC is usually not the true fiber compressive strength, because
compressive failure mostly occurs through elastic instability (Puck e Schürmann, 2002). Also,
compressive strength of composite materials is highly dependent on the fiber alignment,
where low values of misalignment can lead to a drastic reduction of the compression strength
((Wisnom, 1990) (Yokozeki, Ogasawara et al., 2006)).

2.2.2 TRANSVERSE FAILURE
The transverse behavior of unidirectional composite (Figure 3(a) - directions 2 and 3)
materials is highly anisotropic and for its strength it is considerable smaller comparing to fiber
direction strength. Even when loaded in fiber direction, the composite may fail in transverse
direction, having a significant influence for the composite strength (Callister, 2011).
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(a)

((b)

Fiigure 3: (a) Lamina
L
coord
dinate system
m, (b) Failuree plane orien
ntation (Puckk e Schürman
nn, 2002).
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Moreover, the cracks closures allow forces to be transmitted through the cracks, when

 22  0 . Schuecker & Pettermann (2006) regarded this effect as stiffness recover for shear
modulus.
Another important issue of composite transverse direction failure is how the shear stress
affects the failure plane angle. For high in-plane shear stress compared to transverse stress,

12   22 , the fracture plane is perpendicular to the mid-plane. And, increasing  22 , the
fracture plane angle changes (Maimí, Camanho et al., 2007).

2.2.3 CONTINUOUS DAMAGE MECHANICS
The qualitative mechanical behavior of engineering materials, such as metals, polymers,
ceramics and composites, are very similar despite their physical differences. These similarities
imply that common “mesoscopic” properties can be explained by energy mechanisms similar
for all those materials. These characteristics make possible to apply the CDM and
Thermodynamics Theories to model the material behavior, regardless the differences and
complexity of their physical structure (Lemaitre, 1996).
The creation and growth of microvoids and microcracks are known as damage (Lemaitre
and Desmorat, 2005). The deterioration of materials properties, when loaded, can be
simulated through internal variables to describe the damage process (Lemaitre, 1996).
There are different forms of damage manifestations in a continuum media such as
(Lemaitre, 1996):
 Brittle damage occurs when a crack is initiated in a mesoscale without
considerable plastic strains;
 Ductile damage occurs when nucleation and growth of microvoids and
microcracks take place in the media as a result of plastic strains (Kachanov, 1986);
 Creep damage occurs when a metallic structure is loaded under elevated
temperatures and the plastic strains involves viscosity (Lemaitre, 1996);
 Low cycle fatigue damage occurs when a material is cyclic loaded at high values
of stress or strain;
 High cycle fatigue damage occurs under cyclic loads lower than a reference stress
leading to a material deterioration.
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K
Kachanov (1986)
(
pressents other types of damage
d
as embrittlem
ment of steeel, chemo-mechhanical dam
mage, enviro
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d
of concrete,
c
alsso.
T
The classicaal formulation of CDM
M regards th
he existencee of energyy potentials,, whose thee
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m
before, dam
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d microcraccks (surfacee discontinu
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Figuree 4: Represenntative Volume Element with damagee

W
Where the damage
d
of th
his elementt can be regarded as thee ratio betw
ween the dam
mage area (

 S DXX ) and totall area (  S )::

S

D  n , x   DX
S

(1)

W
When D  0 , the materrial is undam
maged and when D  1 , it is fullyy damaged (Lemaitre
(
J..
, 19996).
D
Damage usuually is non
n-isotropic ((Lemaitre & Desmoratt, 2005). Reegarding a surface
s
S


with normal n and a refeerence vectoor  (Figurre 4), a mo
ore general tensorial notation
n
forr
damaage is:

I

ijkl

 Dijkl  vk nl S  vi nˆ j Sˆ

(2)
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Where n̂ is the effective normal vector related with the effective area (  Ŝ ).
For anisotropic damage, a good representation of damage physics as well as its
compatibility with thermodynamics is much more complicated. The effective stress is given
by the following equation:

viˆ ij nˆl Sˆ  vi kl n j S

(3)

Using the EQ. (2), it is possible to write:

ˆ ij  I ijkl  Dijkl  vk nl S   kl vk nl S

(4)

It is important to mention that the fourth order damage tensor ( Dijkl ) has the following
symmetries: Dijkl  Dijlk  D jikl  Dklij . Considering those symmetries, the effective stress
tensor is (Lemaitre & Desmorat, 2005):

ˆ ij   kl  I  D klij
1

(5)

Regarding the forth order damage tensor, there are some restrictions for this tensor:
 Symmetry of the effective stress;
 Effective stress independent of the strain behavior and Poisson’s coefficient;
 Compatibility with the Thermodynamics;
 Different damage effect on the hydrostatic stresses behavior;

The actual elasticity tensor softened by damage is:
( I ijrs  Dijrs ) Erskl  Eˆ ijkl

(6)

For composite materials, the damage mechanism is different in tension and shear. Thus, it
is necessary two independent scalar variables to describe this influence on the elastic shear
and hydrostatic energy. These variables are Ds (for the deviator stress components) and Dn
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(for hydrostatic stress). Hence, the anisotropic complementary energy density for damaged
media is (Lemaitre J. , 1996):

we 

1
1
1
1
Eijkl   ijD klD   Eijkl   H2  ij kl

2
2

(7)

Where  ijD is the stress deviator stress tensor,  H is the hydrostatic stress and  ij is the
Kronecker delta.

Ys 

we
Ds

(8)

Yn 

we
Dn

(9)

These derivatives can be written, using engineering constants (Lemaitre J. , 1996):

Ys 

we
122

Ds 2G12 1  Ds 2

(10)

Yn 

we
 222

Dn 2 E22 1  Dn 2

(11)

Considering that the principal directions remain constant along the time, the damage has
the same principal directions as the stress (Lemaitre J. , 1996). It results in effective stresses
for three dimensional principal directions, which are:
  11

 1  D1 

ˆ   0


 0


0

 22

1  D2 
0





0 

 33 
1  D3  
0

(12)
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Where D1 , D2 and D3 are the damage variables in the principal directions for three
dimensional stress states.

2.3 FIBER BEHAVIOR MODEL
For longitudinal tensile loads, i.e. loading applied in the fiber direction of the lamina  11 ,
the behavior of each unidirectional lamina (e.g. made of carbon fiber with epoxy resin) under
tensile can be considered to be linear elastic with a brittle fracture, which is simulated by
using the Maximum Stress Criterion (EQ.(13)). After the failure detection, the damage
variable in fiber direction, d1, is set to “1” (one).
There is no gradual evolution of the parameter d1 in order to represent the abrupt failure
phenomenon of the fibers, what has been observed during experiments. Therefore, d1 abrupt
change may cause localizations issues. Thus, the degradation of properties occurs at the end
of the time step via FEM solution. There is not any degradation during each iteration process.
Hence, this strategy is similar to the viscous damage models, which create a time delay to
reduce the properties by retarding the localization process. However, it is necessary to
evaluate the time step in order to limit the size between the last step (where the damage was
calculated) and the next step (where the damage is applied). Also, it is strategic to verify the
FE mesh sensitivity during the numerical simulations in order to obtain better results.

11
XT

1

(13)

On the other hand, the behavior of the composite lamina under compressive longitudinal
loads is linear elastic until a specified value; then the lamina starts to behave like a nonlinear
elastic material. This nonlinear elastic limit X C 0 is identified by the experimental
compression tests for 0o coupons. And, the compression failure is detected by using the
EQ.(14).

 11
XC0

1

(14)
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A
After 11  X C 0 , any increasing
i
iin the fiber compressio
on load willl result in a non-linearr
elastiic stress-strrain behaviior. This noon-linear ellastic behav
vior is sim
mulated usin
ng a secantt
moduulus as show
wn by the EQ.
E (15):

E11 

XC0

111

1  h     h   E
1
11

11

(15)

110

h  11  is obttained from the fit of stress-strain curves for 0o couponss
W
Where the parameter
p
undeer compression loading
g; 11 is thee strain com
mponent in the
t fiber dirrection and E110 is thee
initiaal elastic moodulus meassured from experimenttal data of 0o coupons uunder compression.
T
The proceduure adopted in this worrk to fit the experimenttal curve is presented in
i Figure 5..
For eexample, a hypotheticaal experimeental curve shown
s
in Fiigure 5(a) iss required to
t be fit, byy
usingg the secantt modulus.

(a))

(b)

(c)

Figure 5: Hypoothetical exp
perimental daata (a); Secan
nt modulus (b); Successivve secant mo
odulus (c)

T
The linear ellastic behav
vior of the sstress strain curve is valid up to  0 , after this stress
s
level,,
the ccurve starts to show a nonlinear
n
b ehavior. Th
his nonlineaarity can be modeled by
b using thee
secannt method as
a shown by
y Figure 5((b). In this figure, E0 is the initiall elastic mo
odulus, E iss
the secant moduulus,  E0 is the stiffnesss for the strress-strain curve
c
abovee the elastic limit  0 , 
is thee total strain,  0 is the strain at  0 and  p is the plastic strain. Bassed on Figu
ure 5(b), thee
secannt elastic modulus is giiven by:
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E

0
1      E0


(16)

To improve the experimental curve fit, the previous procedure has been applied several
times as shown by Figure 5(c). Thus the parameter  becomes function of the strain. For the
present work, the parameter h in EQ. (15) is the same as the parameter  in EQ. (16). Based
on the real experimental data of 0o compression curves, the linear regression for h is given by
EQ. (17). However, the experimental tests will be commented in details later.

h  11   26.32  11 +0.35

(17)

The previous approach to account for the effect of the compression loads on the structural
behavior is different from the others shown by some researchers, who also used CDM in their
model formulation.

2.4 DAMAGE MODEL FOR TRANSVERSE AND SHEAR LOADING
Assuming a plane stress state in each unidirectional lamina of the quasi-flat filament
wound laminate, the damage process in the matrix is driven by the stress components  22
(transverse loading – direction 2) and  12 (shear loading – in plane 1-2). A nonlinear behavior
has been observed in some experiments performed by the present author, mostly when the
fibers and loading are not aligned. This nonlinear behavior is due to matrix inelastic strains
and damage ( (Puck & Schürmann, 2002), (Ribeiro, Tita, & Vandepitte, 2012)). In order to
model the matrix damage process, two internal damage variables d2 and d6 have been used,
ranging from “0” (zero), for undamaged material, to “1” (one) for totally damaged material.
Based on Continuous Damage Mechanics (CDM), the hypothesis of effective stress relates
the damage variables to the plane stress state at the lamina (Herakovich, 1998) as shown by
EQ. (18).
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 1

1  d1
ˆ
 11  
  
ˆ 22    0
 ˆ  
 12  
 0


0
1
1  d2
0


0 
  11 
  
0    22 
  
 12 
1 

1  d6 

(18)

EQ. (19) shows the damaged strain energy density in terms of effective stresses
accounting only for matrix phase stresses (Herakovich, 1998).

 222 
 222 
 122
1



ED  
2  E220 1  d 2 
E220
G120 1  d 6  



Where the operator x
x  0 ; otherwise x





 x , if x  0 ; otherwise x



 0 , if x  0 . And x

(19)



  x , if

 0 , if x  0 . Another important concept adopted consists of the

Thermodynamic Forces, which relates the damage variables and strains energy density ED
(EQ.(20) and (21)) (Ladeveze & LeDantec, 1992).

 22 
E
Y2  D 
d 2 2 E220 (1  d 2 ) 2

(20)

ED
 122
Y6 

d 6 2G120 (1  d 6 ) 2

(21)

2

According to CDM, micro-cracks and micro-voids are opened in the matrix when the
lamina is under transverse tensile stress, i.e. the load is applied in the direction normal to the
fibers (direction 2). However, when the lamina is under transverse compression, micro-cracks
and micro-voids can be closed in the matrix (Herakovich, 1998). To model this behavior, the
damage variable d2 can change only when  22  0 , but the damage parameter d6 can change
regardless of the shear stress sign,  12 .
The composite structures damage initiation can be identified by the stiffness reduction.
The elastic properties degradation can be evaluated by performing a cyclic tensile or
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compressioon tests. During
D
load
d-unload-looad cycle is
i possible to observve this stifffness
reduction ccompared too the initial stiffness (F
Figure 6).

F
Figure
6: Stifffness degraddation due to
o damage evo
olution.

To meaasure the daamage, firstly, it is assuumed that th
he structure is undamagged ( d  0 for
f E0
). Thus, thee damage prrocess is triggered wheen the structture starts to
o show a noonlinear beh
havior
(response). On the daamage proccess onset, the thermodynamic fo
orce is calcu
culated regaarding
ng cycle shows the stifffness reduction.
d  0 . As the load increases, thee first loadinng-unloadin
d by usingg d  1  Ei E0 and the thermodyynamic forrce is
Thus the damage is calculated
calculated by accountting the stru
uctural damaage for the point, whicch corresponnds to a loaadingunloading cycle (Figuure 6). In fact, this proccess has beeen repeated for each looading-unloading
cycle.
Anotheer importantt characteristic of the ddamage mo
odel is the mutual
m
influuence of  222 and
matrix damage processs as the dam
mage measu
urement for off-axis couupon. Thereefore,
 12 in the m
there are ccoupling paarameters in
n order to ccalculate matrix
m
damag
ge process.. Although these
couple parrameters weere determin
ned by Alliix, Ladevèzze, & Vitteccoq (1994) aand Ladeveeze &
LeDantec ((1992), in thhis work, th
he material model regaards that the damage vaariables d2 and
a d6
are writtenn as a functiion of the ply
p orientatiion (θ) and the Thermo
odynamic FForces (Y). Also,
these dam
mage variablles evolve following linear relattions as sho
own by EQ
Q. (22) and
d, the
parameterss A   , B ( ) , C   an
nd D   arre identified
d through ex
xperiments..

d 2  A   Y2  B( ) ;

d6  C   Y6  D  

(22)
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T
The damagee onset off compositee laminates can be id
dentified ass the deterrioration off
mateerials properrties (Kachanov, 19866). The elasttic properties deterioraation can be evaluatedd
by quuasi-static cyclic
c
tensille and/or coompressive tests. In thiis work, thee damage on
nset surfacee
is deescribed by the EQ. (23
3), where S12 y is the sh
hear stress linear
l
elastiic limit and
d  220 is thee
transsverse linearr elastic lim
mit obtained from experrimental anaalyses.




2S12 y
2
f   22
  122    S122 y 
 2

1   22

  222

 0
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(23)

F
Figure 7 shoows the new
w damage oonset surfacce and the experimenta
e
al data valu
ues for eachh
orienntation. Thiis new equ
uation is ussed in this work and the experim
mental dataa showed a
reasoonable correelation with
h the surfacce equation. On the oth
her hand, it is possiblee to observee
that tthere are few
w experimeental data annd more tessts could be conducted to verify th
he precisionn
of the damage thhreshold surrface.

Figuree 7: Damage threshold lim
mit and expeerimental datta

T
The damage onset occcurs whenn f  0 fo
or a given
n stress staate. Under transversee
comppressive loaads  22  0 , the matrixx is regarded
d to have a nonlinear eelastic behaavior due too
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experimental evaluations (Ribeiro, Tita, & Vandepitte, 2012). Therefore, this nonlinear
behavior has been simulated by using a secant modulus (EQ. (24)).

E22 

 22 y
1  g  22    g  22  E22
 22

0

(24)

The parameter g   22  is obtained from the fit of stress-strain curves for 90o coupons
under compressive loading. The procedure used for this case is similar to that used for fiber
under compression. For the transverse compression,  22 is the strain component in transverse
direction and E220 is the initial elastic modulus measured from experimental data of 90o
coupons under compression.
Based on the real experimental data of 90o compression curves, the linear regression is
given by EQ. (25). However, the experimental tests will be commented in details later.
g ( 22 )  14.61   22  0.36

(25)

This method to account the compression effects on the composite matrix is also different
from those previously published by other authors. Besides, the material model considers the
ply brittle fracture, using the strain energy, ED, until this energy reaches a critical value. Thus,
when ED is higher than a limit value (EDC) obtained by experiments, then d2 is equal to “1”
(one) and, d6 is equal to “1” (one), too.

2.5 MATERIAL MODEL SUMMARY
In order to help the application of the material model, Table 1 summarizes the new
damage model.
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Table 1: Material model summary
Failure Criteria

11
XT

 11
X C0

Type of Failure

Degradation Law

1

Fiber Tensile

E11  0

1

Fiber Compression

f 0

E11 

Matrix Compression

f 0

Shear

11

1  h     h   E
11

11

110

d 2  A Y2  B 

Matrix Tensile

f 0

X C0

E22 

 22 y
1  g  22    g  22  E22
 22

0

d 6  C  Y6  D  

Another important aspect of the damage model proposal consists of the adjustments for
the Poisson's coefficients to take into account the damage effect. Using CDM formulation
(Matzenmiller, Lubliner, & Taylor, 1995), the compliance tensor is given by EQ. (23), where
K  1  1  d1 1  d 2  12 21  .


1  d1  E11
1
D  1  d1 1  d 2  12 E11
K

0

1  d1 1  d 2  21E22
1  d 2  E22
0



0

K 1  d 6  G12 
0

(26)

Finally, in order to exclude material self-healing behavior, the damage parameters d1, d2
and d6 never decrease from their maximum values obtained during the calculation process.
Table 2 presents the differences between the proposed damage model and Ladevèze’s
model (Ladeveze & LeDantec, 1992). It is important to light that both models use the CDM
framework to predict the material behavior, but it is very easy to identify the differences
between some failure criteria and evolution laws.
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Table 2: Proposed model vs. Ladevèze’s model
Failure/Damage

Proposed Model

 11

Tensile

XT

Failure
criteria

 11

Compression

X C0

Fiber

law

Compression

Failure
criteria

1

E11 

X C0

-

11

d1  1

E11  E110 1    11

1  h     h   E
11

1

11

110



122  a 2 222  R  p   R0  0

Compression

f 0

122  a 2 222  R  p   R0  0

Shear

f 0

122  a 2 222  R  p   R0  0

Tensile

d 2  A   Y2  B  

Shear

E22 

 22 y
1  g  22    g  22  E22
 22
d6  C   Y6  D  

d2 

Y  Y0



Yc
-

0

d6 

Y  Y0'



Yc'

The differences start for the fiber compression failure criteria, where Ladevèze’s model
decreases the elastic parameter even at low loads level. However, for the model presented in
this work, the elastic modulus decreases after, under compression, the load in fiber direction
(direction 1) reaches some specified value, which is the limit between linear and nonlinear
behavior (response).
Despite both material models use the secant modulus to decrease the elastic modulus E11 ,
the proposed model is the function of the strain and Ladevèze’s model has a secant modulus
E11  E110 1    11



f 0

Compression

law

XT

Tensile

Matrix
Evolution

 11

1

d1  1

Tensile

Evolution

Ladevèze’s Model



 , which decreases in a constant way.

The damage onset surface is also different for both material models. Ladevèze’s model
regards the matrix plasticity, using the parameters R( p) and R0 . The proposed material model
uses a curve fit of the experimental data to identify the damage onset.
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Finally, Ladevèze’s model regards that the influence of the transverse and shear stress is
constant. The material model presented in this work regards the damage variable as dependent
on the ply orientation.

2.6 PARAMETERS IDENTIFICATION AND MODEL EVALUATION EXPERIMENTS
In order to identify the parameters and/or to evaluate the material model, standard tests for
tension, shear and compression and some additional off-axis and angle-ply have been selected
and performed.
Regarding Table 1, some special considerations must be taken for off-axis experiments. It
is very difficult to apply only a uniaxial stress state in an off-axis test coupon due to test
machine clamps. Although the applied load is uniaxial, the stress state is biaxial, with a shear
stress component  xy present. A detailed discussion about off-axis experimental testing can
be found in literature (Pierron & Vautrin, 1996) and (Herakovich, 1998), which describes that
the test coupon aspect ratio and lamina orientation have a significant influence on  xy .
Therefore, the present author followed the recommendations given by the literature. Also,
Pierron & Vautrin (1996) showed the effects of the end tabs in off-axis coupons tests.
As commented earlier, it is important to highlight that some tests have been used to
evaluate the material model. For example, the off-axis 15o and 30o compression and, off-axis
30o tensile test have been used for the model evaluation. In fact, those coupons have not been
used for the elastic properties material characterization, once the coupon aspect ratio is too
low. However, they are good test coupons to evaluate the model due to the complex stress
state. More details about experiments as well as the results will be shown in the next chapters.
Another important aspect is related to the determination of the damage variables. For this
case, cyclic experiments have been carried out and, the damage measurement procedure was
the same as that described in the literature ( (Allix, Ladevèze, & Vittecoq, 1994) (Ladeveze &
LeDantec, 1992)). For all experiments, the machine speed has been 0.5 mm/min and, in order
to avoid low cycle fatigue, the maximum number of cycles has been equal to 5 (five). The
relation between damage variables and Thermodynamic Forces (Y) is shown in Figure 8 for
d2 and, in Figure 9 for d6.
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Figure 8: Damage evo
olution – d2 ( see Figure 6 and EQ. (20
0) and EQ. (221)).

Figure 9: Damage evo
olution – d6 ( see Figure 6 and EQ. (20
0) and EQ. (221)).

hown in Fiigure 8 and
d Figure 9, the statisticcs for the linear
l
For thee experimenntal data sh
regression are summaarized in Tab
ble 3.
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Table 3: Data statistics for the regression

Variable

R Square

Adjusted R Square

Significance of F

d2-5º

0.51

0.48

0.0006

d2-67.5º

0.63

0.60

0.0020

d2-90º

0.47

0.43

0.0047

d6-5º

0.76

0.74

0.00002

d6-45º

0.95

0.93

0.005

d6-67.5º

0.30

0.23

0.064

Table 3 shows some important statistical parameters obtained by the linear regression. The
R square represents how much of the output variables variance is explained by the input
variables variance (ideally, this value should be greater than 0.6) by using this information,
for d2-5º, d2-90º and d6-67.5º, the regression results are not so good, regarding the amount of
data. The worst case is for d6-67.5º where only 30% of the predicted damage can be explained
by the thermodynamic force. The other parameter, the adjusted R square is more conservative
than the R square and, once again, the worst case is for d6-67.5º.
On one hand, the R square and the adjusted R square are not good for some cases. On the
other hand, the significance of F ( the regression might have been obtained by chance) is
acceptable for almost all cases (values lower than 1%), but for d6-67.5º the value of
significance of F is 6.4%, i.e. It is 6.4% possible that the regression had been a chance.
Although some values identified are not so good, all results have been used in this work, even
for d6-67.5º.
Regarding the evolution of the parameter d2 shown in Figure 8, it is verified that the ply
orientation has an important role in damage evolution. The damage process has been
accelerated due to shear stress. For the parameter d6, as expected, if the orientation is close to
90o; the shear damage is low as shown by Figure 9. However, if the ply orientation changes
towards 0o; then d6 becomes a very important parameter and, it strongly affects the matrix
damage process. As previously shown, the damage model assumes that d2 evolves in a linear
way. Thus, d2 evolution equations have been fitted as a function of the orientation angle (θ)
(EQ. (20)). The same procedure has been applied to d6 as presented by EQ. (20). Therefore,
based on the experimental results, it is possible to identify the parameters A   , B   , C  
and D   .
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2.7 IMPLEMENTATION VIA UMAT (USER MATERIAL SUBROUTINE)
Figure 10 presents the flow chart of UMAT and ABAQUSTM integration for progressive
failure analysis. ABAQUSTM controls the nonlinear solution process. The process consists of
successive iterations. For all finite element integration points (at each lamina) and for every
analysis time step, the UMAT subroutine is called mainly to calculate the stress state and the
Jacobian matrix (   ) compatible to the strain state given for each i-th step. Thus, the first
procedure performed by the UMAT is the identification of the material model state variables
and the strain tensor. After that, the Jacobian matrix is calculated and, there is a prediction of
the stress state (step 1 in Figure 10). Then, the calculated stress state is verified by the damage
model implemented via UMAT (step 2 in Figure 10). If any failure mode occurs, the damage
variables are updated (step 3 in Figure 10). After that, the state variables are updated with the
damage variables, and then these variables are passed to the next step to update the stress
tensor. If failure does not occur, the prediction of the stress state is considered correct. Then, a
Residual (R) is calculated as the difference between the internal and the external forces
vectors, and it is compared to the tolerance threshold established by the user. If there is a
convergence, i.e. R is lower than the tolerance (tolerance=0.005, which is adequate for
engineering applications (Simulia, 2010)); then a new load step is applied. Otherwise,
ABAQUSTM stops the numerical analysis. During the iterations for each load step, it is
expected that R decreases. If R increases, then the solution process diverges and, the
numerical analysis stops. Divergence normally occurs when the material properties show a
high degree of degradation and the structure has insufficient resistance to support the applied
loads. Localisation problems can take place with the abrupt reduction of the material
properties. The FE (Finite Element) mesh density plays an important role in this situation.
Moreover, the material model hypotheses need to be physically consistent to avoid incoherent
predictions.
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Figure 10: Flow chaart for ABAQ
QUSTM and UMAT
U
integgration

2.8 IMPACT SIMULATIONS
E
Explicit dynnamic simullations havee some partticularities, which makke them diffferent from
m
quasii-static anaalyses. To clarify thoose issues, this sectio
on approacches explicit dynamicc
simuulations charracteristics.
A dynamic analysis
a
mu
ust be perfoormed when
n the model inertia is reelevant to describe
d
thee
evennt (see Figurre 11). Mod
dal analysiss is also a dynamic
d
sim
mulation, buut in this work,
w
it willl
not ddeal with thiis kind of dy
ynamic anaalysis.

F
Figure 11: a vehicle
v
impaact simulationn is an exam
mple of process to show thhat inertia eff
ffects are
importaant.
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The equation of motion for dynamic simulation is given by:

 M u  C u   K u  F 

(27)

Where [M] is the mass matrix, [C] is the damping matrix, [K] is the stiffness matrix, {F}
is the load vector and {u} is the displacement vector. From EQ. (27), the material density has
always been used to calculate the mass matrix, but the damping values can be neglected, if
damping effects are not relevant.

2.8.1 MASS MATRIX
The mass matrix is a generalization of the mass concept to the generalized coordinates
used in the FEM. The finite element mass matrix is based on the element mass matrix in local
coordinates transformed into global coordinates. And all the element mass matrices are
merged, forming the model mass matrix, like the technique used for the stiffness matrix.
The consistent mass matrix is defined by:
M    T d 

(28)



Where ρ is the density,  is the shape function (using Galerkin, the trial and weight
functions are the same).
In opposite to the stiffness matrix, the mass matrix can be handled, for example, by
making a diagonal mass matrix to improve the numerical solution of the differential
equations. There are different methods to modify the mass matrix. Each approach to obtain
the mass matrix affects the performance of the solution via FEM (Zienkiewicz & Taylor,
2000).
As mentioned before, to improve the numerical solution for many applications, the
consistent mass matrix can be modified to become a diagonal matrix. The first procedure to
build a diagonal mass matrix consists of summing all the matrix line components (
M ii   M ij ). And the procedure consists of calculating M ii* 
j

S
M ii , where S is the
D
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summation of the consistent mass matrix and D is the summation of the consistent mass
matrix principal diagonal.

2.8.2 DAMPING MATRIX
Real structures exhibit some levels of energy dissipation due to material nonlinearities,
internal or external friction, damage, etc. Steel and high strength aluminum possess low
internal damping. On the other hand, some composite materials can possess high damping.
Damping can be modeled in several ways in ABAQUSTM in order to accurately simulate
the energy loss. There are four categories of damping source in ABAQUSTM (Dassault
Systèmes Simulia Corp, 2010):
 Material and element damping: specified as material properties and specific

elements such as dashpots, springs and connectors, which could work as dampers
(viscous and structural);
 Global damping: apply damping to the entire model for the cases which are not

possible to use material and element damping.
 Modal damping: apply damping to the system modes.
 Damping associated with time integration: “Marching through a simulation with

finite time increment size cause some damping.” (Simulia, 2010).
Also, damping can be simulated as a viscous model, which is proportional to either
velocity or displacement.
ABAQUSTM provides the Rayleigh’s model for direct integration dynamic analysis to
simulate energy dissipation mechanisms through damping (Dassault Systèmes Simulia Corp,
2010). In fact, in the Finite Element Analysis (FEA), damping is treated as a matrix, which
can be approached in two different ways: either as a material property or as a numerical object
to oppose the excitation forces (Kyriazoglou & Guild, 2007).
Considering the equilibrium equation in dynamic analysis:

 M  u  C   u   K   u  f  t 

(29)
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According to (Zabaras & Pervez, 1990), the following transformation can be applied to
1

1

EQ. (29), ui  M ij 2 y j , and the resulting equation is multiplied by M ij 2 . Thus, EQ.(27) can
be rewritten as:

 y  C   y    K   y   f 

(30)

EQ.(30) is used to obtain the critical damping, which is calculated by:
1
CCRij  2 K ij 2

Based on the classical modal analysis

   K     w
t

2

C   0,  f   0  ,

(31)

it can be shown that

1
. The modal matrix of eigenvalues vector is ij  M kj 2il . Thus, the modal

fraction of critical damping is given by:

 i C  i
i 
t
i CCR i
t

(32)

Using the Principle of the Orthogonality for  , eq(32) results in:

 i C  i  2ii
t

(33)

Rayleigh’s model introduces damping in the structure as a linear combination of mass and
stiffness system matrices (Kyriazoglou & Guild, 2007), where the parameters  and  can
be obtained by using both EQ. (34) and experimental data.

C     M     K 

(34)
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Therefore, the damping is proportional to the mass and the stiffness. The mass
contribution is related to the low frequencies vibrations and the stiffness contribution is
related to the high frequencies vibrations (Dassault Systèmes Simulia Corp, 2010).
It can be proved that for a mode i , the fraction of critical damping proportional to [M] is:

i 


2i

(35)

And, the fraction of critical damping proportional to [K] is:

i 

i
2

(36)

In fact, for this work, a reversal analysis was performed in order to obtain Rayleigh’s
parameters. However, in the coming works, these parameters may be obtained by dynamic
experimental analyses.

2.8.3 NUMERICAL SOLUTION: IMPLICIT VS. EXPLICIT
To perform a dynamic analysis, it is possible to apply both implicit and explicit methods.
Each method possesses its own advantages and disadvantages and finite element software
user must be aware of each method particularities.
Implicit methods are unconditionally stable. Despite the stability, these methods may face
some problems when analyzing the complicated 3D models. The reasons for these problems
are related to the decrease of time increment; so computational cost for calculation of tangent
stiffness matrix will increase radically and it may diverge. Also, local instabilities could lead
to difficulties in order to guarantee the equilibrium (Sun, Lee et al., 2000).
Explicit methods have been used to overcome the problems with implicit method
mentioned in previous paragraph. For explicit methods, the computational cost is proportional
to the size of the finite element model and does not increase radically like solution using
implicit methods. Although the explicit methods may overcome the implicit problems, they
are conditionally stable. The stability of explicit method is limited to the size of the time
increment, which should be less than the dilatational wave in the finite element. In addition,
these methods are limited for short transient problems (Sun, Lee et al., 2000).
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t  Lel


  2

(37)

Where ρ is the density, λ and μ are the material properties (Lamé constants).
Small time increments allow solving the problems without calculating the tangent stiffness
matrix, what is very interesting for contact problems.
Despite the problems previously discussed, if the finite element model contains very small
or stiff elements, the efficiency of explicit integration decreases once the time increment of
the entire mesh will be set by those elements. In these cases, some special techniques are
necessary to perform the explicit simulations. One of these techniques is called mass scaling,
where the mass of those elements is increased. The other technique is called subcycling,
where a smaller time step is used for those elements (Belytschko, Liu et al., 2000). Mass
scaling has been used when high frequencies are not important as for quasi-static simulations.
Regarding subcycling method, the domain is divided into subdomains and, each subdomain is
integrated with its own stable time step (Belytschko, Liu et al., 2000).
Explicit methods could be used to perform quasi-static simulations (e.g. simulation of
tensile test) when the inertia effects are neglected but the ratio between kinetic energy and
internal energy is less than 10% (ABAQUS 6.10 User Manual, 2010).

E
E

k

 10%

(38)

i

To solve dynamic problems the finite difference method allows writing the speed and
acceleration as:

ui  

ui  

ui1  ui
t

ui1  ui
t

(39)

(40)
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With 0   ,   1 . These constants come from an integration algorithm, assuming the
hypothesis that the speed and acceleration are a linear combination of the interval limits speed
and acceleration. In other words:

ui    ui 1  1   ui

(41)

ui    ui 1  1   ui

(42)

Assuming     1 , the speed and acceleration are the average values of the interval.
2
Using   1 in (38) and (39) yields:
2

ui1  ui  1   ui t   ui 1 t

(43)

1
1
ui 1  ui  ui t  1   ui t 2   ui 1 t 2

(44)

2

2

Where  ( 0    1) is another constant. Applying (42), (43) and (44) to the motion
equation despite damping effects the dynamic problems can be defined as:

 M u   K u  F 

(45)

To solve the dynamic problem, it is possible to apply either the explicit or implicit
methods. Table 4 presents a simple schema of those methods.
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Table 4: Explicit vs. Implicit integration algorithm.
Explicit

Implicit

Start estimating:

u

  0 in (44)

i 1

 ui  (1   ) ui t

ui 1  ui  ui t 

1
ui 1  ui  ui t  ui t 2
2

1
(1   ) ui t 2
2

ui 1  ui 1   ui 1 t

u   M  F    K u
1

1
ui 1  ui 1   ui 1 t 2  ui 1 

2 ui 1  ui 1 

2

ui1  ui  1   ui t   ui 1 t

 t 2

With last relation in the dynamic equation:

  2M 
 2M  

ui 1  F i 1   2  ui 1    2   K 

  t
 t 


1

It is important to verify that an implicit algorithm requires the calculation of the stiffness
matrix inversion. However, it is not necessary for an explicit algorithm. Also for an implicit
method, with ui 1 , it is necessary to correct the initial value for the displacement and speed
vectors. Thus, an iterative method, e.g. Newton-Raphson, is necessary to be used.
In the next section, the explicit algorithm used in ABAQUSTM/Explicit is explained in
further details.

2.8.4 EXPLICIT SIMULATIONS VIA ABAQUSTM
As mentioned before, the explicit method has been used to overcome some problems
produced by the implicit method.
ABAQUSTM/Explicit is established by using the explicit integration rule with lumped
mass-matrix. The equation of motion is integrated by using the central difference method.
This method is developed from central difference formulas by u and u :

u

i 1

2



1
t

i 1

2

u

i 1

 ui



(46)

2 MATERIAL MODEL

67

Where:

u i 1  u i  t

i 1

2

u

i 1

(47)

2

The acceleration is:

 u i  12  u i  12
u   i  1
 t 2  t i  12

i







1
1
  t i  2 u i 1  u i  t i  2 u i  u i 1

i 1
i 1
 
t 2 t 2 t i
 

 



(48)

For equal time steps, u becomes:

 i 1

u  2u i  u i 1 
i


u 
2


t i



(49)

 

The nodal velocities and displacements update can be obtained without solving any
equations, once the mass matrix is diagonal. “In explicit method, the time integration of the
discrete momentum equations does not require the solution of any equations” (Belytschko,
Liu et al., 2000).
The equation of motion is:
ui  M 1  F i  I i 

The time increment must satisfy t 

(50)

2
, where wmax the maximum element eigenvalue
wmax

is. In Belytschko, Liu & Moran (2000), it is possible to observe further details about
algorithm for explicit simulation as described below:
1. Set initial conditions and parameters ( u 0 ,  0 ; u 0  0, i  0, t  0 ) and compute M ;
2. Get force;



3. Compute the initial accelerations: ui  M 1 f i  C damp u
4. Update time: t i 1  t i  t

i 1

2

,t

i 1

2



5. Update first partial nodal velocities :

1 i i 1
t t ;
2



u

i 1

2

;



i 1

2



 u i  t

i 1

2



i 1

 t i u

2

;
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i 1

6. Enforce the velocity boundary conditions: if node I on  vi : uiI
7. Update nodal displacements: u i 1  u i  t
8. Get force;

i 1

2

u

i 1

2

;

9. Compute ai 1 ;
10. Update second partial nodal velocities u i 1  u

i 1

 u

2

2



 t i 1  t

i 1

2

 u

i 1

;

11. Check the energy balance for step i  1 ;
12. Update i  i  1
13. Output; if simulation is not done back to step 4
Subroutine Get force:
1. Initialize f i  0 , tcrit   ;
2. Compute global external forces f exti ;
3. Loop over elements:
a. Gather both element nodal displacements and velocities;
b.

f eint,i  0 ;

c. Loop over quadrature points Q
i. If i  0 , go to iv;
ii. Compute measures of deformation: D

i 1

2

  , F   , E   ;
i

Q

i

Q

Q

iii. Compute the stress  i Q  using the constitutive equation;
iv.

f eint,i  f eint,i  f |Q ;

d. Compute external nodal forces on element: feext ,i ;
e.

fei  feext ,i  feint,i ;

e
e
e
 tcrit then tcrit  tcrit
, if tcrit
;
f. Compute tcrit

g. Scatter fei to global f i ;
4. End Loop over elements;
5. t  tcrit

In fact, numerous methods to solve problems, where the inertia is relevant, are available at
ABAQUSTM. However, in summary, ABAQUS/Standard has used implicit operators for
integration of the equations of motion and ABAQUS/Explicit has used the central difference
method as commented earlier. In implicit dynamic analysis, as required to invert the
integration operator matrix (see the algorithm for implicit dynamics – Table 4), a set of nonlinear equilibrium equations must be solved for every time increment. On the other hand, for
explicit dynamic analysis (see the explicit dynamic algorithm – Table 4), the displacements
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and velocities are known in the beginning of the time increment. Therefore, the global mass
matrix and stiffness matrix have not been inverted.
In addition, regarding the element types, ABAQUS/Explicit offers fewer elements than
ABAQUS/Standard and when a nonlinear analysis is carried out, the user must consider the
length of the time step, once the response is compared to the stability limit.
Finally, just out of curiosity, ABAQUSTM allows using of nonphysical material properties,
e.g. negative mass value, negative damping and negative stiffness. Sometimes, these material
nonphysical properties are used to adjust the FE model.

2.9 CONCLUSIONS
This chapter described the development of a new material model for unidirectional long
fiber composite laminates based on CDM.
The differences between the proposed material model and other classical material models
are:
 Degradation of elastic properties for fiber under compression is more accurate in

the proposed model, once the equation used fits better the experimental data;
 The damage onset surface is based on experimental data;
 As for fiber direction (direction 1) under compression, the elastic properties

degradation for compression of transverse direction is also more accurate in this
model;
 The damage parameters d2 and d6 calculation are dependent on the ply orientation

accounting the influence of shear stress and transverse stress on the damage
evolution.
To verify the material model performance, firstly the model will be applied to simulate
flat carbon fiber composite coupons under simple loading conditions, and then, it will be
checked for more complex loading conditions as the four point bending. At last, the model
performance will be evaluated to simulate the impact on carbon fiber filament winding
cylinders.
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3 EXPERIMENTS: FAILURE MECHANISMS

A set of experiments in this work consists of characterizing the material elastic properties
and determining the strength values for the carbon fibers composite material used in this
research. Another set of experiments is used to identify the material model parameters as the
damage variables d2 and d6, and to evaluate the potentialities of the model as well.
Therefore,

the

experiments

can

be

subdivided

into

two

main

groups:

characterization/identification and evaluation. Regarding the evaluation experiments, they are
subdivided into quasi-static and dynamic experiments (impact tests).

3.1 QUASI-STATIC TESTS
Table 5 shows the quasi-static tests performed in this work. This table shows the type of
test (compression or tensile), the coupon lay-up, the ASTM standard used as well as the
material parameters obtained by each type of test.
Table 5: Quasi Static Experiments

Test
Tensile 0o
o

Tensile 90

Tensile ±67.5
Tensile 5

ASTM D3039

Dimensions
[mm]
250 x 15 x 1

Number of
specimens
5

ASTM D3039

175 x 25 x 2

5

N.A.

175 x 25 x 2

5

E11 , 12 , X T
E22 , d 2 , YT
d2 and d 6

N.A.

175 x 25 x 2

5

d2 and d 6

Standard

o

o

Material
Parameters

In-plane Shear ±45o

ASTM D3518

250 x 25 x 2.7

5

G12 , S12 , d 6 , S12 y

Compression 0o

ASTM D3410

150 x 10 x 2

7

X C 0 , X C ,  11 0

ASTM D3410

150 x 25 x 2

7

YC ,  22 0 , E D C

o

Compression 90

Compression 30o

N.A.

150 x 25 x 2

7

d2 and d 6

Compression 15o

N.A.

150 x 25 x 2

7

d2 and d 6

The reason for choosing the off-axis and angle-ply coupons is to study the coupling
effects between  12 and  22 and how these stresses affect the damage evolution. Figure 12
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shows the failure moddes vs. orien
ntation of thhe fibers. Hence,
H
it is possible
p
to observe how the
bers orientaation in the ply.
p
failure modde is affecteed by the fib

Figuree 12: Failure modes vs. fi
fibers orientation (Herako
ovich, 1998)..

In the following sections, each
e
of exxperiments will be ex
xplained in details and the
respective results will be discusseed.

3.1.1 TE
ENSILE TES
STS
The tennsile tests follow the ASTM D33039 (2006) recommen
ndations foor [0o]10, [9
90o]10,
angle-ply [[±67.5o]10 annd off-axis [5o]10 filam
ment winding
g carbon fib
ber couponss.
The 0o coupons haad 15 mm of
o width, 2500 mm of len
ngth and 1.0
0 mm of tottal thickness (0.1
mm per layyer). The 900o coupons had 25 mm
m of width, 175 mm off length andd 2.0 mm off total
thickness ((0.2 mm peer layer) (A
ASTM D30339, 2006). The non-sttandard couupons ([±67
7.5o]10
and [5o]10) had the sam
me dimensio
ons used forr the 90o on
nes.
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(a)

(b)

Figurre 13: (a) 0o coupon dimeensions; (b) 90
9 o coupons dimensions (Unit: mm).

T
The test macchine provided force aand displaceement data where
w
the te
test speed was
w equal too
0.5m
mm/min for loading and
d unloadingg cycles (Fig
gure 14). Beefore cyclicc tests, mon
notonic testss
had bbeen perforrmed (for 0o, 90o, ±67.55o and 5o coupons) to know the ggeneral behaavior of thee
mateerial, determ
mining the force
f
vs. diisplacementt curve. This informattion has beeen used forr
plannning the maaximum and minimum
m limits for each loading-unloadinng cycle. A limit of 5
(five) cycles hass been used
d in order too avoid low
w cycle fatig
gue (Allix, L
Ladevèze, & Vittecoq,,
19944). To invesstigate the damage
d
evoolution, each loading-u
unloading cyycle has beeen plannedd
to beegin the unlooading at diifferent loadd levels for each cycle. All cycles had the sam
me low loadd
levell. Table 6 shhows the pu
urpose of eaach test and where each
h test has beeen carried out.
o

(a)

(bb)

Fiigure 14: (a) Force vs. tim
me; (b) Strain
n vs. time forr a rosette strrain gage
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Table 6: Identification and validation experiments
Test
Tensile 0o
Tensile 90o
Tensile ±67.5o
Tensile 5o
In-plane Shear ±45o
Compression 0o
Compression 90o
4-Point Bending 30o
(*)

Laboratory
USP(*) and KUL(**)
USP(*) and KUL(**)
KUL(**)
KUL(**)
USP(*)
KUL(**)
KUL(**)
KUL(**)

Type
Identification and Validation
Identification and Validation
Identification
Identification
Identification
Identification and Validation
Identification and Validation
Validation

USP: Material Engineering Department at University of Sao Paulo (Brazil)
KUL: Materials Engineering Department at KU Leuven (Belgium)

(**)

3.1.1.1 Materials and Methods

All tensile, compression, bending and shear tests are considered as quasi-static
experiments. Those tests have been performed by using conventional, off-axis and angle-ply
coupons. All coupons have been manufactured by using a filament winding process. Having
two larger faces, the parallelepiped shape mandrel allows the plate wounding. Almost flat
laminate plates made of carbon fiber with epoxy resin have been manufactured. After that, the
plates are cured in a controlled oven. Then, in the final of this process, it is possible to obtain
almost flat plates with a single curvature, which radius is around 7657 mm. Those almost flat
plates have been cut into coupons, following the dimensions provided by the American
Society for Testing and Materials (ASTM) standards ( (ASTM D3039, 2006), (ASTM D790,
2008)) as commented earlier. It is important to highlight that the manufacturing processes
described above have been carried out by the Brazilian Navy Technology Center in São Paulo
(CTM-SP). Due to an agreement between Brazilian Navy Technology Center in São Paulo
(CTM-SP) and Aeronautic Structural Group of Engineering School of São Carlos
(Aeronautical Engineering Department – University of Sao Paulo – Brazil), all information
about the manufacturing processes and material is classified. Therefore, the elastic properties
and strength values cannot be shown in this work. In order to aid the readers for
understanding the mechanical behavior of composite material obtained by CTM-SP, it is
possible to mention that the CTM’s material is similar (elastic and strength values) to the
composite material investigated by Tita (2003) during his Ph.D. Thesis. The specimens
manufactured and studied by Tita (2003) were made of prepreg M10 from HexcelTM. In fact,
they were unidirectional carbon fibers with epoxy resin and the fiber volume ratio was equal
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to 63%. The elastic properties and strength values are shown either in Table 7 or by Tita,
Carvalho, & Vandepitte (2008).
Table 7: Elastic properties and strength values (Tita V. , 2003)
Elastic Properties
E11

127 GPa

E22

10 GPa

G12 = G13

544 GPa

G23

3.05 GPa

υ12 = υ13

0.34

υ23

0.306

Density

1580 kg/m3
Strength Values

XT

1400 MPa

XC

930 MPa

YT

47 MPa

YC

130 MPa

S12=S13

53 MPa

S23

89 MPa

After obtaining the composite specimens from CTM-SP, some experiments have been
performed in the laboratory of Material Engineering Department of Engineering School of
São Carlos (University of Sao Paulo – Brazil) (Figure 15). The test machine was an EMIC,
which provided the force and displacement data. The strain measurements were carried out by
using strain gages and Digital Image Correlation (DIC) technique. In order to perform DIC,
the coupons were painted white and black, what was spread to make small marks on the
coupons surface. A CANON (EOS 50D) camera was used. It had 400 mm lens, an aperture of
f/4.5 and a focus distance close to 1.5 m. LED lights were used to illuminate the specimens
during the tests, avoiding heat transfer. The images obtained from the CANON camera were
analysed by CorrelliQ4 software (Hild & Roux, 2008). The black marks on the coupon surface
were used to measure the displacement fields and strain fields were obtained from
displacement fields gradients.
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(b)
(a)
Figure 15:: (a) Flat filaament wound
d coupons; (bb) Experimen
ntal test set-u
up at Universsity of São Paulo
(B
Brazil).

Other ccoupons (Fiigure 16(a)) were anallysed at thee Materials Engineeringg Departmeent of
the KU L
Leuven (Bellgium) by using an InnstronTM teesting mach
hine (Figurre 16(b)), which
w
provides foorce and dissplacement.. The strain s were meaasured by DIC and strai
ain gages, ass well
(Figure 17(b)). Howevver, for the experimentts carried out in Belgiu
um, the DIC
C was perfo
ormed
M
by using thhe LimessTM
system wiith VIC2D ssoftware to analyse thee images.

(a)

(b))

Figure 166: (a) Flat filaament wound
d coupons; (bb) Experimen
ntal test set-u
up at KU Leuuven (Belgiu
um).

Figure 17 shows thhe paint sch
hema used ffor DIC, as well as the strain fieldd provided by
b the
software, w
which is obttained by th
he displacem
ment field.
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(b)

Figgure 17: (a) Coupon pain
nted for imagge correlation
n procedure; (b) Image coorrelation strrain field.

F
Figure 18 shows
s
the stress
s
vs. sstrain curvee obtained by strain ggages and DIC
D for 5o
couppons. Once the differen
nces are sm
mall for all cases, only
y one resullt of those methods iss
show
wn in order to
t keep the graphics cleear.

Figuree 18: 5o coupon - monotoonic tensile teest: Strain gaages vs. Imagge correlation
n.

3.1.11.2 Results and Discu
ussions
T
The 0o coupons experim
ments resultts are shown
n in Figure 19. The ressults are norrmalized byy
the hhighest tensiile stress an
nd strain. Onne coupon (CDP
(
0 – 1)) has been uused for thee monotonicc
test. Based on the
t materiall behavior of the coup
pon (e.g. du
uctile or fraagile) and the
t strengthh
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limit, it waas possible to determin
ne the load vvalues to peerform the cycles.
c
Thee same test speed
(0.5 mm/m
min) has beeen used for all
a tests.

Figure 19:: Tensile 0o ccoupons - no
ormalized ressults.

The 0o coupons presented
p
a linear-elasttic behavio
or, once it has not beeen detected
d any
stiffness reeduction. As expected, unidirectioonal (UD) 0o coupons fail
f in a britttle way. Allso, it
is possible to observe carbon fibeer hardeningg, but this behavior
b
haas not been simulated in this
work. The results for all
a 0o coupo
ons are show
wn in Tablee 8.
Table 8: Tensile
T
0o cooupons – norrmalized resu
ults.

Coupon

Normalized

Norm
malized

T
Test speed

Stress

Sttrain

[[mm/min]

Rem
marks
Unidirectional strain

Area [m
mm2]

CDP 0-1

0.82

0.96
0

0.5

CDP 0-2

0.73

0.78
0

0.5

-

15.2
23

CDP 0-3

0.75

0.82
0

0.5

-

15.0
05

CDP 0-4

1.00

1.00
1

0.5

-

15.15

Average

0.82

0.89
0

-

-

15.13

gage
g

15.10
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F
Figure 20 shhows the normalized rresults for 90o coupon
ns tensile teests. The firrst test wass
monootonic in orrder to know
w the materiial behaviorr, as well ass its strengthh values. Heence, it wass
possiible to plan the limits in
n all cycles .

Figu
ure 20: Tensiile 90o coupo
ons - normaliized results.

T
The couponss with fiberrs at 90o faiil due to maatrix damage. These cooupons posssess a smalll
non-llinearity annd almost no
o inelastic sstrain is observed. As coupons
c
witth fibers at 0o, couponss
with fibers at 900o fail in brittle way, alsso. The resu
ults for 90o coupons aree shown in Table 9.
Tab
ble 9: Tensilee90o coupon
ns – normalizzed results.

Coupon

Normalized
d Normaliized

Test speed

Remark

Areea [mm2]

Stress

Strain
n

[mm/min]

C
CDP 90-1

0.96

1.00

0.5

C
CDP 90-2

0.81

0.77

0.5

-

52.10

C
CDP 90-3

0.94

0.88

0.5

-

52.35

C
CDP 90-4

1.00

0.97

0.5

-

52.15

C
CDP 90-5

0.93

0.90

0.5

-

52.55

A
Average

0.96

1.00

-

-

52.29

Un
nidirectional strain
gage

52.29
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As shoown in Figgure 12, thee ply orienntation affeects both th
he composiite behaviorr and
failures. A
At this pointt, it is impo
ortant to com
mment som
me aspects related to ooff-axis cou
upons
tests.
r
thee difficulty to apply lo
oading onlyy to longitu
udinal
The firrst importannt remark regards
direction. IIn fact, nonn-zero comp
ponents in the bending
g-stretching
g coupling m
matrix (lam
minate
stiffness m
matrix B) takke place, when tensile tests with usual
u
grips are carried out. Hencee, it is
not possiblle to apply only
o
axial loads, becauuse unknow
wn shear streess is applieed due to th
he end
clamped condition (F
Figure 21). Thus it is not possiblle to use th
hese resultss to measurre the
elastic propperties.

Figure 21: C
Coupon geom
metry.

which is bassed on Theo
ory of Elastiicity, to evaaluate
Herakoovich (19988) showed a solution, w
the effect oof shear strress on the results. Inittially, the laamina is assumed to bbe in plane stress
state underr a far loadiing field. Co
onsidering tthat the sidees of coupo
ons are stresss free, boun
ndary
conditions are given as
a follows:

 y  x,  h   0

(51)

 xy  x,  h   0

(52)

where h is the halff coupon wiidth. The appproximate displacement boundaryy conditionss are:

v(0, 0) 

u (0, 0)
0
y

(53)
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v (l , 0) 
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u (l , 0)
0
y

(54)

u(0,0)  0

(55)

u (l , 0)   x0l

(56)

where  x0 is the far field axial strain. Also, the boundary conditions only constrain the
displacement at the center line of the coupons ends.
The shear stress is assumed to be constant along the length (x direction - Figure 21) of the
coupon and it is an unknown function of y.

 xy  f1 ( y )

(57)

 xx  xy

0
x
y

(58)

 yy
y



 yx
x

0

(59)

Integrating the plane stress equilibrium equations (EQ. (58) and EQ.(59)) and using EQ.
(57), the expressions for the normal stresses components are:

 x   xf1' ( y )  f 2 ( y )

(60)

 y  g ( x)

(61)

where f 2 ( y ) and g ( x) are functions of their respective arguments. Using the previous
results with the compatibility equations (EQ.(62)) leads to

the third-order differential

equation (EQ.(63)).
2 xy , yx   xx , yy   yy , xx

(62)

 S11 xf1'' ( y )  S11 xf 2'' ( y )  2S16 xf1'' ( y )  S22 g '' ( x)  0

(63)
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where S11 , S22 and S16 are terms of the laminate compliance matrix. The solution for this
partial differential equation, which satisfies the boundary conditions, is:
f1 ( y )  C0 ( y 2  h 2 )
f 2 ( y )  2

(64)

S16
C0 y 2  C1 y  C2
S11

(65)

g ( x)  0

(66)

The stresses are:

 x  2

S16
C0 y 2  C1 y  C2  2C0 xy
S11

(67)

y  0

(68)

 xy  C0  y 2  h 2 

(69)

where C0 , C1 and C2 are unknown integration constants. These constants may be
determined by using both the boundary conditions (EQ. (53) to EQ. (56)) and the straindisplacement relations shown below.

x 

u
x

(70)

y 

v
y

(71)

u v

y x

(72)

 xy 

The strains in terms of stress, considering  y  0 , are:

 x  S11 x  S16 xy

(73)
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 y  S12 x  S26 xy

(74)

 xy  S16 x  S66 xy

(75)

The integration of EQ.(70) using EQ.(67), EQ.(69) and EQ.(73) provides the u
displacement. The integration of EQ. (71) using EQ.(67), EQ. (69) and EQ.(74) gives the v
displacement. By using some steps explained by Herakovich (1998), it is possible to
determine the integration constants. Regarding the displacements along the centerline, y=0,
(Figure 21), it is obtained:





u  S11C2  S16C0 h 2 x

v

S11C0  2 x  l  x  l  x

6

(76)
(77)

Thus, the stress  x in the center-line is given by:

  S66   l  2  0
6 
    x
  S11   h  

x 
2
2
  S
 S16    l  
66
S11 6 

   
  S11  S11    h  

(78)

And, the shear stress is given by:
S 
6  16 
 S11  
 xy 
x
2
 S66   l 
6
 
 S11   h 

(79)

Once the strains have been measured by using either strain gages or DIC, it is possible to
verify the effect of the shear stress in the results.
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Also, ffrom EQ. (778), it is verrified that iff the coupo
on has a larg
ge length ( l ) or/and a small
width ( h ),, the effect of
o shear streess is smalleer. Thus, sh
hear stress iss negligible for the ratio l

h

around 15 (Herakovicch, 1998).

Figgure 22: Appplied loads to
o off-axis couupons during
g tensile testss by using ussual grips.

The efffect of curvature on thee coupons fo
for tensile teests can be neglected
n
siince the maachine
grips straigght the couppons. Also, the grips aare much stiiffer than th
he coupons and the ressidual
stress is low
w, i.e. loweer than 1% of
o the YT, w
which is the lowest mateerial strengtth value.
The off
ff-axis 5o cooupons testss results aree presented in Figure 23. As previiously mentioned
first of all,, a monotonnic test was performedd, and then the
t cycle teests were plaanned. For these
tests, the efffect of dam
mage causess inelastic sttrain as well as reductio
on of the stiiffness.
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Figure 233: Tensile 5o coupons results.

F
Figure 24 shhows the ressults for EQ
Q.(78) and EQ.(79)
E
as well
w as the monotonic 5o couponss
experimental ressults, which
h show that the shear stress
s
is rath
her low andd, the measu
ured  x hass
not bbeen affecteed by the  xy . It is impoortant to nottice that thee equations ((78) and (79) are validd
only for the lineear part of th
he experimeental curve.
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Figure 244: Comparisoon of experim
mental resultts and bound
dary condition
ns correctionns (EQ.(78) and
a
EQ.(79))
E
resuults for 5o co
oupons.

With thhese previoous results, the
t stress teensor has been
b
rotated
d to ply direection, acco
ording
to EQ. (80)) and assum
ming  y   xy
x 0.

 111  12   cos 


 221  22    sin

sinn   x  xy   cos 


coss    yx  y   sin

 sin 
cos  

(80)

With thhe ply orienntation stresss tensor, thhe damage variables d2 and d6 can
an be obtain
ned as
already shoown in the previous
p
chapter.
Angle-ply laminattes do not have
h
the saame charactteristic pressented by ooff-axis cou
upons.
The resultss of tensile test
t for anglle-ply 67.5o coupons arre shown in
n Figure 25.
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Figure 25: Tensile 67.5
5o coupons reesults.

A
Again, thesee tests allo
ow evaluatinng how thee damage variables
v
d2 and d6 ev
volve. It iss
impoortant to verrify that ang
gle-ply 67.55o laminate fails underr stress valuue lower than couponss
with fibers at 900o. This ressult indicatees that damaage evolvess faster due to the sheaar influencee
damaage.

3.1.11.3 Tensilee Tests Con
nclusions
B
Both the 0o and 90º co
oupons tenssile tests pro
ovide the sttrength paraameters as well as thee
elastiic propertiees. As expeccted, couponns with fibeers at 0o showed a lineaar elastic behavior withh
brittlle fracture. The coupons with ffibers at 90
0o possess a non-lineear behavio
or allowingg
invesstigating hoow the damaage variablee d2 evolvess without thee influence of shear strress.
T
To investigaate the stressses couplinng, the usag
ge of 5o offf-axis coupoons was very strategicc
due to some additional
a
complexitiees shown by test bo
oundary con
onditions an
nd off-axiss
charaacteristics. Once
O
the efffect of sheaar stress haas been conssidered, it i s possible to
t study thee
damaage variablees d2 and d6 and how thhey interactt. The off-aaxis results hhave not beeen used too
obtaiin any elastiic parameteers.
A
Angle-ply 667.5o laminaates also alllow evaluaating the efffect of sheear damage (d6) in thee
matriix damage d2, without the boundarry condition
n issues presented by thhe off-axis coupons.
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Finally, the effect of coupons curvature has not been modeled for the tensile tests, once it
is very small. In fact, the test machine grips straight the coupons and the stresses created by
this phenomenon are very small.

3.1.2 COMPRESSION TESTS
Compression tests are rather complicated to perform, since buckling is very difficult to
avoid. In order to minimize the buckling phenomenon, the coupons span must be small
enough and still have sufficient length to allow measuring the strains without Saint-Venant
effects.
Despite the negligible effect of coupons curvature for the tensile tests, this initial
curvature affects the compression results and other non-acceptable failure modes may occur.
For example, it is possible to identify end-crushing, decohesion of tab adhesive, failure inside
the tab area and delaminations (ASTM D3410, 2003), which are unacceptable failure modes
for compression tests (Figure 26).

3.1.2.1 Materials and Methods

As in the tensile tests, the coupons for compression tests have been produced by filament
winding process and, the almost flat composite laminate plates have been manufactured (with
radius around 7657 mm) by using a parallelepiped shape mandrel. Again, the plates have been
cured in a controlled oven. After that, the almost flat plates have been cut into coupons,
following the dimensions provided by the ASTM D3410 (2003) standards.
The dimensions for 0o, 90o, 30o and 15o compression test coupons are shown in Table 5.
Table 6 shows where the tests were performed and why. As previously explained for tensile
tests, the off-axis orientation has been chosen in order to study different failure modes and
how shear stress (  12 ) and normal stress (  2 ) interact during the damage process.
Although the dimensions have been according to the standards, the compression tests of
off-axis coupons have also been submitted to unknown shear stress (  xy ) due to non-zero
terms in the bending-stretching coupling matrix (laminate stiffness matrix B). Despite
knowing that the h

l

ratio (EQ.(48) and EQ.(49)) may reduce the influence of shear stress,

the span in compression tests must be as small as possible to avoid buckling.
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Figuure 26: Acceeptable and unacceptable
u
failure mod
des for comprression tests (ASTM D34
410, 2003).

T
Thus, the innfluence off shear stresss is strong
ger for off-axis comprression testts than forr
tensiile tests. Therefore it is not poossible to use
u off-axis coupons to obtain the elasticc
ows studyinng the coup
pling betweeen  12 andd  22 in the
t damagee
propeerties, but it still allo
proceess.
A
As in the tennsile tests, all
a compresssion tests data
d were ob
btained by uusing strain
n-gages andd
DIC.. Figure 27((a) shows th
he device ussed for this test and Figure 27(b) shows the coupons
c
forr
comppression tessts.
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(a)

(b)

Figurre 27: (a) Com
mpression teest device; (b
b) Compression coupons.

mmented before, buck
kling phenoomenon has been a critical
c
probblem mainlly for
As com
coupons w
with fibers at
a 30o off-aaxis and 90o (see Figurre 28). It iss importantt to mention
n that
buckling hhas not beenn verified for other inveestigated oriientations.

Figure 28: 30o coupoon – Buckling
g phenomeno
on.

3.1.2.2 R
Results and Discussion
ns
Strengtth values foor 0o coupon
ns have alsso been obtaained from compressioon tests. Th
he test
results havve been preesented in normalized
n
format (Fig
gure 29) beecause the m
material datta are
classified. In order to keep graphic clearnesss, only DIC data are sho
own.
The buuckling critiical load is highly deppendent on the
t boundarry conditionns. To veriffy the
upper and lower critiical load, the
t coupon is modeled
d as a simple columnn. For the lower
l
critical loaad, the couppon is pinneed on both eends and, fo
or upper lim
mit (EQ. (81 )), the coup
pon is
clamped onn both endss (EQ.(82)).
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 2 Ex  t 

2

 2 Ex  t 

2

(81)

 
12  L 
 
3 L

(82)

Figure 29: Compreession 0o cou
upons - normalized resultts.

T
The compreession of co
oupons withh fibers at 0o showed a non-linearr elastic beh
havior. Thee
experimental criitical loads are betweenn the theoreetical upper and lower llimits. The lower limitt
(0.477 of the expperiments maximum
m
loaad) represen
nts the pinn
ned ends connditions, wh
hich are nott
repreesentative of
o the experriments. Thhe upper lim
mit load (1.89 of the eexperimentss maximum
m
load)) boundaryy conditions (clampedd on both ends) are the most representattive of thee
experiments. In fact, the reeal boundaryy conditions are between both ideeal cases, but
b closer too
the cclamped endds.
A
Also the higgher load obtained
o
in the comprression test is quite loower than the strengthh
valuees for 0o cooupon tensile strength,, i.e. lower than 20% of
o tensile sttrength. It may
m
be ann
evideence of thee coupon cu
urvature efffect the co
ompression results, deespite the coupons aree
straigghtened by the test machine
m
fixtture. In oth
her words, the straighttened coupons have a
beam
m-column beehavior.
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On the other hand, as commented before, most of 0o coupons failed inside the grips or
showed end-crushing. Only the coupon defined as CDP 0–3 (Figure 29) showed an acceptable
failure mode, but its behavior is rather similar to the other coupons. Another explanation
could be related to fiber misalignment during the manufacturing process, once only small
difference in the orientation could affect the results significantly (Yokozeki, Ogasawara, &
Ishikawa, 2006). Table 10 shows the results and other test remarks. In fact, for the material
model, the elastic properties have been obtained by the tensile tests and not by the
compression ones.
Table 10: Compression 0o coupons - normalized results.
Normalized

Normalized

Stress

Strain

CDP 0-1

-0.85

CDP 0-2

Test speed [mm/min]

Area [mm2]

-0.43

0.5

22.52

-1.00

-1.00

0.5

20.36

CDP 0-3

-0.91

-0.39

0.5

21.45

CDP 0-4

-0.75

-0.30

0.5

22.58

CDP 0-5

-1.00

-0.87

0.5

21.41

CDP 0-6

-1.00

-0.90

0.5

21.91

CDP 0-7

-0.99

-0.97

0.5

22.05

Average

-0.93

-0.69

-

21.63

Cou pon

Compression tests of specimens with fibers at 90o showed to be very difficult to perform,
once buckling took place for almost all coupons. Two experimental normalized results are
shown in Figure 30 as well as an upper (EQ.(82)) and lower (EQ.(81)) critical buckling load.
The lowest limit buckling load is 0.31 of the experiments maximum lad and the highest limit
is 1.24. In this case, the experiments results are closer to the highest limit than those for
compression 0o coupons.
The strength values are rather low compared to literature values for compression. Figure
30 only shows the two best results out of seven tests. Again, the initial coupon curvature
straightened by the machines fixtures makes the coupon behave as a beam-column and it
buckles with a lower load than for a straight coupon one. Although the strength values are
low, these results have been used for the model development.
It is important to observe that for 90o compression, the behavior is similar to 0o coupons,
i.e. non-linear elastic behavior and almost no inelastic strains have been verified. This

3 EXPERIMENTS
X
S: FAILURE MECHANISM
MS

933

behaavior is due to cracks closures unnder compreession (Alliix, Ladevèzze, & Vitteccoq, 1994),,
and tthere is no shear
s
stress,, which creaates matrix damage.

Figure 30: Compresssion 90o cou
upons - norm
malized resultts.

T
Table 11 shhows the reesults and oother test reemarks for 90o couponns under compressionn
loadss.
Table 11:
1 Compres sion 90o cou
upons - norm
malized resultts.
Normalized

Norrmalized

Strress

S
Strain

CDP 90-4

-1.00

-1.00

0.5

56.30
5

CDP 90-5

-0.85

-0.57

0.5

55.20
5

Average

-0.93

-0.79

-

55.75
5

Coupon

Test speed [mm/min]

Area [mm2]

A
As previoussly mention
ned, when ooff-axis com
mpression or tensile ttest are carrried out inn
longiitudinal dirrection usin
ng usual griips, it is no
ot possible to apply oonly  x , butt also shearr
stress. By usingg EQ.(78) and
a EQ.(79)), it is possiible to pred
dict  xy valuue (Figure 31). In thiss
case,, due to smaaller span and fiber oriientation, th
he effect of shear stresss  xy is high
her than forr
5o cooupons undeer tensile loads.
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Figure 311: Comparisoon of experim
mental resultss and boundaary condition
ns correctionns results for 15o
c oupons.

The exxperimental results for compressioon 15o coup
pons are sho
own in Figuure 32. Onlly the
DIC data aand the best results are presented inn order to keep
k
figure clearness.
c
T
The lower crritical
load limit aas well as thhe upper criitical load liimits are alsso shown.

Figure 32:
3 Compresssion 15o cou
upons - resultts.
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Itt is importaant to verify
y that the coompression strength value for couppons with fibers
f
at 15o
is raather close to the resu
ults obtainedd for 0o co
oupons. Theese experim
ments show
wed that thee
resullts were closser to the lo
ower limit aas for 0o cou
upons underr compressioon tests.
T
These comppression testts have not been used for obtainiing any elasstic propertties, but forr
analyyzing the daamage proccess. To prooceed with damage evo
olution anallyses, the stress tensorr
in material coorrdinate has been
b
rotatedd to ply oriientation by
y using EQ.((80). Thus, it becomess
w d2 and d6 eevolve and interact.
i
Alsso, these ressults have been
b
used too
possiible to invesstigate how
evaluuate the matterial model.
F
Figure 33 shows
s
the boundary
b
cconditions corrections
c
for 30o cooupons. Baased on thee
EQ.((78) and EQ
Q.(79), it is possible to have a pred
diction of  xy for 30o ooff-axis cou
upons underr
comppression (Fiigure 33).

Figgure 33: Com
mparison of experimental
e
l results and boundary
b
conditions corrrections resu
ults for 30o
coupon
ns.

T
The compression of 30
0o coupons rresults are shown
s
in Figure 34. F or this orientation, thee
failurre mode waas buckling, what is reppresented by
b the flat part
p of the reesponse currve (aroundd
120 MPa). Alsoo, 30o coup
pons presennted inelastiic strains caaused by daamage in th
he polymerr
matriix.
Inn this case,, only the buckling
b
low
wer limit iss shown in Figure 34, however the highestt
limitt is equal too 539 MPa. In this casee, most of coupons
c
buckle even aat loads low
wer than thee
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theoretical prediction. The reaso
on for this behavior iss that almost all flat ccoupons beecome
t machinee fixture andd a bending
g moment iss created. T
Thus the cou
upons
straight whhen set by the
show a beaam-column behavior.

Figure 34:
3 Compresssion 30o cou
upons - resultts.

3.1.2.3 C
Compression
n Tests Con
nclusions

The coompressionn tests are very com
mplex due to a structtural instabbility and some
unacceptabble failure modes,
m
e.g. end-crushhing. Thereffore, the co
ompression tests have been
used to unnderstand thhe damage process
p
andd to investig
gate how the damage vvariables interact
with each oother for thee material model
m
propoosal.
The maaximum stress value ob
btained by the compreession tests of 0º and 990º coupons have
been lowerr than the reesults found
d in the literrature for a similar material. Alsoo the experim
ments
maximum stresses haave been between low
wer and upper limits for critical buckling loads.
l
Moreover the results for the coup
pons are clooser to the lowest
l
limitt and it is aan indication
n that
the bucklinng load decrreases due to
t the bendiing momentt created by
y the straighhtening of almost
all the flat coupons, when
w
they arre set by thee machine fixtures.
fi
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3.1.33 SHEAR TESTS
T
The measurrement of composite
c
sshear characteristics caan be perfoormed eitheer by usingg
couppons with fibbers at ±45o, followingg the orienttations prov
vided by ASSTM D3518
8 (2007), orr
by ussing a rail teest, which has
h been desscribed by ASTM
A
D4255 (2007).
F
For the sheaar elastic pro
operties andd strength values,
v
it waas used the same valuees identifiedd
by T
Tita (2003), because some issues rrelated to fiilament win
nding manuffacturing prrocess doess
not allow prodducing coup
pons as deescribed by
y ASTM D3518.
D
In fact, the process
p
forr
q
co
oupons enfoorces some limits
l
for th
he winding aangle and th
he ±45o cann
manuufacturing quasi-flat
be reeached onlyy in a small part of thee flat mandrrel. Therefo
ore only couupons, whose sizes aree
smaller than thoose recomm
mended by s tandard, co
ould be prod
duced by wiinding proccess and thee
gth values oobtained by those coupons might bbe unrealistiic.
elastiic propertiees and streng
D
Despite the aspects com
mmented ab
above, somee Finite Eleement (FE) analyses to
o study thee
shearr stress (  122 ) field of these coupoons have been
b
perform
med. Hencee, the resultts for shortt
couppons were compared
c
to
t simulatioons of a standard
s
co
oupon (Figuure 35). Th
hus, it wass
possiible to obseerve that neear the couupon center there is a region withh constant stress
s
field..
Therrefore thosee small coup
pons could be used to
o study the damage evoolution by quasi-staticc
cyclees tests.

(a))

(b)
Figuure 35: FE annalyses - lon
ngitudinal dissplacement field
f
for 50 x 25 mm gagee length coup
pon (a) and
o
250 x 25 mm
m gage lenggth coupon (b
b) - coupons with fibers aat ±45
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3.1.3.1 M
Materials an
nd Methods

The coupons invesstigated by Tita (2003)) were unidiirectional caarbon fiber w
with epoxy
y resin
and, they hhad similarr fiber volu
ume fractionn like the filament
f
win
nding couppons used in
n this
work. The ±45o coupoons dimensiions were 2550 x 25 x 2.7 mm (AST
TM D3518,, 2007) and, they
have been used to dettermine the elastic propperties as well
w as stren
ngth values.. Hence, in order
to identify the damagee parameterrs related too the materiial model, itt was necesssary to carrry out
two (2) exttra cycle tessts.

(a)

(b
(b)

Figure 36: ±45o couupons (directtion 1 and 2 – fiber orien
ntations) (a); Coupon witth failures (b).

3.1.3.2 R
Results and Discussion
ns

The sheear elastic properties
p
as well as thee strength values
v
are prresented in Table 12.
Table 12: Shear elaastic propertiie and streng
gth value (Titta V. , 2003)).
Elastic propertie
p
an d strength value
v

Valu
ues

G12

5.4 GPa
G

S12

53 MPa
M

c
weere availabl e to be tessted, the monotonic teest has not been
Since oonly two coupons
performed.. In fact, thhe monoton
nic tests werre carried out
o by Tita (2003). Thhe in-plane shear
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test rresults are shown
s
in Fig
gure 37 wheere it is obsserved only one curve w
with cohereent responsee
(CDP
P 45-1). Thhere is also an abrupt innterruption on the streess-strain cuurve due to strain-gagee
detacchment.

Figuure 37: Shear test results.

O
Once the dissplacementss in the testt are rather high and th
he strain gaages data haad been lostt
beforre the test ending,
e
the force vs. ddisplacemen
nt curve can
n be used too improve th
he study off
damaage evolutioon (Figure 38).
3
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Fiigure 38: In-p
plane shear ttest force vs. displacemen
nt curve.

3.1.3.3 Sh
hear Tests Conclusion
ns

Despitee the approaached probllems those rresults allow
w evaluating
g the in-plan
ane shear daamage
evolution, once the daamage meaasurements cconsist of a ratio betw
ween the inittial stiffnesss and
the ith cycle stiffness. Besides, the elastic prooperties and
d strength values
v
are reegarded to be
b the
same as thhose obtaineed by Tita (2
2003) on hiis PhD thessis because the
t material
als characterristics
are quite similar. Moreover,
M
based on thhe comparison betweeen obtainedd responsess and
literature ddata, the elaastic propertties and streength values measured for couponn CDP 45-2 have
not been cconsidered in
i the preseent work. H
However, th
he damage measuremeent was coh
herent
and these rresults weree used.

3.1.4 BE
ENDING TESTS
Four pooint bendinng tests weree performedd for off-ax
xis 30o coup
pons in ordeer to evaluate the
potentialitiies and limitations of th
he material model prop
posal.
Those bending teests followeed the guiddelines desscribed by ASTM D7790 (2008).. The
coupon dim
mensions foor flexural tests
t
were 225 mm widee, 180 mm long
l
and 2.00 mm thick
k. The
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exterrnal span was
w equal to
o 120 mm and the intternal span was equal to 60 mm. Figure 399
show
ws the scheema of fourr point bennding tests, which werre carried oout until th
he completee
collaapse of the coupons.
c
A
An importannt remark iss that the offf-axis coup
pons are alm
most flat plaates; so cou
upons eitherr
rotatee or translaate on the sttatic devicee supports (iinferior cylinders – Figgure 39(a)). To ensuree
the tests repeataability, the coupons haave been sett in the testt device alw
ways in the same way,,
s of the pplate touchees the movable supportts (superior cylinders –
ensurring that thee concave side
Figurre 39(a).
O
Once the alm
most flat co
oupons havee a considerrable large radius
r
(morre than 7000
0 mm whenn
the leength is equual to 180 mm),
m
the diisplacementts in longitu
udinal direcction are sm
mall and thee
effecct of frictionn on the forcce and displlacement reesults may be
b neglectedd.

(a)

(b)

F
Figure 39: (aa) Four point bending inteernal and extternal span dimensions
d
(iinferior and superior
s
cyylinders). (b)) Four point bending schema and testt coupon dim
mensions.

nding-stretcching coupling. Hence,,
Itt is importaant to mentiion that off--axis coupons have ben
in thiis case, the filament wound
w
compposite lamin
nates show a more com
mplex displacement duee
to thhe warping phenomeno
on. This kinnematic beh
havior leadss to a moree complex stress
s
state,,
whicch representts a major challenge
c
too predict th
he onset off material faailure and the
t damagee
evoluution. Moreeover, it is important to highligh
ht that interr-laminar sttresses in the
t off-axiss
laminnates are not
n as disccontinuous as in lamiinates with different pply orientaations. Thiss
obserrvation impproves the delaminatio
d
on strength for off-axiss laminates.. Thus, thatt is why, inn
this ccase, only intra-ply
i
dam
mage was eevaluated during
d
the prrogressive ffailure analysis, whichh
will bbe detailed in the next chapter.
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3.1.4.1 R
Results and Discussion
ns

Figure 40 shows the
t total forrce vs. displlacement reesults for fo
our point beending testss. The
experimenttal analysess show a go
ood converggence of ressponses am
mong the couupons. Only
y two
coupons, C
CDP 30-3 annd CDP 30--7, show soome damagee at high loaad levels beefore rupturee. For
the other ccoupons, neeither significant damaage nor dellamination has been oobserved priior to
collapse. S
Since the stresses
s
disscontinuities are low between laayers with the same fiber
orientationn, delaminaations for off-axis
o
lam
minates aree not so co
ommon forr laminates with
different plly orientatioon.

Figure 40: Four pooint bending
g test results.

Bending Tessts Conclussions
3.1.4.2 B

The fouur point bennding tests showed a ggood repetittion among the couponns responsess, and
the results have been coherent with
w the liteerature. Thee curvature effect is sm
mall, but it is
i not
possible too use those results
r
in orrder to inveestigate only
y this effectt on the respponse. Likeewise,
since the sttress state inn the coupo
ons is more complex, th
he computattional simullation of thiis test
represents a worthy chhallenge to evaluate thee proposed material mo
odel.
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3.2 IMPACT TESTS
Despite the static behavior of composites being quite well established, it is not possible to
say the same for impact loads (Zukas, Nicholas, Swift, Greszczuk, & Curran, Impact
Dynamics, 1982). For example, ASTM D7139 (2007) can be used to guide the impact test for
composite flat coupons. However, there is not a standard for impact test on composite
cylinders. Moreover, several studies of composite plates under impact have been addressed by
some researchers (Donadon, Iannucci, Falzon, Hodgkinson, & Almeida (2008), Khalili,
Soroush, Davar, & Rahmani (2011), Xiao (2007), Tita, Carvalho, & Vandepitte (2008)), but
only few studies were performed, regarding impact on curved geometry (Kobayashi &
Kawahara (2012), Ballère, Viot, Lataillade, Guillaumat, & Cloutet (2009), etc).

3.2.1 INTRODUCTION
The usage of composite materials in aeronautical industry has increased considerably in
the last decades, even in large civil aircrafts as previously commented. Both high stiffness and
low weight are the driving factors (Williams, Vaziri, & Poursartip, 2003). Considering the
structural shapes and component functionality, the intrinsic anisotropy of components allows
achieving an optimal material performance. This is the reason why pressure vessels are an
important application of composite materials. In fact, composite vessels design guidelines
were established more than 40 years ago and it has been recommended high safety factors in
order to avoid failures, mainly in pressurized vessels (Kobayashi & Kawahara, 2012).
Among several causes of damage, failures caused by impact loading is a special category.
Composite structures are generally more susceptible to impact damage than similar metallic
structures. Impact loads may cause internal damage in composite laminates, what is hardly
detected by visual inspection, because the damage is very small, e.g. matrix cracking,
delamination and/or fiber breakage. However, this internal damage may cause a severe
reduction in the structural strength (Abrate S. , 1998) and, many different parameters affect
the structural response. Not only the initial kinetic energy of the impactor is an important
parameter, but also the mass and the impact velocity. As reported by Abrate S. (1998), small
mass at high velocity produces different damage patterns compared to the impact caused by
large mass at low velocity, even if both impactors hit the target (composite structures) at equal
kinetic energy. Normally, in low velocity impact, the damage starts with matrix cracking,
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which evolves to delaminations in the interface of plies with different orientations. Despite
the high strength in fiber direction, out-of-plane stresses caused by impact loads due to either
a bird strike or a dropped tool may lead to severe damage. In metallic structures, this kind of
damage is easier to be detected differently from what happens to carbon fiber composite
structures (Ballère, Viot, Lataillade, Guillaumat, & Cloutet, 2009).
There are several testing standards (tensile, compression, shear, bending, fatigue, impact,
etc) for flat composite coupons. The standards ASTM D7136 for composite and ASTM
D5628 for rigid plastics provide the guides to perform the impact test on flat coupons. Several
researchers ( (Tita, Carvalho, & Vandepitte, 2008), (Abrate S. , 2001) (Christoforou & Yigit,
2009), (Menna, Asprone, Caprino, Lopresto, & Prota, 2011), (Quaresimin, Ricotta, Martello,
& Mian, 2013), etc) have also investigated impact problems on flat composite plates.
However, there are few publications about impact on curved composite structures ( (Minak,
Abrate, Ghelli, Panciroli, & Zucchelli, 2010) (Ballère, Viot, Lataillade, Guillaumat, &
Cloutet, 2009) (Minak, Abrate, Ghelli, Panciroli, & Zucchelli, 2010)) and, there is no standard
for impact tests on curved composite coupons. Because of the absence of standards, each
experimental test presented in earlier research work should be considered as a unique
analysis, once those research works have shown different test conditions, e.g. different types
of coupons fixture.
Part of the present work consists of experimental analysis in transverse impact tests,
which is carried out in carbon fiber filament wound cylinders in order to investigate the effect
of some parameters on the impact response. Thus, anisotropy, energy level, boundary
conditions and cylindrical shape have been evaluated by experimental tests. Three different
cylinder lay-ups were manufactured by using the filament winding process previously
described, and two energy levels for the impact tests were applied by using a drop tower
equipment. The difference of the response among each lay-up and the influence of energy
level have been analyzed in details.
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3.2.22 MATER
RIALS AND METHODS
S
D
During the impact
i
testss, force and displacemeent informattion of the iimpactor arre measuredd
whenn it interactss with the coupon. Straains are meaasured in tw
wo different points of th
he cylinderss
by ussing bidirecctional strain
n gages.
A
All the testts have beeen carried out in the laboratoriees of the M
Materials Engineering
E
g
Depaartment of thhe Catholicc Universityy of Leuven (KU Leuveen - Belgium
m).

3.2.22.1 Cylind
drical Test Coupons
C

F
Filament winding is a manufacturi
m
n produce hhigh quality
y compositee
ing processs, which can
cylinnders. Thus,, this processs has beenn used to maanufacture circular
c
tubbes with three differentt
lay-uups. Figure 41(a) preseents the cyllindrical cou
upon dimen
nsions and, Figure 41((b) shows a
pictuure of the cooupon after the cure proocess in a co
ontrolled ov
ven.

(aa)

(b)

Figure 41: (a)
( Coupon dimensions;
d
((b) Cylinder manufactureed by filamennt winding process
p

T
Table 13 shhows the lay
y-ups for thhe compositte cylinderss, which weere identifieed as beingg
type A 3.49 mm
m thick; typ
pe B 3.25 m
mm thick and
a type C 3.54 mm tthick. For all
a types off
cylinnders, the value
v
of thicckness has been calculated based
d on the aveerage of alll nominallyy
identtical specim
mens. Thosse lay-ups have been
n used to assess how
w differentt levels off
anisootropy affecct the structu
ural responsse under im
mpact loads.
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Table 13: Cylinders lay-up and average thickness.
Identification

Lay-up

Thickness [mm]

Type A

[90 / 60 / 60 / 90 / 60 / 60 / 90]S

3.49

Type B

[90 / 30 / 30 / 90 / 30 / 30 / 90]S

3.25

Type C

[90 / 30 / 30 / 60 / 60 / 30 / 30]S

3.54

Due to the filament winding process, the ply thicknesses depend on the fiber orientation as
shown in Table 14.
Table 14: Ply thicknesses for each cylinder type.
Type A

Orientation

Type B

Thickness
[mm]

Orientation

Type C
Thickness
[mm]

Orientation

Thickness
[mm]

90°(*)

0.29

90°(*)

0.28

90°(*)

0.25

60°

0.29

30°

0.245

30°

0.25

-60°

0.29

-30°

0.245

-30°

0.25

90°

0.25

90°

0.24

60°

0.26

60°

0.25

30°

0.245

-60°

0.26

-60°

0.25

-30°

0.245

30°

0.25

90°

0.25

90°

0.205

-30°

0.25

90°

0.25

90°

0.205

-30°

0.25

-60°

0.25

-30°

0.245

30°

0.25

60°

0.25

30°

0.245

-60°

0.26

90°

0.25

90°

0.24

60°

0.26

-60°

0.23

-30°

0.225

-30°

0.25

60°

0.23

30°

0.225

30°

0.25

90°(**)

0.17

90°(**)

0.16

90°(**)

0.21

Average per
layer

0.249

Average per

(*) outer layer; (**) inner layer.

layer

0.232

Average per
layer

0.249
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T
The variation of the ply
y thicknessees is due to the
t manufacturing proccess. One reeason is thee
appliication of thhe same tension in the ccarbon fiberr for all fibeer orientatioons during the
t filamentt
windding processs. Another reason
r
mayy be the diffference of the temperaature distribution alongg
the ccoupon duriing the curre process, but it has not been fu
urther invesstigated in the presentt
workk. Besides, it
i is importaant to remem
mber that th
he manufacturing proceess is classiffied.

3.2.22.2 Drop Tower
T
App
paratus

T
The principlle of the im
mpact test viia a drop to
ower apparaatus is veryy simple. Th
he drop testt
consiists of a ceertain mass,, which is dropped fro
om a certaiin height, hhitting the test
t couponn
Forcee and displacement aree measuredd when the impactor
i
an
nd the couppon are in contact. Thee
displlacement off the impacttor is measuured by usin
ng both a Light
L
Emittinng Diode (L
LED) and a
light detector (F
Figure 42). The
T data reccorder only saves the data
d for the ffirst impact and it doess
not ssave any othher informattion, e.g. rebbounce effeects.

Figure 42: Displacement
D
t measurement principle for the impacct tests.

T
The drop tow
wer apparattus (Figure 43(a)) consists of two
o guiding baars to drivee the fallingg
weigght during thhe test. Theese guiding bars limit the
t impact height
h
to 1. 8 m. The teest couponss
are set at the basse of the tow
wer (Figuree 43(a) and (b)). Severaal types of iimpactor heeads (Figuree
43(b))) can be fiixed onto th
he impactorr frame forr evaluating
g different ty
types of maaterials. Forr
hardeer material, a sharp imp
pactor headd is used, bu
ut for softer material, a blunter imp
pactor headd
is reccommendedd. The tests have been performed
d by using an
a aluminum
m round imp
pactor headd
with a diameterr of 16 mm
m. The rounnd head avo
oids penetraation of thee coupon, what
w
wouldd
occuur if a sharpp head weree used. A ppiezoelectricc crystal, seet between tthe impacto
or head andd
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the impacttor frame, is
i used as a load celll for impact force acq
quisition (Fiigure 43(b))). As
commentedd earlier, thhe displacem
ment data haave been accquired by using
u
a light
ht detector placed
p
at the bottoom of the drop
d
tower apparatus, which measures the in
ntensity of a Light Em
mitting
Diode (LE
ED) mountedd on the imp
pactor fram
me. Once thee LED is staabilized (con
onstant inten
nsity),
the distancce measuredd by the lig
ght detectorr is proportiional to ~ 1/ d 2 , where d is the disstance
between thhe LED andd the light deetector. Thee displacem
ment is set “zzero” at thee point on th
he top
of the cyliinder, whenn the impacctor toughs the specim
men. Thus, the distancce d is equaal the
indentationn and/or pennetration off the impacttor through the thickneess of the sppecimens, which
w
are mounteed at the baase of the drop
d
tower.. In this wo
ork, the cyliindrical couupons have been
positioned on a flat suurface for impact
i
testss under energy level eq
qual to 8.4 J (Figure 43(b))
4
and, in a “V
V-block” baase, for imp
pact tests unnder energy level equal to 31 J (Figgure 43(c))..

(b))

(a)

(c))
Figure 43: (a) Drop tower apparatu
us, (b) Test ccoupon set att the drop tow
wer base (8.44 J tests); (c)Test
schemaa using V-bloock at the baase (31 J testss)
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T
The load ceell was plug
gged on a K
KistlerTM am
mplifier (m
model 5007)). This equiipment wass
connnected to ann acquisition
n system, w
which had 11-bit data, with three cchannels fo
or input andd
samppling frequeency set to 20
2 kHz. Thee strain meaasurements were perfor
ormed by using a HBM
M
ampllifier. The software
s
waas set to reccord samples at 20 kH
Hz frequenccy and the sample
s
sizee
had 664000 pointts.
A
As commennted above,, the impacct test equ
uipment pro
ovides the information
n of force,,
displlacement annd time wheen the impaactor and co
oupon interaact during thhe impact event.
e
Also,,
bidirrectional strrain gages provide
p
the sstrains in tw
wo differentt points of tthe cylinderrs as shownn
in Fiigure 44. The
T strain gages “1” (F
Figure 44) are set as close
c
as poossible to th
he impactorr
headd. The strainn gages “2” (Figure 44)) are set at a distance frrom the straain gages “1
1”, which iss
arounnd ¼ of the circumfereential perimeeter.

Figuree 44: Strain ggages positio
on on cylindrrical couponss.

B
Both stain gages
g
are in the middlee of the cyliinder axial distance
d
in order to meeasure highh
valuees for hoopp and axial strains. It iis importantt to mention that the sstrain gagess data weree
only available for
fo 8.4 J imp
pact tests. F
Figure 45 sh
hows the no
omenclaturee used in thiis Thesis too
d strain direction as welll.
indiccate the strain gage possition and thhe measured
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Fig
gure 45: Straiin gage nomenclature.

3.2.3 EX
XPERIMENT
TAL ANALY
YSIS
The exxperimental tests have been carrie d out by ussing two energy levels (8.4 J and 31 J)
and three different laay-ups, allo
owing a criitical investtigation abo
out the dam
mage proceess in
cylindricall shapes. Inn addition, it was possiible to inveestigate the influence oof the aniso
otropy
and the booundary connditions as well
w as the impact eneergy on the impact ressponse. Tab
ble 15
shows the nnumber of tests
t
carried
d out for eacch cylinder type at both
h energy levvels.
Tablle 15: Experiimental tests repetitions
Cylinderr type

Number of tests at 8 .4 J

Number of tests at 31 J

Type A

4

4

Type B

4

4

Type C

4

4

Accordding to som
me authors, damage innitiation is detected in
n the force vs. time hiistory
when a suddden force drop
d
occurs due to stifffness reducttion caused by unstablee damage grrowth
(Schoeppnner & Abrate, 2000). It is possible to identify the delamin
nation thresshold by thee first
sudden forrce drop. Hoowever, matrix crackinng, which iss the first typ
pe of damag
age due to im
mpact
loading, dooes not affeect the lamiinate stiffneess (Schoeppner & Abrrate, 2000).. Thus, it iss very
complicateed to identiffy this type of damage, only by ob
bserving the force signaal. Thereforre, the
experimenttal analysis developed in this workk goes furth
her. In otherr words, nott only the im
mpact
test force vs. time history curvees have beeen evaluateed, but also
o the displaacement vs. time
history andd the strainn vs. time history
h
as w
well as the transferred
t
energy graaphics have been
analyzed inn details.
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3.2.33.1 Results for Cylinder Type A

F
Figure 46 shhows the forrce vs. time and displaccement vs. time
t
for 8.44 J impact teests on typee
A cyylinders (Tabble 13). Forr this cylindder type and
d energy lev
vel, four testts were perfformed, butt
only two of thhem presen
nted good results. Figure
F
46 shows
s
thatt either the force orr
displlacement histories are nearly
n
identtical for botth coupons.. The impacct duration was
w aroundd
15 m
ms. The maxximum displlacement waas around -6
6.7 mm (Taable 16).

Figure 46: Type
T
A (8.4 JJ) - force vs. time and dissplacement vs
vs. time.

T
The responsses for 8.4 J impact tessts on type A cylinders (Figure 446 and Figurre 47) show
w
that tthe force inncreases quiickly close to 5.17 mss and a sudd
den force ddrop occurs.. The strainn
gage SG 1 90 (Figure
F
47) in
n the same period of tiime (regard
dless a very small delay
y of 0.3 mss
in thhe beginningg of the im
mpact event)) had a similar behavio
or. Thus, thhe strain gage shows a
smooother curve and the strain drop waas not so prronounced compared
c
too the force drop. Also,,
the sstrain valuee is around minus 0.3%
% for the first
f
force trough
t
(at 55.9 ms). Affter that, inn
Figurre 46, the force
f
increaases again aand a new sudden dro
op occurs. FFew milliseeconds afterr
that (at 6.5 ms), the force starts to inncrease agaiin, and the force peakk reaches itss maximum
m
valuee (about 1400 N). Thee strain gagee did not acccount neith
her the peakk nor the trough.
t
It iss
remaarkable that the maximu
um registereed force vallue (around
d 6.8 ms) didd not corresspond to thee
maxiimum displlacement po
oint (aroundd 9.5 ms) as shown in
i Figure 446 and neith
her did thee
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maximum strain occuur at the max
ximum forcce value. In
n fact, the maximum
m
str
train corresp
ponds
a shown in
n Figure 46 and Figure 47
4 .
to the maximum displlacement (frrom 9.3 ms to 9.9 ms) as
p
and vvalleys has been
b
registeered by Minnak et al. (2
2010).
A similar behavioor of force peaks
mination bettween severral layers. Thus,
This behavvior may inndicate the initializatioon of delam
after damaage initiationn, the unstaable delamiination prop
pagation maay cause furrther oscillaations
in the forcee vs. time hiistory, as ob
bserved by Schoeppnerr and Abratee (2000) onn flat coupon
ns.

Figure 47:
4 Type A (8
8.4 J) force vvs. time and strain vs. tim
me for SG 1 990.

Table 16 summarrizes the ressults in forrce, displaceement and strain for ttype A cyliinders
under impaact energy equal
e
to 8.4 J.
Table 16: Maximum
M
forcce, displacem
ment and straain for type A cylinders ((8.4 J).

Coupon M
Maximum foorce peak [N
N]

Maximu
um displaceement [mm]
((absolute va
alue)

Minimum
m strain [%]]

1

14330.7

7.0

-00.805

3

13996.5

7.5

-00.854

Average

1413.6

7.2

-00.829

Analyzzing the respponse of all strain gagges in Figurre 48, a smaall delay off 1.9 ms in strain
gages “1” and “2” ressponses has been obserrved. This delay
d
corressponds to thhe time (thaat) the
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stress wave takes to reach
h strain gagge “2”. SG 2 0 did not measure aany strain in
i the axiall
he other couupon, the measured
m
strains behavee in similar way.
direcction (Figuree 44). For th

Figure 48: Type A - strrains for coup
pon 2.

A
Another impportant paraameter, whiich can be used
u
in the analysis, iss the amoun
nt of energyy
transsferred from
m the impacctor to the ccoupon durring the imp
pact event, i.e. the imp
pact energyy
has bbeen converrted into elastic energyy and dissip
pated or absorbed enerrgy (depend
ding on thee
adoppted referennce). Tita, Carvalho,
C
& Vandepittte (2008) performed these calcu
ulations forr
compposite flat panels.
p
In th
he present w
work, the au
uthor has ussed a similaar approach
h, where thee
energgy transferrred ( Et ) from
m the impacctor to the composite
c
cylinders
c
is shown by eq.
e (83).

mv 2 m  v  t  
Et  0 
2
2

2

(83)

w
where v  t  is
i the impacctor speed aat t ( t  0 ), m is the to
otal impact m
mass (impaactor, framee
impaactor and looad cell) an
nd v0 is the speed at th
he impact onset.
o
The iimpactor sp
peed can bee
obtaiined from eq. (84).

vt  t   v0 

t

1
Fexp dt
m 0

(84)
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where Fexp is the measured
m
ex
xperimental force using
g the load seensor. For eexample, thee first
part of the time scale in Figure 49,
4 from 4.55 ms to 9.0 ms, shows how the kinnetic energy
y was
transferredd from the impactor
i
to the couponn. The kineetic energy transfer occcurs in the same
slope for aall the coupoons. The seccond part off the time sccale, from 9.0
9 ms to thhe end, show
ws the
dissipated energy by the cylindeer because oof the failurre mechanisms and thhe elastic en
nergy,
which is reepresented by
b the elasttic vibrationns. Thus, on
ne part of the dissipateed energy by
b the
coupon haas been relaated to strucctural dampping. The other
o
part of the dissippated energy has
been relatted to the damage process
p
(Fiigure 49) as matrix cracking, fiber breaakage,
delaminations and othher failure mechanism
m
ms as well. For
F instancee, in the cyylinder typee A, a
b
observeed in the cooupon like an
a indentatio
on (inelasticc deformatio
on).
small dent mark has been

Figure 49: Kinetic energy
e
balan
nce between iimpactor and
d type A cou
upons for 8.4 J impact tesst.

Althouugh Figure 49
4 provides an estimatiion of the en
nergy that the
t cylinderr can absorb
b, it is
not possibble to evaluate neither the value oof the energy
y used to trrigger a dam
mage processs nor
the value dissipated by structural dampinng. It is fu
urther remarrkable thatt damage in
n the
n been detected by C--Scan analy
ysis. Thus, itt may be cooncluded th
hat the
impacted rregion has not
size of thee damage crreated in th
he cylinderss type A is very small (e.g. matriix micro-craacks),
consideringg 8.4 J of im
mpact energ
gy level.
Table 117 shows thhe ratio betw
ween the elaastic energy
y (transferreed back to thhe impactorr) and
dissipated energy (unrrecoverablee). Considerring the lay-up [90 / 60 / 60 / 90 / 600 / 60 / 90]S (type
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A cyylinders), im
mpact energy
y level and impactor ty
ype, the elasstic energy is around 130%
1
of thee
dissippated energgy for the coupon 1. The ratio between ellastic energgy (Ee) and
d dissipatedd
energgy (Ed) has also been calculated
c
foor coupons 2 and 3. Th
herefore, thee average value for thee
elastiic energy iss around 133
3% of the ddissipated en
nergy (Table 17).
Table 17: Ratio
R
betweeen elastic eneergy (Ee) and
d dissipated energy
e
(Ed) – Type A cylinders
Cou
upon

Ee/Ed

1

1.34

3

1.32

Aveerage

1.33

Inn order to investigate
i
the
t influencce of the im
mpact energy level, addditional mass has beenn
attached to the impactor frame (Figgure 43(a)),, and the initial
i
impaactor heigh
ht has beenn
increeased. This combinatio
on of mass and height leads to a potential
p
ennergy aroun
nd 31 J (thee
exactt value is 300.65 J).
F
For type A cylinders under
u
31 J iimpact enerrgy, the forrce vs. timee and displaacement vs.
time results are shown in Figure
F
50. The graphiics show that the repettitions prod
duce almostt
identtical results.

Figure 50: Type
T
A (31 J)) - force vs. time
t
and disp
placement vss. time .
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31 J impact tests on Type A cylinders (Figure 50) show that the force increases quickly
close to 5.2 ms and then a sudden force drop occurs. After that, the force increases again and a
new sudden drop occurs. The maximum force peaks (around 2500 N) occur from 7 ms to 7.5
ms for all coupons. Just after this interval, the force drops again. The maximum force peak
takes place around 0.0078 s and the maximum displacement at 11.1 ms (response delay of 3.3
ms). This trend repeats close to 8.7 ms of the impact event. A similar behavior was registered
by Minak et al. (2010). This part of peaks and troughs may be an indication of the
initialization of delaminations between several layers. After this period of time (from 4.7 ms
to 8.7 ms), the unstable delamination propagation may cause further oscillations in the force
vs. time history, as observed by Schoeppner and Abrate (2000) for flat coupons. Figure 50
shows that the maximum force level does not occur in the first peak and that the maximum
force value does not occur in the same time of the maximum displacement either. The same
behavior has already been observed for 8.4 J impact tests as previously commented
Figure 51 shows the amount of energy, which is transferred from the impactor to the
coupons. When compared to type A coupons tested at 8.4 J, in this case (at 31 J), there is a
different behavior, because during the initial phase, when the impactor loses part of the
kinetic energy, the slope of the curve changes. Thus, firstly, the slope decreases at 23.8 J (8.19
ms) and, then (at 26 J), the slope increases again (Figure 51) to a value closer to the first
slope. This phenomenon occurs because the impact energy level produces a lot of damage in
the coupons. For example, matrix cracking and delaminations have been visible as well as a
few fiber failures, which have been detected only near the impact area (Figure 52). The
impactor also produces a small dent mark on the coupon (inelastic deformation).
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F
Figure 51: Kinetic
K
energy
y balance beetween impacctor and typee A coupons for 31 J impact test.

Fig
gure 52: 31 J impacted arrea for type A cylinder.

T
Table 18 shoows the maaximum peaak force vallue for each
h coupon ass well as thee maximum
m
displlacement (abbsolute valu
ue). For dispplacement measuremen
m
nts, the stanndard deviaation is onlyy
1.23%
% of the average.
a
Fo
or force m
measurementts, the stan
ndard deviaation is 5.2
23% of thee
averaage. As obsserved in th
he 8.4 J imppact tests, th
here is no correlation
c
bbetween thee maximum
m
meassured forcess and the maaximum dissplacement for the 31 J impact testts.
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Table 18: Results summary for type A cylinders (31 J).
Maximum force peak

Maximum displacement [mm]

[N]

(absolute value)

1

2388.9

16.0

2

2319.3

16.2

3

2563.5

16.3

4

2270.5

16.3

Average

2385.6

16.2

Standard Deviation

128.2

0.2

Coupon

The ratio between elastic energy and dissipated energy is around 0.98 (Table 19). Thus,
for type A cylinders (31 J), more energy was dissipated than restored to the impactor. The
main sources of unrecoverable energy consist of not only the failure mechanisms discussed
earlier, but also the material damping, mainly related to the epoxy matrix.
Table 19: Ratio between elastic energy (Ee) and dissipated energy (Ed) – Type A cylinders (31 J)
Coupon

Ee/Ed

1

0.84

2

1.11

3

0.97

4

0.97

Average

0.98

3.2.3.2 Results for Cylinder Type B

As explained in the previous section, type A cylinders impacted under 8.4 J did not show
any detectable damage close to the impacted area. Thus, this section firstly presents the results
for type B cylinders under 8.4 J, also. As verified for type A cylinders, the C-Scan image
(Figure 53(a)) shows that there is not any damage for type B.
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(b)

F
Figure 53: Tyype B cylindeers (8.4 J imppact energy)): (a) C-Scan image; (b) fforce vs. timee (8.4 J).

T
The force vss. time histo
ory for typee B cylindeers under 8.4 J impact energy (Figure 53(b)))
show
ws a similar behavior to
o type A cyylinders und
der 8.4 J imp
pact tests. T
This behavio
or indicatess
that tthe peaks and
a valleys are not onlyy related to
o delaminatiions, but al so to unstab
ble damagee
propaagation. Thhe effect of
o boundaryy condition
ns and the cylindricaal geometry
y has beenn
pronoounced com
mpared to flat
fl plates. O
Oscillations in the forcce vs. time m
may be cau
used by twoo
sourcces: 1) the impactor
i
ex
xcites the nnatural modees of the strructure (imp
mpactor ringing); 2) thee
couppon reacts with
w flexuraal vibrationns (ASTM D7139, 2007). Apart of delamin
nations, thee
oscilllatory behaavior may also
a
be expplained by the
t wave propagation across the cylindricall
struccture and thee cylinder modal
m
vibrattions as welll.

Figuure 54: Forcee vs. time hisstory measureed in the imp
pactor and in
n the base forr type B cylin
nders - 8.4J
impact energy.
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Figure 54 shows force vs. time history of a finite element simulation for type B cylinders
under 8.4 J impact test. The finite element analysis has been carried out by using
ABAQUSTM/explicit. The composite cylinder was modeled by using 4 node homogeneous
reduced integration elements (S4R) and the steel base was modeled by using a 4 node
homogenous hexahedron elements. For the impactor, a 3-node discrete rigid element was
used. The ABAQUSTM general contact algorithm regarding hard contact normal behavior was
used to model the interactions between the cylinder and the base as well as between the
cylinder and the impactor head. Details about the finite element analyses can be found at
Ribeiro et al. (2012). It is important to highlight that this simulation did not include neither
damage models nor progressive failure analysis. The oscillatory behavior observed in the
response of the structure has not been related to any kind of damage. Moreover, the finite
element simulations show that there is a response delay provided by the base (reaction force)
compared to the input force provided by the impactor (Figure 54). When the impactor just hits
the cylinder, the input force increases very fast, but there has been no reaction in the support
(base) yet. After 0.6 ms, the reaction force in the base increases, but the force in the impactor
decreases. The next force peak of the impactor corresponds to a decrease of the base reaction
force. This trend repeats until 3.0 ms of the impact event, after this time, there are no clear
correlations. It indicates that there is a delay of the response between the support reaction and
the impactor. The explanation of this effect is the velocity of the wave propagation from the
impact point to the base.
Figure 55 shows the force vs. time and displacement vs. time for type B cylinders under
8.4 J impact. The repetitions have produced nearly identical results. The trend of peaks and
troughs is similar to type A cylinder, but for type B cylinders, the maximum peak force occurs
closer to the maximum displacement data (around 0.6 ms) than type A cylinders (around 2.6
ms).
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Figure 55: Type
T
B (8.4 JJ) - force vs. time and displacement vss. time.

T
The strain vs.
v time and
d force vs. tiime are sho
own in Figu
ure 56. For cylinder ty
ype B underr
8.4 J impact eneergy level, th
he maximum
m force and
d maximum
m displacemeent occur allmost in thee
samee point as well
w as for the
t minimuum strain (rresponse delay around 0.48 ms) as
a shown inn
Figurre 56.

Figure 56: Type B (88.4 J) - force vs. time and
d strain vs. tim
me.
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Table 20 summarizes the results for force, displacement and strain for type B cylinders
under 8.4 J of impact. The maximum displacement and the minimum strain are larger than the
values presented by type A cylinders.
Table 20: Maximum force, displacement and strain for type B cylinders (8.4 J).

Coupon

Maximum force
peak [N]

Maximum
displacement [mm]

Minimum strain [%]

(absolute value)

1

1342.8

7.4

-1.031

2

1333.0

7.6

-1.025

4

1228.0

8.0

-1.010

Average

1301.3

7.7

-1.022

Standard Deviation

63.6

0.3

0.018

As observed for type A, the average response delay between strain gages “1” and “2” for
type B (8.4 J) is around 1.5 ms (Figure 57). This value is not so different from that found in
type A cylinders (1.3 ms). Table 21 shows the response delay between strain gages “1” and
“2” for type B cylinders under 8.4 J impact test. In this case, it has not been possible to
measure the delay for coupon 3. The average delay between the response of strain gages “1”
and “2” for type B is around 1.5 ms. Thus, the response delay for type B cylinders (under 8.4
J impact test) is 20% higher than type A cylinders (under 8.4 J impact test), which indicates
the influence of the cylinder lay-up in the stress wave velocity. Since the stress wave has been
faster in fiber direction, it is concluded that cylinder type A shows the stress wave velocity
faster than that in the other cylinders because its lay-up has fibers at 90º and 60º.
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Figure 57: Type B - strrains for coup
pon 1.

T
Table
21: Dellay between sstrain gage 1 and 2 – Typ
pe B cylinderrs (8.4 J)
Cou
upon

Deelay [ms]

1

1.5

2

1.6

4

1.5

Aveerage

1.5

O
Observing Figure
F
58, the
t impactoor transfers its kinetic energy to tthe coupon in a singlee
slopee curve as observed for
fo type A ccoupons. The
T differen
nces betweeen type A and
a type B
cylinnders showeed very low dissipated eenergy (Tab
ble 22).
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Figure 58: Kinetic energy
e
balan
nce between iimpactor and
d type B cou
upons for 8.4 J impact tesst.

The elaastic energyy is around 7 (seven) ttimes the diissipated en
nergy (Tablle 22) for ty
ype B
cylinders. Almost all energy is restored
r
to the impacttor and the impact doees not cause any
significant damage, what
w confirm
ms the resullts obtained by C-scan analysis (Fiigure 53 (a))).
Table 222: Ratio betw
ween elastic energy
e
(Ee) an
and dissipated
d energy (Ed) – Type B ccylinders (8.4
4 J)
Coupon

Ee/Ed

1

6.64

2

6.01

3

-

4

8.27

Average

6.98

For typpe B cylindders, the resu
ults of 31 J impact tessts (force vss. time and displacemeent vs.
time) are sshown in Figgure 59. Alll experimenntal data show a good repeatability
r
ty of the tests. At
o impact en
nergy, type A cylinderrs and type B cylinderss show a siimilar
the same hhigh level of
pattern of ppeaks and valleys.
v
How
wever, the force peak intensity is higher for cylinder ty
ype B,
due to the lay-up andd the thickneess differennces of each
h layer. Dellaminationss, matrix daamage
and indenttation markks (inelastic deformatioon) have allso been deetected for ttype B cyliinders
under 31 J impact testts.
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Figure 59: Type
T
B (31 JJ) - force vs. time
t
and disp
placement vss. time.

F
Figure 59 shows
s
that the maxim
mum force peak valuee occurs arround 6.7 ms
m and thee
maxiimum displaacement occcurs at 11.22 ms, which
h represents a response delay of 4.5
5 ms. Tablee
23 shhows that thhe standard
d deviation for the disp
placement measuremen
m
nts is smalll. However,,
from
m 12.7 ms, it is observ
ved that thee displacem
ment measurrements staart to diverg
ge. For thee
forcee values, the standard
d deviationn is 19.1%
% of the average
a
vallue. Thus, there is a
consiiderable disspersion in the maxim
mum peak value
v
measu
urement. H
However, reg
garding thee
forcee history forr all coupon
ns, they are rather close. Again, th
here is no ccorrelation between
b
thee
maxiimum measured force and
a displaceement.
Tablee 23: Results summary fo
or type B cyliinders (31 J) .
M
Maximum force
f

Maximum
M
di
displacementt [mm]

peak [N]]

(absoolute value)

1

2319.3

16.4

2

2441.4

16.4

3

2612.3

16.6

4

3466.8

16.2

A
Average

2710.0

16.4

Standarrd Deviation
n

518.7

0.1

C
Coupon
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Considdering the energy ballance betweeen the im
mpactor and
d the couppons for ty
ype B
cylinders uunder 31 J impact
i
testss, the impacctor transferrs its kineticc energy to the coupon
ns in a
bilinear waay as shownn in Figure 60. This beehavior is different
d
compared to ttype A cyliinders
(31 J).

Figure 60: Kinetic energy balan
nce between impactor and type B cou
upons for 31 J impact testt.

Regardding the restored energ
gy, cylinderr configurattion B dissip
pates 77 % (on averag
ge) of
the elastic energy
Table 24: Ratio betw
ween elastic energy (Ee) and dissipatted energy (E
Ed) – Type B cylinders (3
31 J)
Coupon

Ee/Ed

1

1.30

2

1.33

3

1.15

4

1.44

Average

1.30

Delamiinations havve been obsserved amo ng several plies (Figurre 61) in soome coupon
ns. As
expected, tthe delaminnations occu
ur between pplies with different
d
orientations (A
Abrate S. , 1998)
and the delaminationss extend fro
om the impaacted area to
t the free edges
e
of thee cylinder. It
I can
be observeed that 25% less energy
y has been ddissipated by
y type B ratther than typpe A cylind
ders.
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Taable 24: Ratiio between elastic energyy (Ee) and disssipated enerrgy (Ed) – Tyype B cylinders (31 J)
Cou
upon

Ee/Ed

1

1.30

2

1.33

3

1.15

4

1.44

Aveerage

1.30

Inn addition, more energ
gy has been restored thaan dissipated due to thee impact con
nditions.

Figgure 61: Delaamination in the cylinderr free edge – type B cylinnder (31 J).

Taable 24: Ratiio between elastic energyy (Ee) and disssipated enerrgy (Ed) – Tyype B cylinders (31 J)
Cou
upon

Ee/Ed

1

1.30

2

1.33

3

1.15

4

1.44

Aveerage

1.30

3.2.33.3 Results for Cylinder Type C

F
Figure 62 shhows the fo
orce vs. timee and displacement vs. time for ty
type C cylin
nders underr
8.4 J impact tesst. In this case,
c
as forr type B 8.4 J impact test, the m
maximum fo
orce occurss
almoost at the sam
me point (reesponse delaay of 0.4 ms).
m Also, the test resultts for all cou
upons show
w
goodd repeatabiliity.
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Figuree 62: Type C (8.4 J) - forcce vs. time an
nd displacem
ment vs. timee.

Figure 63 shows the
t strain vss. time andd force vs. time
t
results for type C cylinders under
u
8.4 J impacct. Unfortunnately, only
y the strain-ggage data fo
or coupons 1 and 3 havve been reco
orded.
Maximum force peakk occurs close to the m
minimum strrain with a small respoonse delay of
o 0.4
ms.
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Figure 63:
6 Type C (88.4 J) - force vs. time and
d strain vs. tim
me.

T
Table 25 shhows the maximum
m
ddisplacemen
nt and min
nimum straain values for type C
cylinnders under 8.4 J impacct.
Tablee 25: Maximu
um force, dissplacement and
a strain forr type C cylinnders (8.4 J).
Maxiimum force

Maximu
um displacement

peak
p
[N]

[mm] (absolute
(
va
alue)

1

1401.4

7.1

-1.009

2

1335.4

7.2

-

3

1411.1

7.6

-1.205

4

1462.4

7.6

-

Avverage

1402.6

7.4

-1.107

Standardd Deviation

52.1

0.25

0.139

Cooupon

m strain [%]]
Minimum

F
Figure 64 shows the measured
m
sttrains for type C cylin
nders (8.4 J). The delay of thee
respoonse betweeen strain gaages “1” annd “2” is aro
ound 1.6 ms
m (Figure 664). This is the biggestt
valuee detected over all cy
ylinder typees. Table 26 shows th
he responsee delay betw
ween strainn
gages “1” and “22” for all ty
ype C cylindders under 8.4
8 J impactt.
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Figure 64: Typpe C coupon 3 strains

Table 266: Delay betw
ween strain ggage 1 and 2 – Type C cy
ylinders (8.4 J).
Coupon

Delay [ss]

1

0.00157
7

2

0.00175
5

3

0.00154
4

4

0.00173
3

Average

0.00165
5

t
A and
d B cylindeers under 8.4 J impactt, the impacctor transfeers its
As obsserved for type
kinetic eneergy in a constant slopee line as shoown in Figu
ure 65. As identified foor type B, ty
ype C
cylinders rrestored alm
most all enerrgy, once thhe elastic en
nergy is aro
ound 10 tim
mes the dissiipated
energy (Taable 15). Thus, it is possible
p
to cconsider th
hat all energ
gy has beenn restored to
t the
impactor aand the impaact event diid not causee any consid
derable dam
mage, confirrming the reesults
obtained byy C-scan annalysis.
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F
Figure 65: Kinetic
K
energy
y balance bettween impacctor and type C coupons ffor 8.4 J imp
pact test.

Taable 27: Ratio between ellastic energyy (Ee) and disssipated energy (Ed) – Tyype C cylindeers (8.4 J)
Cou
upon

Ee/Ed

1

10.84

2

6.59

3

8.21

4

15.69

Aveerage

10.33

F
Figure 66 shhows forcee vs. time aand displacement vs. time
t
resultss for type C cylinderss
undeer 31 J impaact test. Thee same evaluuation for ty
ype A and B cylinders is applicablle to type C
cylinnders. Besiddes, this configuratio
c
on reaches the highesst value off force peaak over alll
cylinnders types. Delaminatiions, matrixx damage and indentation marks ((inelastic deeformation))
are aalso detectedd for type C cylinders.
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Figuree 66: Type C (31 J) - forcce vs. time an
nd displacem
ment vs. timee

Table 228 summariizes the ressults for couupons type C under 31
1 J impact. In this case, the
displacemeent standardd deviation
n is 3.1%. H
Hence, thiss is the hig
ghest value,, considerin
ng all
cylinder reesponses. Also,
A
the forrce standardd deviation is 11.0% of the averagge value. Again,
A
there is no correlationn between maximum
m
foorce and disp
placement.
Table 288: Maximum
m force and ddisplacement for type C cylinders (31 J)
Maximum force

Maximum
m displacemeent [mm]

peak [N
N]

(ab
bsolute valuee)

1

3393.66

15.5

2

3808.66

15.8

3

2905.33

15.9

4

3320.33

16.7

Average

3356.99

16.0

Sttandard Deviiation

370.00

0.5

Coupon

Considdering the ennergy balan
nce betweenn the impacttor and the type C cylin
inders underr 31 J
impact testts, the impaactor transfeers its kinetiic energy to
o the coupon
ns in a bilinnear way (F
Figure
67). This bbehavior haas been ideentified for type B cylinders, butt not for tyype A ones. The
maximum force peak occurs at 6.8
6 ms, the maximum displacemeent occurs aat 11.7 ms and a
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respoonse delay of 5.0 ms has been oobserved. Regarding
R
th
he restoredd energy, th
his cylinderr
confi
figuration diissipates 77
7 % of the elastic energy (Table 29) and thhis result is almost thee
samee as that evaaluated for type
t
B confi
figuration.

F
Figure 67: Kinetic
K
energy
y balance beetween impacctor and typee C coupons for 31 J impact test.

A
As observedd in other 31 J impact ttests, the beehavior of th
he kinetic eenergy balan
nce (Figuree
67) hhas shown a pattern, which
w
confirrms the inflluence of th
he damage pprocess in transferring
t
g
the eenergy from
m the coupon
n to the imppactor.
Table 29:: Ratio betweeen elastic ennergy (Ee) an
nd dissipated
d energy (Ed) – Type C (3
31 J)
Cou
upon

Ee/Ea

1

1.76

2

1.05

3

1.18

4

1.46

Aveerage

1.30
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3.2.3.4 Comparison of Results

Type C cylinders present higher load peaks (Table 30 and Table 31) than other cylinder
types. However, in 8.4 J impact tests, the average values of forces were close to each other
over all cylinder types.
Table 30: Maximum force peak (8.4 J).
Difference
Cylinder Type

Maximum peak
load [N]

VTypei  VType A
VTtype A

Type A

1368.4

-

Type B

1301.7

-4.9%

Type C

1402.6

2.5%

100

Table 31 shows the values of the maximum load peak and the differences among type A
and the other types. This table shows that for the same impact energy, type C cylinders have
an average force 40.7% higher than type A cylinders, and type B cylinders have an average
force 13.6% higher than type A cylinders. These differences did not occur in 8.4 J impact
tests.
Table 31: Maximum force peak (31 J).
Difference
Cylinder Type

Maximum peak
load [N]

VTypei  VType A
VTtype A

Type A

2385.6

-

Type B

2710.0

13.6%

Type C

3356.9

40.7%

100

Type B cylinders present higher displacement (Table 32 and Table 34) than other cylinder
types. All comments for Type A cylinders can also be considered for Type C cylinders.
Average results were rather close both for 8.4 J and 31 J impact tests. On the other hand, the
strain data present a considerable dispersion as shown in Table 32.
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Table 32: Maximum displacement (absolute values) for 8.4 J.
Difference
Cylinder Type

Maximum absolut
displacement [mm]

VTypei  VType A
VTtype A

Type A

7.2

-

Type B

7.7

6.9%

Type C

7.4

2.8%

100

Table 33: Minimum strain (strain gage 1 – 90o) for 8.4 J.
Difference
Cylinder Type

Minimum strain
[%]

VTypei  VType A
VTtype A

Type A

-0.761

-

Type B

-1.022

34.3%

Type C

-1.107

45.5%

100

Table 34: Maximum displacement (absolute values) for 31 J.
Maximum absolut

Difference

displacement

VTypei  VType A

[mm]

VTtype A

Type A

16.2

-

Type B

16.4

1.2%

Type C

16.0

-1.2%

Cylinder Type

100

Regarding the damaged area, type A cylinders were more damaged than the others, mainly
in the internal surface. The other cylinders types did not show damage in the internal surface.
Delaminations, matrix damage and indentation marks have also been detected in type C
cylinders.
The response delay in type A cylinders has the lowest value and type C produces the
highest value. Type A has the lay-up with fiber angles close to 90o, which are stiffer for hoop
stress than type B and C. Besides, type C has only two layers with 90o, what means that it is
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more flexible in the hoop direction. Therefore, the stress wave propagates faster in type A
than in types B and C, considering the hoop direction.
Table 35 shows the average delay value between the strain gages 1 and 2 for cylinders
type A, B and C.
Table 35: Delay between strain gages for 8.4 J.
Difference
Cylinder Type

Delay [s]

VTypei  VType A
VTtype A

Type A

0.00127

-

Type B

0.00155

22.7%

Type C

0.00165

29.9%

100

Considering the average values of ratio between elastic to dissipated energy under 8.4 J
impact for all cylinders types (Table 36), the differences among type B, C and type A are very
significant. Type B and C cylinders restore almost all energy to the impactor and almost no
damage occurs. On the other hand, type A cylinders restore much less energy due to internal
damage process, which has not been detected by the C-scan analysis.
Table 36: Energy ratio for 8.4 J.
Difference
Cylinder Type

Ee/Ed

VTypei  VType A
VTtype A

Type A

1.51

-

Type B

6.98

362.2%

Type C

10.33

584.1%

100

Finally, there is a comparison between the average values of elastic to dissipated energy
ratio under 31 J impact tests for all cylinders types (Table 37). The difference between type B,
C and A is not as pronounced as shown by 8.4 J impact test. At 31 J energy level, type B and
C cylinders restore more energy to the impactor than they dissipate, and type A cylinders
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restore less energy to the impactor. All cylinder types show several failure mechanisms after
the impact under 31 J.
Table 37: Energy ratio for 31 J.
Difference
Cylinder Type

Ee/Ed

VTypei  VType A
VTtype A

Type A

0.98

-

Type B

1.30

32.6%

Type C

1.30

32.6%

100

3.2.4 IMPACT TESTS CONCLUSIONS
The results of impact tests in a set of cylinders show that the stacking sequence is a very
important parameter in the cylinder impact behavior. Type A cylinders are more susceptible
to damage than types B or C.
Although C-scan has not detected any damage for type A cylinders under 8.4 J impact
test, some other phenomena could be evaluated by using the graphics. For instance, the delay
between the maximum force peak and the maximum displacement and the delay between the
maximum force peak and the minimum strain is very similar to the delay pattern shown by
type A cylinders under 31 J impact test. Thus this off-set between maximum force value and
maximum displacement could work as an indicator of damage. Furthermore, the strongest
indication of damage on type A cylinder caused by 8.4 J impact test is the ratio between
elastic and dissipated energy, once the energy ratio shown by type A cylinders was different
from other cylinders types.
Cylinders type B and C have not dissipated a considerable amount of energy due to the
impact test. Besides the delay between their maximum force value and maximum
displacement (or minimum strain) has been much lower than that for type A cylinders.
Considering 31 J impact test, all coupons have shown several damaged mechanisms, such
as delaminations, matrix cracking and dent marks. Furthermore, for all types, the off-set
between the maximum force and maximum displacement has been considerable. Therefore,
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the mentioned delay can also be regarding a damage indicator, since it has not been detected
in the elastic response obtained from 8.4 J impact tests (cylinders type B and C).
Furthermore, for 31 J impact energy, the kinetic energy has been transferred from the
impactor to the cylinders in at least two slope curves. This change of slope indicates that a
more severe mechanism of damage takes place. It is important to highlight that this behavior
has not been detected in all cylinders types under 8.4 J impact test. In those cases, the energy
from the impactor has been transferred to the cylinders in one slope curve.
Finally, it has also been shown that the lay-up does not have an important effect neither in the
maximum displacement nor in the total impact time in all investigated cylinder types at the
same energy level.

4 FINITE ELEMENT ANALYSES

After the development of the damage model and the identification of the model
parameters, it was possible to implement the entire mathematical formulation with all
parameters adequately specified.
In order to evaluate the material model, it is necessary to perform nonlinear material FE
(Finite Element) analyses by using ABAQUSTM and the UMAT or VUMAT subroutines.
Moreover, the step size and mesh density are very important in the convergence process of the
numerical analyses. Thus, step size and mesh convergence tests have been performed to find
the optimum model performance to simulate the damage process. Also, as observed in the
experiments, the failure mechanisms occurred in small displacements applied to the coupons;
so nonlinear geometric effects have not been considered neither in the FE tensile nor in four
point bending analyses. On the other hand, geometric non-linearity has been used for both
compression and impact analysis.

4.1 TENSILE RESULTS
The FE model for [0o]10 tensile tests had the same dimensions of the coupons used for the
experiments, but only the length between the grips was modelled (Figure 68), once the model
geometry is simple and the results are not affected by those boundary conditions. For the FE
mesh, 4-node fully integrated homogeneous shell elements have been used (defined in
ABAQUSTM as S4 , which each layer was 0.2 mm thick and had three integration points along
the thicknes)s. Also, the material properties for each layer have been obtained by the
experiments. The boundary conditions for tensile tests (0o and 90o coupons) were applied in
order to simulate the restrictions imposed by the grips and the displacement controlled in one
extremity of the coupon. The terms Ux, Uy and Uz are the displacements in x (red arrow), y
(green arrow) and z (blue arrow), respectively. The terms Rx, Ry and Rz are the rotations
around x, y and z, respectively (Figure 68).
Since the bending moment to straighten the almost flat coupon by the machine fixtures
does not produce a high stress state on the coupon, this effect might be neglected in the the FE
analyses.
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Figure 68: FE model ffor tensile tests (0o coupo
ons).

To avooid numericaal problemss during the FE static analyses, thee step size hhas been set to be
automatic in the progrram. Then in
i order to study the sttep size sen
nsibility, onnly the maxiimum
step size llimit has been modifiied. After tthat, differeent structured meshes of quadrilateral
elements w
with six diffferent elem
ment sizes ((side length
h), using the maximum
m step size have
been evaluuated (Figuure 69). Th
he FE mo del, which
h shows beetter perform
rmance, had
d the
combinatioon of 0.5 mm
m element size (the laargest s sidee of the reg
gular four-siide elementt) and
0.01 for m
maximum step
s
size (i.e. 1% of the maxim
mum prescribed displaccement for each
increment)), regarding simulation time and acccuracy.

(a)

(b)

o

Figure 69: T
Tensile of 0 coupons - fiinite elementt mesh sensittivity analysiis (a) and steep size analysis (b)
Difference  (Experimennts average max
m imum stresss  Simulations ) Experimeents average m
max imum streess %
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T
The differennce is calculated regardding the aveerage of thee tensile maaximum streess reachedd
durinng the expeeriments forr each testeed coupon and
a the maaximum streess reached
d by the FE
E
modeel during thhe simulation
ns for each case (elemeent size and
d step size).
B
Both the expperimental and
a numeri cal results for
f 0o coupo
ons under teensile loadss have beenn
preseented in Figure
F
70. As expectted, a lineear elastic fragile behhavior occcurs in thee
experiments. It is
i observed that the FE
E model had
d good correelation to thhe experimen
ntal curves..
n detected bbefore fiber breakage as
a verified dduring the quasi-staticc
Also, no damagge had been
cycliic tests. Thhis is conffirmed by tthe cyclic curves, wh
hich do noot show an
ny stiffnesss
degraadation for most of th
he coupons (Figure 70)). In fact, ju
ust for one coupon (C
CDP 0-1), itt
was ppossible to verify that some fiberrs fail at hig
gh load leveel. This is cconfirmed by the stresss
vs. sttrain graph (red line) ass shown by a sudden drrop in the sttress level ((Figure 66).

Figurre 70: Normaalized stress vs. strain forr tensile [0o]10 results – numerical
n
andd experimenttal analyses.

T
Table 38 sum
mmarises th
he experimeental stressees and strain
ns as well aas the numerrical resultss
for ttensile [0o]10
g the averaage values, the relativve differencce betweenn
1 coupons.. Regarding
numeerical simullation and experimentaal analyses is 4.88% forr stress and 10.11% forr strain.
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Taable 38: Tenssile [0o]10 normalized resuults for num
merical and ex
xperimental aanalyses.
C
Coupon

Normalized
N
Maximum Stress
S

Normalized
N
M
Maximum Strain
S

C
CDP 0-1

0.82

00.96

C
CDP 0-2

0.73

00.78

C
CDP 0-3

0.75

00.82

C
CDP 0-4

1.00

11.00

Experiiments averaage

0.82

00.89

Numeriical Predictiion
Diffference %

0.86
4.88

00.98
110.11

Differennce  ( Experim
ments averagee  Numericall Prediction) Experiments average %

As carrried out foor 0o tensille finite eleement mod
del, the finite elementt model fo
or 90o
coupons uunder tensille has been
n developedd by using structured meshes w
with quadrilateral
elements A
Again, sixx different element
e
sizzes (side length) using
g maximum
m step size were
evaluated ((Figure 71). In this casse, the FE m
model demon
nstrated a step size deppendency grreater
than that for 0o coupons. Thee FE moddel, which shows bettter perform
mance, had
d the
combinatioon of 0.5 mm
m elemen
nt size and 0.005 for maximum step size (i
(i.e. 0.5% of
o the
maximum prescribedd displacem
ment for eaach increm
ment), regarrding simullation timee and
accuracy.

(a)

(b)

Figuree 71: Tensilee of 90o coupons - finite eelement mesh
h sensitivity analysis (a) aand step sizee
annalysis(b)
Difference  (Experimennts average max
m imum stresss  Simulations) Experimeents average m
max imum streess %
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T
The differennce is calculated regardding the aveerage of thee tensile maaximum streess reachedd
durinng the expeeriments forr each testeed coupon and
a the maaximum streess reached
d by the FE
E
modeel during thhe simulation
ns for each case (elemeent size and
d step size).
F
For 90o couppons under tensile loadd, the stress results are shown in F igure 72. A significantt
scatteer is observved among the
t strengthh values in the
t experim
mental resultts. However, there is a
furthher fair corrrelation forr the stiffneess in the experimenttal curves. The numerrical modell
show
ws an accepttable perforrmance to s imulate thee 90o coupon
ns under tennsile tests, because
b
thee
matriix damage process in the 90° couupons is co
omplex. Thiis process sstarts with initiation
i
off
microo cracks duue to tensilee loads. Sinnce the load
d magnitudee increases progressiveely, there iss
propaagation of these
t
crackss. In order too simulate this
t processs, the damagge parameteer d2 shouldd
evolvve and the evolution
e
d2 is accountted for the effective
e
stress (EQ. (222) – see Ch
hapter 2); ass
a connsequence the strain energy is m
modified due
d to the damage
d
evo
volution. Moreover, ass
comm
mented in the
t mathem
matical form
mulation of the model,, the brittlee failure off the matrixx
occuurs when thee strain enerrgy reaches a critical vaalue identifiied via expeerimental an
nalysis.

F
Figure 72: Normalized
N
sttress vs. straiin for tensile [90o]10 resullts – numericcal and experrimental
analysees.

T
Table 39 sum
mmarises th
he experimeental stressees and strain
ns as well aas the numerrical resultss
for 990o couponns under ten
nsile loads . The relattive differen
nce betweeen the averrage of thee
experimental strrength and numerical
n
pprediction iss 4.30% for stress and 44.44% for sttrain.
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Tabble 39: Tensile [90o]10 no
ormalized ressults for num
merical and experimental analyses.
C
Coupon

Normalized
N
M
Maximum Stress
S

Normalized
N
M
Maximum Strain
S

CD
DP 90-1

00.96

11.00

CD
DP 90-2

00.81

00.77

CD
DP 90-3

00.94

00.88

CD
DP 90-4

11.00

00.97

Experim
ments Averaage
Numericcal Predictioon
Diffference %

00.93

00.90

00.97
44.30

00.94
44.44

Differennce  ( Experiiments average  Numericall Prediction) Experiments average %

The next analyses have been performed iin order to evaluate
e
thee model forr a more com
mplex
stress statte, by usinng the off--axis coupoons. The finite
f
elem
ment modell had the same
characterisstics as thosse used for tensile testts (boundarry condition
ns and elem
ment type), but it
had the sam
me dimensioons as thosee used for ooff-axis com
mpression co
oupons.
The invvestigated mesh
m
and steep size are sshown in Fiigure 73. Fo
or 5o couponns under off
ff-axis
tensile. Thhe mesh density
d
as well
w
as thee step sizee had a sig
gnificant innfluence on
n the
simulations results. Thhe best com
mbination foor this case was
w 0.5 mm
m for elemennt size and 0.005
for maximuum step size (i.e. 0.5%
% of the presscribed displacement fo
or each increement).

(aa)

(b)

Figure 73: Tennsile 5o coupons - finite eelement mesh
h sensitivity analysis (a) and step sizee
anaalysis(b).
Difference  (Experimennts average max
m imum stresss  Simulations) Experimeents average m
max imum streess %
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The difference is calculated regarding the average of the tensile maximum stress reached
during the experiments for each tested coupon and the maximum stress reached by the FE
model during the simulations for each case (element size and step size).
Considering off-axis 5o coupons under tensile load, Figure 74 shows  xx vs.  xx for both
experiments and computational simulation. In this case, the load is supported not only by the
fibers, but also by the matrix. Since the load increases, the ply stresses in local orientation
also increase until failure. The failure process in off-axis 5o coupons is a mixed mode of fiber
and matrix failure as shown in Figure 75. The failure process initiates in some fibers, which
are under high stress, as verified during the experiments. This effect is simulated by the
failure of some elements under high stress in the FE model. Then, the stress field is
redistributed for the other finite elements. Due to high loads to be supported by fibers, when
the fiber failure mechanisms occur, the matrix is not capable to support the loads and fails in a
brittle way (ED > EDC ).
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F
Figure 74: Sttress vs. straiin for tensilee [5o]10 results – experimeental vs. simuulation.

Fig
gure 75: Tenssile 5o coupo
on failure.

Table 440 summariises the exp
perimental s tresses and strains as well
w as the nnumerical reesults
for tensilee [5o]10 couupons. Reg
garding the average values,
v
the relative diifference am
mong
numerical simulation and experrimental annalyses is 1.9%
1
for sttress and6.88% for straain at
t error forr the strain
ns is higher than for str
tress due to nonmaximum stress. As observed, the
linear charracteristic off the matrix
x failure moddel.
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Table 40: Tensile [5o]10 results for numerical and experimental analyses.
Coupon
CDP 5-1
CDP 5-3
CDP 5-5
Experimental Average
Numerical Prediction
DIfference %

Maximum stress
[MPa]
896.64
785.85
940.41
874.30
890.90
1.9

Strain at maximum stress
0.01242
0.00850
0.01162
0.01085
0.01175
6.8

Difference  ( Experiments average  Numerical Prediction) Experiments average %

4.2 COMPRESSION RESULTS
As previously mentioned, the compression behavior of composite materials is different
from those for the tensile ones. In order to verify the model capacity to simulate the failure
under compression, numerical results have been compared to experimental compression tests
for off-axis 15o and 30o coupons. Also, as commented for off-axis tensile tests, the off-axis
compression tests yield a biaxial stress state with normal stress (  xx ) and shear stress (  xy )
fields.
The sensitivity studies are shown in Figure 76. The step size had strong influence on the
model performance rather than on the element size. Figure 76(b) shows that for maximum
step size greater than 0.03 (3% of the prescribed displacement), there is no difference in the
Error for step size greater than 0.03 due to the convergence issues. In this case, the FE model
with combination of 1.0 mm element size and 0.01 maximum for step size (i.e. 1% of the
prescribed displacement for each increment) showed better results.
In the compression tests, the differences are too high in most of the cases (higher than
10%) and the step size analysis had shown a huge influence for the FE model accuracy
(Figure 76 (b)). Besides, if the amount of the maximum prescribed displacement decreases
from 1% to 0.5% applied to each increment, the model accuracy will improve significantly.
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(a)

(b)

Figuree 76: Comprression 15o co
oupons - finiite element mesh
m
sensitiv
vity analysis (a) and step size
anaalysis (b)
Difference  (Experimeents average min
m imum stresss  Simulations ) Experimeents average m
min imum stresss %

The diffference is calculated regarding
r
thhe average of the tensiile maximum
m stress reaached
during the experimennts for each
h tested couupon and th
he maximum
m stress reaached by th
he FE
model duriing the simuulations for each case ((element sizze and step size).
s
Figure 77 shows  xx vs.  xx experimenntal test and
d the compu
utational ressults for off
ff-axis
15o couponns under com
mpression loading.
l

Figuure 77: Stresss vs. strain fo
or compressioon [15o]10 results – experrimental vs. ssimulation.
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Inn this case,, similar to 5o off-axiss coupons under
u
tensio
on, the fiberrs support most
m of thee
load.. However the fiber failure
f
proceess is moree complex than that inn 5o off-ax
xis couponss
undeer tension, due
d to fiber kinking andd micro-bucckling, whicch leads to lower failurre loads; soo
the fa
failure proceess is differeent as show
wn in Figure 78.

Figure 78: C
Compression 15o coupon failure.

T
Table 41 suummarizes the
t experim
mental results as well as the num
merical resu
ults. In thiss
case,, the maxim
mum error fo
or stress waas equal to 1.7%
1
and, fo
or the strainn at maximu
um stress, itt
was eequal to 2.22%.
Tablee 41: Compreession [15o]100 results for numerical
n
an
nd experimenntal analyses.
Coup
pon
CDP 15-2
CDP 15-3
CDP 15-4
CDP 15-5
E
Experimenttal Average
Numerical Prediction
P
Differen
nce %

Maximum
m stress
[MP
Pa]
-393
3.32
-424
4.86
-414
4.33
-407
7.33
-409
9.96
-417
7.02
1.7

Straain at maxim
mum stress
-0.009
93
-0.010
01
-0.008
88
-0.007
77
-0.009
90
-0.009
92
2.2

D
Difference  ((Experiments average  Nuumerical Prediiction) Experriments averagge %

F
Figure 79 shhows the sttudy for meesh converg
gence as weell as for thhe maximum
m step sizee
limitt. As expectted, the FE model withh 0.5 mm element size and 0.005 ffor maximu
um step sizee
(i.e. 0.5% of thee prescribed
d displacem
ment for each
h incrementt) showed bbetter resultss than otherr
modeels.
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(a)

(b)
o

Figure 799: Compression 30 coupo
ons - finite eelement (a) mesh
m
sensitivity analysis aand (b) step size
aanalysis
Difference  (Experimeents average min
m imum stresss  Simulations ) Experimeents average m
min imum stresss %

The diffference is calculated regarding
r
thhe average of the tensiile maximum
m stress reaached
during the experimennts for each
h tested couupon and th
he maximum
m stress reaached by th
he FE
model duriing the simuulations for each case ((element sizze and step size).
s
The offf-axis 30o coupons com
mpression reesults in exp
periments an
nd numericcal simulatio
on are
shown in Figure 80. In this case, fibers sstill supporrt more loaad than the matrix, bu
ut the
difference between thhe load sup
pported by ffibers and the
t load supported by matrix is lower
l
5o]10 and [155o]10.
than the difference obbtained by [5
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Figure 80:: Stress vs. sttrain for com
mpression [30
0o]10 results – experimenttal vs. simulaation.

T
Table 42 suummarizes the results for 30o coupons undeer compresssion. In thiis case, thee
modeel has a reaasonable perrformance tto predict th
he maximum
m stress, buut the error for
f strain att
maxiimum stresss is rather high. As prevviously men
ntioned , the 30o coupoons under compressionn
fail ddue to bucklling and thee model pressents a softeening after maximum
m
sstress peak.
Tablee 42: Compreession [30o]100 results for numerical
n
an
nd experimenntal analyses.
Coup
pon
CDP 30-1
CDP 30-2
CDP 30-3
CDP 30-4
E
Experimenttal Average
Numerical Prediction
P
Differen
nce %

Maximum
m Stress
[MP
Pa]
-145
5.80
-127
7.90
-130
0.40
-125
5.20
-132
2.33
-142
2.49
7.7

Straain at maxim
mum stress
-0.036
62
-0.025
54
-0.014
43
-0.025
57
-0.025
54
-0.014
4
44.9

D
Difference  ((Experiments average  Nuumerical Prediiction) Experriments averagge %

D
Despite the differencess of load suupported by
y each phasee (fiber andd matrix), th
he couponss
geom
metry also affects
a
the failure proocess. In th
he case of 30
3 o couponns, there are no fiberss
crosssing all the gage lengtth between the test maachine gripss. Since thee matrix loaad carryingg
capaccity is loweer than the fibers,
f
the ffailure load for 30o cou
upons is low
wer than forr 15o. Thus,,
the ccoupon failuure is govern
ned by the m
matrix.
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It is important to mention that the 30o off-axis coupons compression test did not only fail
due to “pure” compressive loads, but also due to buckling, mostly in the end of the test (under
relative high loads). On the other hand, in off-axis 15o coupons, buckling has not been
detected until being close to the failure. Thus, the buckling phenomenon could explain the
differences observed after the failure of 30o off-axis coupons.

4.3 FOUR-POINT BENDING RESULTS
Despite the simplicity of FE models used for both tension and compression tests, the FE
model for four point bending is more complex. In this case, it is required to use contact
algorithm (Figure 81) between the coupon and the test device, due to non-zero terms in the
bending-stretching coupling matrix. Thus, it is not possible to make a simpler model without
contact algorithm.
As for the simulation of tensile tests, 4-node fully integrated shell elements (S4) were used
again to model the “flat” filament wound laminate. Each one of the ten layers was 0.2 mm
thick with three integration points (top, medium and bottom point) for each layer analyse.
Also the material model has been used for each layer calculations.
The parts of the four-point-bending device in contact with the coupon have been modelled
by analytical rigid surfaces (represented by the blue cylinders in Figure 81, whose radius was
5.0 mm). The boundary conditions have been applied at the cylinder reference points (RP).
For the inner cylinders, prescribed displacement in z direction (blue arrow) has been applied
and the other displacements (Ux=Uy=0) and rotations around x and z axis (Rx and Rz) were
restricted at their respective reference points – RP (Figure 81). For the outer cylinders, all the
displacements (Ux, Uy and Uz) and rotations around x and z axis (Rx and Rz) were also
restricted at their respective reference points. The contact interactions between the analytical
rigid surfaces (blue cylinders) and flat filament wound coupon (shell elements) have been
modelled by using Hard Contact for simulating the normal interactions and Penalty Method
(with friction coefficient of 0.1) for modelling of the tangential interactions. In fact, there
would be no influence on the simulations results, if the friction coefficient were changed to
0.3. It is important to highlight that the solver performs the analysis with the geometric nonlinear modulus deactivated. Otherwise, the numerical simulations would diverge from the
experimental results, showing a stiffer behavior. Also, the small coupon curvature has not
been considered in the FE analyses.
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Figure 81: Four-point-b
F
bending finitee element mo
odel (30o couupons).

T
The step sennsitivity and the meshh density stu
udies are sh
hown in Figgure 82. Th
he study off
elem
ment size shoows that, co
onsidering tthe element size, the prredictions ffor maximum
m force aree
moree sensible thhan the disp
placement aat maximum
m load. On the other haand, the preediction forr
the ddisplacemennt at maximu
um force is more affeccted by the step
s size. Thhe maximum
m force hass
a reaasonable errror from 0.0
05 for maxim
mum step size
s (i.e. 5%
% of the preescribed disp
placement)..
The F
FE model with
w the com
mbination oof 0.5 mm element
e
sizee and 0.01 ffor maximu
um step sizee
has sshown a bettter result.

(a)

(bb)

Figuure 82: Off-aaxis 30o coup
pons 4-Point bending - fin
nite element mesh conveergence analy
ysis (a) and
step size anaalysis (b). Difference  ( E
Experiments average
a
 Simu
ulations ) Expperiments averrage %
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Figure 83 shows thhe simulatio
on and expeerimental reesults for th
he off-axis [[30o]10 four--point
bending tests. The expperimental analyses
a
shoowed a good correlatio
on among thhe coupons. Only
two coupoons, CDP 30-3
3
and CD
DP 30-7, sshowed som
me damage at high loaad levels before
b
rupture. Foor the other coupons, no
o significannt damage or
o delaminattion has beeen observed
d prior
to collapsee. Since thee stresses discontinuity
d
y has been
n lower betw
ween layers
rs with the same
orientationn, delaminattions for offf-axis laminnates have been more unlikely thhan for lamiinates
with differrent ply orrientation (Herakovich
(
h, 1998). Therefore,
T
this is thee reason fo
or the
proposed material model
m
(with
h only inttra-ply dam
mage formu
ulation) too show a good
convergencce to the exxperimental data.

Figure 83: F
Force vs. Dissplacement for
f four- poinnt bending [3
30o]10 results – numericall and experim
mental
annalyses.

Table 443 summariises the experimental annd numerical results fo
or four point
nt bending [3
30o]10
coupons. T
The relativee differencee between the averag
ge experimeental resultss and numerical
prediction is 1.6% forr maximum force and 22.3% for dissplacement.
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Table 43: [30o]10 four point bbending for numerical
n
and
d experimenttal analyses.
pon
Coup

Maximum Force
F
[kN]

CDP 30-1
CDP 30-2
CDP 30-3
CDP 30-4
CDP 30-5
CDP 30-6
CDP 30-7
Experimentts Average
Numerical Prediction
P
Difference %

0.6
62
0.6
62
0.6
68
0.5
58
0.6
63
0.6
62
0.5
59
0.6
62
0.6
61
1.6
61

Dispplacement att Maximum
force [m
mm]
14.25
5
15.00
0
17.05
5
12.57
7
15.03
3
14.56
6
14.13
3
14.66
6
15.00
0
2.32

D
Difference  ((Experiments average  Nuumerical Prediiction) Experriments averagge %

A
As mentionned before, the off-axxis couponss exhibit bending-stre
b
etching cou
upling. Thee
couppons warp during
d
the experimentts and this phenomeno
on is very well prediccted by thee
finitee element model
m
as sho
own in Figuure 84. The simulationss had shownn a 1.12 mm
m maximum
m
gap bbetween thee four pointt bending deevice and coupon
c
where the cylinnders did no
ot touch thee
couppon.

Figuure 84: Displacement field in z directtion (blue arrrow) and thee bending-stre
retching coup
pling effect
beetween the suupport and th
he coupon (in detail).

F
Figure 85 shhows the strress fields (  11 ,  22 and
d  12 ) predicted by the FE model, just beforee
the ccomplete faiilure of the laminate foor both the most
m tensilee loaded layyer (10th lay
yer) and thee
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most comppression loaaded layer (1
( st layer). S
Some stresss concentrattions have bbeen observ
ved in
some partss of the laminate as sho
own by Figuure 85. Thiss can be verrified througgh the diffeerence
of the streesses colourr representaation for thhe external layers wheere the cyliinders toucch the
coupon. D
Despite the localisation
l
issue, the numerical model pred
dicts very w
well the lam
minate
behavior fo
for this loadd case. Moreover, durinng the expeeriments, th
here was no matrix cru
ushing
close to thhe contact areas
a
between the couppons and th
he device su
upports. Thhe failure allways
occurs inside the spaan region, which
w
is beetween the inner cylin
nders, and the FE anaalysis
predicts thhis phenom
menon well. Also, the damage model
m
show
ws that the failure mo
ode is
dominated by the matrrix as obserrved in the eexperimentss.

(a)

(b)

(c)

(d)
(e)
(f)
Figure 85:: Stress fieldss just before the complette failure of the
t laminate: (a) Layer 1  11 ; (b) Lay
yer 1
d (c) Layer 110  12 .
 22 ; (c) Laayer 1  12 ; (dd) Layer 10  11 ; (b) Layeer 10  22 and

4.4 CON
NCLUSION
NS FOR QUASI
U
-STATTIC TESTS AND SIMU
ULATIONS
The prooposed dam
mage model has been im
mplemented
d as a user material
m
subbroutine UM
MAT,
which can very well predict the behavior oof quasi-flatt filament wound
w
com
mposite lamiinates
not only under tenssile and compressionn loading, but also under
u
fourr-point- ben
nding
conditions. In the lattter case, th
he differencce between
n numerical and averaage experim
mental
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results is only 1.61% at maximum force. Therefore, it is concluded that the material model
can be applied to simulate accurately intra-ply failure of flat filament wound composite
laminates. It can be used to assist the design of composite structures made by filament
winding process. Another important advantage is that the model parameters are not so
complicated to be identified. This characteristic makes this model very attractive to be applied
to the industrial environment. However, the damage model cannot predict delaminations yet.

4.5

IMPACT ANALYSES
This part shows the material model applied to simulate impact on filament winding

cylinders. Since the 31 J impact showed more damage, all the simulations and analyses have
been performed at this impact energy level.
Several numerical tests have been carried out to verify the influence of mesh density,
element type (quadrilateral or triangular), contact algorithm and damping effects. The results
and discussions are presented in the next sections.

4.5.1 MATHEMATICAL FORMULATION
The response of unidirectional carbon fiber composite for low velocity impact may be
regarded as rate-independent. Thus, it is not necessary to modify the material model used in
the previous chapter, what was applied to quasi-static simulations. However, it is important to
highlight that specified user material subroutines, defined as VUMAT, have been developed
to be linked to ABAQUSTM/explicit.

4.5.2 FINITE ELEMENT MODELS
The

impact

tests

on

composite

cylinders

have

been

simulated

by

using

ABAQUSTM/explicit. The finite element model boundary conditions are shown in Figure
86(a). In the cylinder bottom, the z direction nodes displacements are restricted ( U Z  0 ) to
simulate the contact with the V-block (Figure 43 and Figure 86(a)). In the impactor head, the
displacements in x (Ux) and y (Uy) directions are restricted as well as the rotations about x
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(Rx), y (Ry) and z (R
Rz) axis. The impactor set accordiing to its ceenter line iss normal fo
or the
cylinder toop plane. Moreover,
M
th
he impactor hits the cy
ylinder in th
he middle oof a straightt line,
which beloongs to the cylinder top
p plane. Thhe initial disstance betweeen the imppactor vertex and
the contactt point is 2.00 mm.
Figure 86 (b) shoows the imp
pactor head details. Itss radius hass 8.0 mm annd a point of its
mass is equual to 3.24 kg, which is
i used to aaccount the impactor frrame and addditional maasses.
The impacctor head has
h been mo
odeled by uusing rigid triangular
t
ellements (deefined as R3
3D3).
Besides, a reference point
p
in thee impactor vertex has been createed to calcuulate the reaaction
forces.

(a)

(b)

Figure 86: Finite elemeent model: (aa) Cylinder ggeometry, bou
undary conditions and innitial conditio
ons at
330 J impact energy; (b) Im
mpactor geom
metry, refereence point, mass
m point andd mesh.

Mesh sensitiivity studiees
4.5.2.1 M

In ordeer to study the
t mesh influence on impact sim
mulations, three differennt mesh den
nsities
as well ass two diffeerent elemeents types ((triangular and regulaar quadrilatteral) have been
investigateed. For som
me analyses, it was usedd the four-n
node reduceed integratioon homogen
neous
shell elemeent, which has
h six degrrees of freeddom per nod
de (S4R) wiith three diffferent strucctured
meshes deensities (Figgure 87 (a), (b) and ((c)). In otheer analyses, it was ussed a three node
reduced inntegration hoomogeneou
us shell elem
ment, which
h has six deegrees of frreedom per node
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(defined as S3R
R) (Figure 87
8 (d)). In tthis case, a free mesh algorithm w
was applied
d. Only onee
meshh refinemennt was verifiied in this caase, but the used mesh was not cooarse.
D
Despite the element sh
hape being equal to alll cylinders, the laminnate has beeen modeledd
consiidering thee thickness values off each layeer as specified in Taable 14. Th
he materiall
propeerties weree obtained by the expperiments already
a
desscribed in tthe previou
us Chapter..
Furthhermore, thee reduced in
ntegration eelements hav
ve been useed to improvve the simullation time.

(a)

(bb)

(c)

(dd)

F
Figure 87: Meshes
M
for FE
E models. Thhree differentt meshes den
nsity used wiith structured
d square
ellements: coaarse mesh (a)); intermediat
ate refined mesh (b); the most
m refined mesh (c). Frree mesh
algoorithm with triangular
t
eleements (d) to
o verify the element
e
typee influence.

Inn Figure 822(a), the mesh
m
has 73 50 elementts and 7497
7 nodes, buut in Figuree 82(b), thee
meshh (intermediiate refinem
ment) has 98858 elementts and 10017 nodes. Annd, in Figurre 82(c), thee
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mesh has 17716 elem
ments and 17922
1
nodees. Finally, in Figure 82(d), the m
mesh has 16734
1
elements aand 8514 noodes.
The sim
mulations conditions (ccontact algoorithm and boundary conditions)
c
are the sam
me for
all meshess. The resullts for the mesh
m
influeence are sho
own in Figure 88 at tyype B cylin
nders,
which show
w the reactiion force off the impacttor vs. time.. As expecteed, the thirdd mesh (the most
refined meesh with quuadrilateral elements) performed better resu
ults. The triiangular eleement
mesh show
wed the worst performaance.

Figuure 88: Effect of mesh deensity and eleement type (ssee Figure 87
7) for type B cylinders.

The criiteria to chooose the beest simulatioon results consist
c
on the
t compariison of the force
oscillationss frequencyy, the locatio
on of the foorce peaks and
a the visu
ual observatiion of the curves
c
(experimennts and simuulations).
The annalyses of reesults for meesh sensitivvity shown by
b type B cy
ylinders cann be extendeed for
Type A and Type C cyylinders.

Contact algoorithm stud
dies
4.5.2.2 C

After tthe mesh seensitivity stu
udy, the coontact algorrithm effect on the forrce responsee was
also analyzzed. To sim
mulate the friction
f
betw
ween the cy
ylinder and impactor hhead, the co
ontact
tangential behavior has been modeled bby using Penalty
P
Meethod, whicch accounts the
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interaaction frictiion (coefficcient equal to 0.3 in th
his case). Itt is importaant to mentiion that thee
tangeential behavvior had no influencee on the nu
umerical reesponse, onnce there was
w no slipp
betw
ween the imppactor and cylinder
c
in tthe FE model.
O
On the otherr hand, the normal conntact behavior had a sig
gnificant eff
ffect on the simulationss
respoonses as weell as the seelected conntact algoritthm (surface to surfacee or generaal contact –
Simuulia (2010)). In order to
o verify thiss influence, 6 (six) diffferent cases have been studied, i.e..
one ccase for harrd contact (Figure
(
89(aa)) and 5 (ffive) cases for
f softeninng contact (eexponentiall
TM
M
presssure-over cllosure relatiionship, Figgure 89(b)). It is importtant to highhlight that ABAQUS
A

only allows usinng softening
g behavior ffor surface-ssurface conttact algorithhm.
A
According to the softw
ware manuall (Dassault Systèmes Simulia
S
Corrp, 2010), th
he user cann
definne the presssure value at
a zero overr closure, p0 , and the in
nitial contacct distance, c0 (Figuree
89 (bb)). The equuations for this softeninng behavior are shown below.

p 0
p

forr h  c0

 

h
p 0  h
  1  exp   1  1 
e  1 

 c0   
 c0

ddp
0
ddh

(85)

for h  c00

forr h  c0


h
 1
dp
p0  1  h

   2  exp   1  
dh e  1  c0  c0

 c0  c0 

(86)

(87)

for h   c0

(88)

W
Where h iss the overcclosure, p iis the contact pressurre. Figure 889 shows the
t relationn
betw
ween the cleaarance of th
he contact boodies and pressure.
p
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(b)

(a)

Figure 89: Hard contact (a) and exponential pressure-overclosure relationship (b).

The mesh presented at Figure 87(b) has been used for these analyses in order to keep the
simulation time reasonable and the conclusions can be extended for the most refined mesh.
The same boundary and initial conditions have been used for all the models. General contact
has been used for hard contact to simulate normal behavior and surface-to-surface for
softening behavior.
Table 44 summarizes the case studies for softening behavior. The results for the different
contact properties are shown in Figure 90 for type A cylinders. This figure also shows the
experimental results to assist the analysis of the contact influence on the numerical
simulations.
Table 44: Contact parameters sensitivity study

p0

c0

[Pa]

[m]

C1

1011

0.0001

C2

1015

0.0001

C3

105

0.0001

C4

1011

0.001

C5

1011

0.00001

Case

Observing the analysis in Figure 90, based on the initial part of the impact force history
(from 4.5ms to 6.5 ms), it can be observed that all the contact laws provide good predictions.
In fact, they start to diverge from the time around 6.5 ms, for all FE models, which used the
surface-to-surface contact algorithm (softening contact). Thus, they overestimated the next
force peak. After that, this contact algorithm can smooth all the high frequencies oscillations
of the force history. Moreover, the clearance factor ( c0 ) showed to be more relevant than the
initial pressure ( p0 ). It is clear in Figure 90, where the softening contact did not provide good
results, despite the combination of the parameters.
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O
On the otheer hand, thee general coontact algorithm with hard contaact to simullate normall
behaavior has shoown better predictions
p
f
force oscilllations were simulatedd
. The high frequencies
with a reasonablle precision
n up to 12.5 ms.
D
Despite good performan
nce reachedd by generaal contact fo
or impact sim
mulation on
n cylinders,,
M
all A
ABAQUSTM
contact alg
gorithms faiil to simulatte correctly the final paart of the im
mpact (from
m

12.5 ms).
T
To evaluate the FE mod
del results, ssome variab
bles can be compared too experimen
ntal results,,
e.g. tthe force peeaks intensitty, the timee of the forcce peaks, freequency of oscillationss and visuall
appearance of thhe FE resultts.

Figure 90: Type A contact parrameters senssitivity studyy

Itt is possiblee to extend those concclusions forr the other cylinders
c
laay-ups (typee B and C)..
Therrefore, all impact
i
sim
mulations ussing ABAQ
QUSTM/explicit must use the no
ormal hardd
contaact combineed to generaal contact allgorithm.

4.5.22.3 Dampiing coefficient studiess

T
The dissipattion of impaact energy iis another important
i
isssue for sim
mulating thee impact onn
compposite filam
ment windin
ng cylinderss. Part of the impact en
nergy is disssipated by irreversiblee
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process as damage (matrix and fiber damage and delaminations), but the other part is
dissipated by damping.
Composite materials damping is dependent on several factors, such as: fiber volume
fraction, composite lay-up, environmental factors, force magnitude, etc. (Zabaras & Pervez,
1990). Furthermore, the structure geometry has an important influence on the impact
response.
As commented before, ABAQUSTM provides the Rayleigh’s damping model for direct
integration dynamic analysis to simulate energy dissipation through the damping phenomenon
(Simulia, 2010). In fact, for finite element analysis, damping is treated as a matrix, which can
be dealt with either as a material property or as a numerical object to oppose the excitation
forces (Kyriazoglou & Guild, 2007).
Since damping modifies the finite element model behavior, it is necessary to evaluate its
influence on the impact force history. Several values for low frequency Rayleigh’s parameter
(  ) have been analyzed by three different cylinders (Type A, Type B and Type C), once the
damage mechanisms are different for each cylinder lay-up. The  values range from zero (no
damping) up to unrealistic values in order to model correctly the final part of the impact event
(e.g. 1800).
The stiffness proportional parameters at high frequency (  ) for all cylinders were set to
“zero” in order to obtain the suitable fit between experimental and numerical results. This
parameter makes the high frequency force oscillations smoother. Also, in order to avoid the
increase of the simulation time, this parameter was set to “zero”, because the stable time
integration for explicit simulations could be affected (Dassault Systèmes Simulia Corp, 2010).
All the studies presented forward have used the same mesh density and normal hard
contact behavior combined to general contact algorithm.

4.5.2.3.1 Type A damping effect.
Figure 91 shows the results for type A cylinders impactor force history.
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Fiigure 91: Daamping effectt for type A cylinders
c

T
To evaluate the FE mod
del results, the variablees that are compared
c
too experimen
ntal results,,
are. tthe force peeaks intensity, the timee of the forcce peaks, freequency of oscillationss and visuall
appearance of thhe FE resullts. For thiss case, the FE
F models with lowerr damping values
v
havee
their force oscilllations clo
oser to the eexperiments as well as
a the time of force peak and itss
intennsity.
A
As expectedd, higher damping
d
paarameters (   1000 ) smooth thee force in peaks andd
valleeys, mostly from the beeginning off the force history
h
(from
m 4.5 ms too 8.5 ms). On
O the otherr
handd, those vallues better simulated tthe end parrt of the im
mpact eventt (after 12.5 ms). Forr
smaller  valuees, the impaact initial ppart was beetter modeleed as well as the high
h frequencyy
forcee oscillationns, despite the
t fact thatt the simulaation behaviior for the eend part div
verged from
m
the eexperimentaal results.
T
The simulateed impact force
fo responnse was con
nsiderably diifferent eveen at low  values, forr
exam
mple, when   0 , it was
w possiblee to observee two high intensity foorce peaks (around
(
7.00
ms aand 9.0 ms). Increasing
g  , both thhe intensity
y and the location of thhe high inteensity forcee
peakk changed, for
f examplee, for   10 , the high intensity
i
forrce peak toook place at 15 ms and,,
it waas the highest overall vaalue.
Itt is also neccessary to verify the inffluence of damping
d
parrameter on tthe damagees variables..
It haas been anallyzed by stu
udying the damages parameters
p
through
t
the thickness in
i the mostt
damaaged elemennt in the imp
pacted areaa (Figure 92).
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Figure 92: Mesh elemeents for invesstigation of thhe damping parameter in
nfluence on ddamage variaables.

The efffect of  on the fiber damage
d
(d1 ) is shown in
i Figure 93
3 for type A cylinder. It
I can
be observeed that evenn for small values of ddamping (   0.1 ), thee fiber dam
mage differs from
the no dam
mage one.
When   0 .3, inttegration po
oints througgh the thicckness weree capable to detect d1. For
on points, w
which weree capable to
o detect d1, decreased
d. For
  0 the number off integratio
d
by two integraation pointss, but for   100 , onlyy one integrration
0.1    10 , d1 was detected
point deteccted the fibeer failure an
nd, for   11000 , fiber damage waas no longerr detected by any
integrationn point (Figuure 93). The horizontaal lines in th
his figure reepresent thee laminate laayers,
thus it has been possibble to observ
ve the damaage intensity in each laayer.
Dampinng is a gloobal model characterisstic, which
h dissipates the impacct energy on the
whole moddel. On the other hand,, damage is a local chaaracteristic, but since thhe impact en
nergy
was dissipaated by the whole mod
del, less enerrgy was avaailable to triigger the daamage proceess.
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Figure 93
3: Type A d1 damage inteensity for diffferent  valu
lues.

Itt is importaant to mention that for fiber comprression, thee effect of thhe damage process
p
hass
beenn accounted by the secaant moduluss as establish
hed by EQ. (15).
C
Consideringg the effectt of dampinng parametter on d2 for
f type A cylinders, as for thee
previious case, when
w
  0 , the numbeer of integraation points through thee thickness, which wass
capabble to detecct d2, was hiigher, and thhe damage was relatively more inntense (Figu
ure 94). Thee
intennsity of d2 foor each integration poinnt decreased
d as dampin
ng increasedd, regardless the pointss
wherre d2 had itss maximum value.
Itt can be obsserved that for some innternal layerrs, there hass been no daamage (from
m 1.6 to 2.00
mm), regardlesss the dampin
ng parameteer. Furtherm
more, in the layers betw
ween 2.2 up to 3.0 mm,,
n a differen
nt trend, i.e . the damag
ge intensityy
the ddamage inteensity for 0.1
0    10 had shown
for   10 is higgher than forr   1 , andd this behav
vior was repeated until   0.1 . Mo
oreover, thee
exterrnal layers have
h
been completely
c
ddamaged in
n all dampin
ng parameteers. This observation iss
the oopposite of what was expected.
e
O
Once the cy
ylinder had a higher daamping, theere was lesss
energgy availablee to produce damage eevolution. This
T differen
nce was duue to how th
he dampingg
direcctly affects the cylinder dynamic and indirecctly influencces on the sstress state in the shelll
elem
ment. It is im
mportant to remember
r
thhat d2 only evolves for tension trannsverse streess.
A
As expectedd, the outerr layers aree more dam
maged than the internal
al ones. Thiis is due too
cinem
matic modeel used for th
hin shell eleements, wh
here the disp
placements are proporttional to thee
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middle plaane distancee. The derivative of thhe displacements regarding this ccinematic model
m
yields largeer strains inn the outer layers and soo do higherr stresses in those layerrs.

Fiigure 94: Dam
mage effect oon d2 damag
ge variable fo
or type A

Figure 95 shows the
t effect of
o damping on the shear damage variable d6 . Once again, as
damping inncreases, thhe damage intensity deecreases. In
n the cases without daamping and d6=1
(fully dam
maged), it haas been deteected damagge by threee other integ
gration poinnts in additiion to
the cases w
with dampiing at the same pointt (2.63 mm
m). It is imp
portant to m
mention thaat the
parameter d6 is no higgher than 0.1
11 in the caases with dam
mping.
The shhear damagee variable behaviors
b
w
were very similar to 0.1    1000 . To   1000
,
1
the behaviior of integration points through the thickneess diverged
d from the case with lower
l
damping as well as foor no damping. These ddifferences are more no
oticeable inn the layers at 0.2
to 0.6 mm and 2.8 to 3.0
3 mm, wh
here the highh damping factor
f
decreeased the daamage.
In the internal layyers (from 1.8
1 to 2.6 m
mm), the daamping did not affect significantlly the
damage caalculation. Itt is important to verifyy that these layers
l
are closer to the layer, wherre the
impactor hhead hits thee cylinder. On
O the otheer hand, in the inner laayers (from
m 0.2 to 1.6 mm),
the differennces were more
m
noticeeable, mostlly for high damping
d
vaalues. The eexternal layeers of
the studiedd element were
w complettely damageed in all casses.
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Figure 95:
9 Damage effect on d6 damage variable for typee A

Inn type A cylinders,
c
as
a the damaage increased the dam
mage intenssity (fiber and
a matrix))
decreeased. Mooreover som
me importtant failurre modes, e.g. fibeer failure, could bee
undeerestimated. Thus, higher dampping valuess should not
n be useed in the numericall
simuulations, despite the im
mprovemennt of the predictions for the finnal part of the impactt
analyyses.
O
On the otherr hand, regaarding the ooverall simu
ulations beh
havior, the best resultss have beenn
obtaiined for   1.0 (Fiigure 96), considerin
ng a comp
promising bbetween th
he damagee
calcuulation and the FE forcce vs. time hhistory to im
mprove the final
f
part off the impactt event. Forr
this ddamping paarameter, th
he first loadd peak was captured, but
b the secoond experim
mental loadd
peakk correspondded to a nu
ull simulateed force (6.5 ms). Aftter that, thee next simu
ulated peakk
correesponded too a valley fo
or the experriments and
d then the siimulated forrce decreased to lowerr
levell (6.8 ms). Afterwards,
A
the simulatted force increased agaain, making a small force platform
m
(from
m 6.9 ms to 7 ms). This
T
force pplatform co
orresponded
d to the loaad cell forcce platform
m
obtaiined from thhe experimeents.
T
The next expperimental force valleyy (8.5 ms) corresponde
c
ed to a simuulated forcee valley. Att
this simulation time, the FE
F model ddetected thee fiber failu
ure onset ((Figure 96). After thiss
valleey, the forcee increased again and, the experim
mental forcee oscillationns were low
wer than thee
simuulated forcess. From 9.0 ms s up to 12.5 ms, th
he experimeental force ooscillated arround 20000
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N. On thee other hannd, the sim
mulated forrces oscillatted around 1800 N, but at a higher
h
amplitude.
From 12.5 ms, the
t
simulattion resultss diverged from the experimenntal results. The
experimentts had a sm
moother finall part and thhe simulatio
on final partt has been ssuddenly red
duced
from 1500 N to 0 N in
i a very sh
hort time. Thhen, the sim
mulated forcce remainedd null for 0.2 ms
and increased again up
u to 1800 N rather fasst. Subsequeently the force decreassed again up
p to 0
N, finishinng the simullation process at 16.0 m
ms. Howeveer, the experrimental forrce history ended
e
at 18.3 ms..

Figu
ure 96: Type A best alphaa parameter

4.5.2.3.2 Type B damping effeect
The cyylinder lay--ups had been chosenn to evaluaate the mod
del for diffferent comp
posite
configuratiions (orthottropic degreee). Thus thhe influencee of dampin
ng must alsoo be checkeed for
this lay-upp, once the damage
d
calcculation is a function of
o the ply orrientation. T
Type B cyliinders
simulation results are shown in Figure 97.
F model ussed both thee intermediaate mesh reffinement (F
Figure
As for cylinders tyype A, the FE
87(b)) andd the contaact algorithm
m for the cylinder an
nd impactorr head inteeraction waas the
general contact with hard
h
contacct normal bbehavior as well as Pen
nalty Methood for tangential
behavior. T
The dampinng parameters have beeen the same as those useed in the lasst case.
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Inn order to study
s
the daamping effeect on damaage variables, the most critical element in thee
FE m
model has been
b
analyzzed and the damage intensity at each integraation point through
t
thee
thickkness has beeen shown and
a discusseed in this seection.

Figure 997: Type B damping
d
effeect

T
To evaluate the FE mod
del results, the variablees that are compared
c
too experimen
ntal results,,
are. tthe force peeaks intensity, the timee of the forcce peaks, freequency of oscillationss and visuall
appearance of the
t FE resu
ults. Once aagain, the FE
F models with lower damping values
v
havee
their force oscilllations clo
oser to the eexperiments as well as
a the time of force peak and itss
intennsity.
A
Again, it is possible to
o observe thhat high damping valu
ues smootheed the simu
ulated forcee
oscilllations (from
m 4.7 ms to
o 6.0 ms) annd, increasee of damping
g coefficiennt shifted the simulatedd
maxiimum forcee peaks, for example thhe maximum
m force of 3400 N (9.0 ms) is 3.0 ms delayedd
from
m the experiiments. At high dampping, the en
nd part of impact (froom 14.0 ms)
m is betterr
simuulated, consiidering the lowest
l
dam
mping valuess.
F
Figure 97 heelps to understand the damping effect
e
on computationaal simulation
ns, but it iss
also necessary to
t verify ho
ow the dam
mping affeccts the dam
mage calculaation by an
nalyzing thee
t thicknesss.
damaage variablees through the
F
Figure 98 shows
s
how damping aaffects the fiber damaage variablee (d1). The increasingg
dampping decreaased the nu
umber of inntegration points,
p
wherre d1 had bbeen detected and, forr
h not been detected anymore. As mention
ned before,, those hig
gh dampingg
  11000 , d1 has
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values did not have phhysical meaaning and thhey were on
nly used to improve thhe end part of
o the
impact respponse in thee numerical simulationns.
For typpe A cylinnders, considering dam
mping param
meters 0    10 , therre have beeen no
differencess in d1 and, for   100
d detect fibeer damage.
0 , only one integration point could
Regardding the material
m
mo
odel for fibber compreession, the damage iis accounteed by
decreasingg its elastic modulus
m
by
y using the secant mod
dulus as estaablished byy EQ. (15). Thus
d1 has onlyy been deteccted in layerrs under tennsile loads in
n fiber direcction.

Fiigure 98: Dam
mage effect oon d1 damag
ge variable fo
or type B

ugh the thicckness is sh
hown in Figure 99. Theere have been no
The daamage variaable d2 throu
considerabble differencces in d2 in
n the case w
without dam
mping and when   0.1 . There were
small diffeerences not only in   1.0 but alsso in   100.0 . On the other handd, in   100
0 , the
differencess in damagee calculation
n have beenn more pron
nounced an
nd from 1.6 mm (Figurre 99)
on, this divvergence haas been high
her. In   11000 , the model
m
has no
ot shown anny damage.
It is poossible to obbserve the decreasing
d
oof d2 from th
he external layers to thhe internal laayers.
Independennt of the vaalue of  , there
t
has beeen no damaage calculated in the inntegration points
p
through thee thickness from 1.6 mm
m to 2.0 mm
m (Figure 99).
9
Furtherrmore, desppite the factt that the exxternal layerrs have beeen more dam
maged, no other
one has beeen complettely damageed for the ellement used
d in this anaalysis. In thee inner layeer (0.0
mm), d2=00.48 and, in the outer laayer, d2=0.1 8 for the caase without damping.
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Figure 99:
9 Damage effect on d2 damage variable for typee B

B
Based on Figgure 100, itt can be obsserved a dam
mping effecct in the sheear damage variable. Inn
fact, d6 behaves in a differeent way from
m the previo
ous damagee variables inn cylinders type A andd
B.
F
Firstly, the most damaaged layers have been
n internal laayers, not tthe external layers, ass
foundd in the preevious casees, i.e. layerrs at 0.4 to 0.6 mm an
nd 2.6 to 2 .8 mm in all
a dampingg
valuees. Furtherm
more, the daamage intennsity is relaatively loweer and its m
maximum vaalue of 0.166
at 0.443 mm is clloser to the cylinder innner surface.
D
Despite thosse differencees, d6 had thhe same tren
nd shown by
b d2, i.e. thee damage decreased
d
ass
the ddamping inccreased, as well as thee damage deecreased tow
wards the llaminate miiddle plane..
Moreeover, for cylinder
c
typ
pe B, the ddamping did
d not show
w a considerrable influeence on thee
damaage calculattion.
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Figgure 100: Daamage effectt on d6 damag
ge variable fo
or type B

Regardding all thee commentts about thhe damping
g effect on
n damage calculation and,
observing the overall computational simullation response, the best
b
resultss (comprom
mising
between ddamage calculations and
a
FE sim
mulations reesults for force
f
vs. titime) have been
obtained inn   1 (Figgure 101).
The FE
E model sim
mulated the first
f
force ppeak, but thee force inten
nsity was loower (1700 N for
FE model and 2200 N for the exp
periments). Then the fo
orce decreased to 500 N and, increased
again up too 1750 N at 6.0 ms. Th
his point corrresponds to
o a null forcce point for the experim
ments.
After that, the simulaated force dropped
d
to 0 N, but th
he experimeental force reached an
nother
ntal force drropped to aalmost null value
peak valuee (2400 N); as a conseequence thee experimen
and startedd to increasee as for num
merical simuulations (6.5
5 ms).
This neext force peeak has been
n the higheest value forr the experiments (35000 N) and fo
or the
simulations (2000 N)). The difference has bbeen rather large betw
ween the sim
mulation an
nd the
experimentts to predicct the force peak intennsity. From this point (6.7
(
ms) upp to 12.7 ms, the
differencess between thhe experim
mental and siimulation results
r
have not been hhigher than those
shown by the maxim
mum force peak
p
intensiity. Furtherm
more, the fiber
f
fails oonset at 11.2
2 ms,
which was latter when compared
d to the fibeer failure on
nset for cylin
nders type A
A.
The ennding of thee impact forr the experiiments (from
m 12.7 ms) is much sm
moother thaan for
the simulattions, wheree the force dropped to 0 N and inccreased agaain to high lload levels (1500
(
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N) foor three tim
mes until com
mpleting thhe impact ev
vent. In thiss case, the im
impact simu
ulation timee
was aalmost the same
s
as the experimenttal impact time.

Figure
F
101: T
Type B: the best
b alpha parameter.

4.5.22.3.3 Typee C dampin
ng effect
T
The dampinng effects on
o damage calculation
n for type C cylinderss are discusssed in thiss
sectioon and the results
r
are presented
p
inn Figure 102
2.
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Figure 102: Tyype C damping effect

To evaaluate the FE
E model ressults, the vaariables thatt are compaared to expeerimental reesults,
are. the forrce peaks inntensity, thee time of thee force peak
ks, frequenccy of oscillaations and visual
v
appearancee of the FE
E results. As
A for the previous both cases, the FE moodels with lower
l
damping vvalues have their force oscillationss closer to the experim
ments as weell as the tim
me of
force peak and its inteensity.
Type C cylinderss behave similarly too type A and
a
B cylin
nders, i.e. as the dam
mping
increased, the oscillattions frequeency decreaased as welll as the end part was smoother. Once
again, the effect of damping
d
on
n damage ccalculation must be asssessed. Thuus, the dam
mping
effect on thhe damage variables th
hrough the tthickness fo
or the most critical elem
ment (Figurre 92)
has also beeen analyzedd.
For typpe C fiber damage,
d
the damping paarameter haas not chang
ged d1 throuugh the thickness
in   1 annd, d1 has beeen detected
d in three inntegration po
oints. In thee next dampping value, d1 has
been deteccted in onlyy two integrration pointts and, in   100 , in only one inntegration point.
p
Considerinng greater vaalues of  , the fiber daamage has not
n been detected (Figuure 103).
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Figure 103: Damagee effect on d1 damage variable for typee C

F
For d2, the damping
d
afffected the ddamage calculation thrrough the thhickness in
n a differentt
way (Figure 1004), i.e. in the
t inner laayers (betw
ween 0 up to
o 1.6 mm),, the dampiing did nott
modiify the dam
mage calcullation stronngly and, for
fo   10 , the differeences were negligible..
From
m 1.6 to 2.6 mm, there was
w no d2, ddespite dam
mping factorr.
F
From 2.6 mm
m on, d2 haas been signnificantly affected
a
by damping. Itt can be ob
bserved thatt
for   100 , onlly two integ
gration poinnts detected d2 and, for higher dam
mping, theree was no d2.
On thhe other hannd, for loweer damping factors, thee damage caalculation w
was differentt for each 
and, for   10 , d2 reached
d its maximuum value (ffrom 2.6 to 3.6 mm) in the externaal layer (3.66
mm).
Itt is importaant to verify that none oof the layerss was completely damaaged and thee maximum
m
d2 waas equal to 0.48 at 0.0 mm.
m
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Figgure 104: Daamage effectt on d2 damag
ge variable fo
or type C

Figure 105 shows the dampin
ng effects oon the shearr damage caalculation. IIt is importaant to
observe thhat the mosst damaged
d layers haave been beetween 0.4-0.6 mm aand 2.8-3.0 mm.
Furthermorre, the centrral part (fro
om 1.6 to 1.99 mm) has not
n been damaged.
The hiighest diffeerences caused by dam
mping on the
t shear damage
d
havve been dettected
between 0..2 to 0.8 mm
m. For thesee layers, d6 hhas been un
nderestimateed for   1 . Between 1.9 to
3.25 mm, tthe damagee has been considerabl
c
ly underestiimated for   1000 . IIt is importaant to
verify thatt the shear damage
d
inteensity has bbeen relativ
vely small, because
b
d6 =
=0.16 at 0.5
5 mm
for   1 .
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Figure 105: Damagee effect on d6 damage variable for typee C

R
Regarding thhe aforemeentioned rem
marks for damage
d
calcculation andd the overaall behaviorr
for tyype C impaact simulatio
ons, again, the best ressults have been
b
for   1 (Figure 106), sincee
the ddamage calcculation hass not been significantlly affected and the FE
E force vs. time
t
resultss
have been good, regardin
ng the criteeria (intensity of force peak; tim
me of the force peakk
occuurrence and frequency of
o oscillatioons).
IIn this case,, the first fo
orce peak inntensity was well simulated by the model, then
n the forcess
decreeased until certain
c
valu
ue and increeased again, forming an
n intermediaate peak and
d later, theyy
droppped again. The next fo
orce peak w
was differen
nt for both the
t FE moddel (at 5.5 ms)
m and thee
experiments (at 6.5 ms). Affter this sec ond force peak,
p
the forrce droppedd to 0 N (FE
E model andd
experiments) annd the force suddenly inncreased to
o its highest value (28000 N for FE
E model andd
38000 N for expeeriments) fo
or both simuulation and experiment
e
s.
F
From this peeak, for sim
mulation, thee force drop
pped until 2000
2
N andd, then, increeased againn
up too 2750 N, forming
f
two
o peaks, whhile the expeeriment had
d only one ppeak. After this periodd
of hiigh amplitudde oscillatio
ons (from 44.7 ms to 7.0
0 ms), the force
f
was sttill oscillatin
ng, but thee
maller than that
t
in the FE
F model. A
At this simu
ulation part,,
ampllitude for thhe experimeents was sm
the F
FE model detected
d
the fiber damaage onset. It
I is importaant to verify
fy that the fiber
f
failuree
onsett did not correspond to
o a high forcce peak.
A
As for the other simu
ulations, thee results fo
or the finall part (from
m 0.0130 s)
s divergedd
signiificantly froom the experriments.

180

CHAPT
TER 4

Figurre 106: Typee C best alpha parameter

Finallyy, it is confiirmed that the
t damage calculation
ns are a function of thee ply orientaation;
thus they ddepend not only
o
on the ply stress sstate, but alsso on the daamping effeccts.

4.5.3 RE
ESULTS AND
D DISCUSS
SIONS
As shown in the previous
p
sections, severral numericaal simulatio
ons have beeen performeed for
each cylinnder lay-up in order to
o identify ““the best” FE model. The resultts for “the best”
configuratiion are shoown in the following sections, considering
c
the valuess of param
meters,
which havee been investigated.

4.5.3.1 D
Damage vs. No
N damagee.

In ordeer to check how the daamage modeel affects th
he impact fo
orce responsse, the follo
owing
analysis shhows a com
mparison beetween the FE model, regarding the damagee model an
nd the
same FE m
model withoout damage (i.e. elastic)) calculation
n. The mesh
h presentedd in Figure 87(b),
8
as well as general conntact with hard contact for normal behavior and no dampping effectss have
been used in those sim
mulations.
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F
For cylinderrs type A (F
Figure 107) , the beginn
ning of the impact eveent (from 4.5 ms to 6.00
ms) hhas shown a very similar behavioor for both th
he cases (daamage and no damage). From 6.00
ms, tthe damage increased due
d to the pproposed maaterial modeel, and it w
was possiblee to observee
that the force inntensity waas consideraably higherr for the elaastic modell than for the
t damagee
modeel proposal (1600 N for damage annd 2800 N for elastic model).
m
From
m 6.5 ms s to 14.5 ms,,
the bbehavior bettween the damage moddel and the elastic
e
model was diffeerent. At thee end of thee
numeerical simullation (from
m 14.5 ms too 16.0 ms), both
b
the mo
odels behaveed similarly
y again.

Figgure 107: Typpe A cylindeers: Elastic M
Model vs. Damage Modell results (withhout dampin
ng effects).

Inn type B, the effect of damage in the forrce intensity of peakss and valleys is moree
pronoounced thann in type A (Figure 10 8). It can be observed that the ressults divergeed from thee
beginnning, whenn the first fo
orce peak w
was differen
nt. After this first peak,, both modeels behavedd
simillarly until 6.5 ms. From
F
this point, the elastic mo
odel force peak (300
00 N) wass
consiiderably higgher than th
he damage model forcce peak (2400 N) and, both modeels behavedd
ratheer different until
u
the end
d of the imppact event.
R
Regarding thhe elastic model,
m
the foorce level fo
or the time interval
i
from
m 7.0 ms to
o 16.0 ms iss
relatiively higherr than for th
he damage m
model, conssidering thiss time intervval.
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Figure 1008: Type B cyylinders: Elaastic Model vvs. Damage Model
M
results (without daamping effeccts).

The annalysis of thhe damage effect
e
on thhe force resp
ponse for cy
ylinders typpe C is show
wn in
Figure 1099. From 4.77 ms to 7.0 ms, the diifferences between
b
thee elastic moodel and daamage
model havee not been so
s pronouncced, despitee some diffeerences in th
he force peaak intensity..
From 77.0 ms on, the differeences betweeen both models
m
weree higher, annd they beh
haved
differently until the ennd of the im
mpact event.
mportant to highlight how
h
the ortthotropic deegree affectts the behavvior of cyliinders
It is im
and its dam
mage proceess as well.. It can be observed that
t
for cylinders typee A, the daamage
effects on tthe force reesponse are not very m
much pronou
unced when compared tto cylinderss type
B and C reesponses.
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Figgure 109: Typpe C cylindeers: Elastic M
Model vs. Dam
mage Modell results (withhout dampin
ng effects).

4.5.33.2 Results

C
Consideringg the sensitiv
vity studiess performed
d in the prev
vious sectioons, “the besst” cylinderr
confi
figurations for
f each cyllinder lay-uup are summ
marized in Table
T
45. T
The most reefined meshh
(Figuure 87(c)) has
h been useed in the num
merical sim
mulations.
Tablee 45: FE mod
del summary.
Cyylinder
T
Type
Typ
pe A, B
aand C

Normal Behavior
Hard Con
ntact

T
Tangential Behavior
B
Peenalty Metho
od Friction
coefficien
nt=0.3

Contacct
Algorithhm
Generaal

Damping (  )
1.0

T
The evaluatiion of the FE
F models rregards the criteria thaat were alreaady describ
bed, i.e., thee
forcee peaks inttensity, the time of tthe force peaks,
p
frequ
uency of ooscillations and visuall
appearance of thhe FE resultts.

4.5.33.2.1 Resu
ults for Typ
pe A cylindders
D
Despite a higgher damping parametter (   10000 ), which better
b
simullates the end
d part of ann
impaact, these values
v
affecct the damaage variablles significaantly (Figuure 93, Figu
ure 94 andd

184

CHAPT
TER 4

Figure 95)). Since thee fiber dam
mage is verry importan
nt, regardin
ng the com
mposite strucctural
integrity, thhe absence of fiber dam
mage detecttion is regarrded not to be acceptabble for this work.
w
Thus, loweer damping values must be used too avoid undeerestimation
n of the dam
mage.
Furtherrmore, oncce most off damage did not haappen in the
t
end off the numerical
simulations, the accurracy to repro
oduce the eend part of the
t impact (from
(
12.5 m
ms - Figuree 110)
has been coonsidered too be relativeely less impportant than
n from the beeginning to 12.5 ms.
The FE
E model parrameter and
d experimenntal test resu
ults for the force vs. tim
me are show
wn in
Figure 1100. A more refined
r
messh improveed the overaall model performance
p
e to simulatte the
impact forrce behavioor. Thus FE
F force ppeaks, time when these peaks ooccur and force
oscillationss were more similar to
o the experim
ments data,, regardless the final paart of the im
mpact
(from 12.55 ms). Desppite the mo
odel perform
mance imprrovement at
a 6.0 ms, tthe experim
mental
forces shoowed a highh force peaak but the simulated force was null at thaat time. An
nother
remarkablee differencee happened at 8.0 ms, w
where the siimulated force was aroound 2000 N and
the experim
mental forcee was aroun
nd 1200 N. At this poiint, the mod
del detectedd the fiber failure
fa
onset. On the other hand,
h
from 8.5 ms to 14.0 ms, th
he numericcal simulatioon predicteed the
force histoory with a reasonable
r
accuracy.
a
F
From 14.5 ms
m on, the force droppped to 0 N,, then
increased aagain up to 1500 N and
d, finally, deecreased to 0 N. This behavior
b
waas rather diffferent
from the exxperiments,, which show
wed a muchh smoother behavior.

Figu
ure 110: Typpe A simulatiion results.
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M
Moreover, when
w
d1 waas detected, it did not correspond to the highhest force peak
p
on thee
impaactor head, despite  11 being verry high (Fig
gure 111) frrom 0.4 mm
m to 0.6 mm
m but, from
m
2.8 m
mm to 3.5 mm,
m it was observed
o
to be a high compressive  11 .
Itt is importaant to highllight that foor compresssive  11 , d1 is not definned, but E11 decreasess
following the seecant modullus as establlished by th
he EQ. (15).
R
Regarding the
t FE simulation for force vs. time
t
shown
n in Figuree 110, the simulationss
resullts for final part (from 14.0 ms o n) have nott been good
d. This diffference wass due to thee
dynaamics of thee cylinder displacemen
d
nt, where th
he cylinder surface losst the contaact with thee
impaactor head. After few seconds (leess 0.3 ms)), the cylind
der surface touched th
he impactorr
againn creating a force peak
k (the simuulation’s lasst one). After this peakk, the cylin
nder surfacee
displlacement stoopped for few
f secondss, losing agaain its contact with thee impactor head.
h
From
m
this ttime, the cyylinder surfaace and the iimpactor heead have no
ot interactedd anymore.

Figu
ure 111: Typpe A  11 Streess (S11) at fiber
f
failure

T
The transverrse stress,  22 , throughh the thickn
ness at fiberr failure shhowed onsett maximum
m
valuee around 40
4 MPa (b
between 0.44 mm to 0.6
0 mm) as observedd in Figuree 112. Thee
comppressive  22 was aroun
nd -30 MPaa from 0.2 mm
m to 0.4 mm
m and, froom 2.8 mm to 3.0 mm..
Com
mpressive  222 did not trigger
t
the m
matrix damage variable d2 and, thhe elastic modulus,
m
E222
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decreases as defined by EQ.(22)). It is impoortant to no
otice that th
he layers clloser to lam
minate
t
layers ccloser to thee laminate middle
m
planne.
surfaces haave been moore loaded than
It is woorth to remeember that through
t
thee thickness, the stress distribution
d
pattern hass been
calculated in local cooordinates by using tthe Classicaal Laminatee Theory. Thus, the stress
distributionn depends on
o the ply orrientation aas well as on
n its distance from the m
middle plan
ne.

Figure 112
2: Type A  222 Stress (S22) at fiber faailure

d
through thhe thicknesss is shown in Figure 113. This figure
f
The shhear stress distribution
shows thatt the shear stress
s
increaased from thhe middle plane
p
to the external layyers. Also, shear
stress has bbeen considderably high
her than trannsverse streess (around ten times hi
higher).
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Figu
ure 113: Typpe A 12 Stresss (S12) at fiiber failure.

F
From Figuree 112 and Figure
F
113, it is possib
ble to concllude that thhe external layers havee
beenn more dam
maged than the internaal ones, oncce the stress state in tthe externall layers aree
consiiderably higgher than th
hat in layers closer to th
he laminate middle planne.
T
To improve the undersstanding of the fiber damage
d
thro
ough the thi
hickness, thee followingg
figurres show the damage extension
e
laayer- by- layer. The im
mpactor heaad as well as
a the layupp
are aalso shown to
t aid the co
omprehensioon of the reesults.

188

CHAPT
TER 4

Figure 114:: Type A: d1 damage thro
ough the thickness

Figure 114 repressents the fib
ber damage layer- by- layer after the impactt, accountin
ng the
total damaage calculaation. It can be obserrved that fiber
f
failed at layer 113 and 12 with
orientationn 60o and -660o. No fibeer damage has been detected
d
neiither in layeer 14 nor in
i the
other layerrs. This dam
mage calculation can eexplain why
y this damag
ge has not bbeen detected by
visual insppection on thhe cylinderss.
For a ccomplete ovverview of matrix
m
dam
mage, Figuree 115 and Figure 116 m
must be anaalyzed
together. Inn layer 1, the
t damage intensity iss high, but its extensio
on is smalleer than the d2 in
layer 14 (F
Figure 115) and d6 in laayer 5 (Figuure 116). Fu
urthermore, the high inntensity dam
maged
area decreased from the
t external layers tow
wards the laaminate mid
ddle plane. For d2, daamage
has not been detectedd in layers 7 and 8 (Figgure 115). On the otheer hand, thee matrix in these
layers havee been basiccally damag
ged due to s hear stress (Figure 116
6).
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Figurre 115: Typee A: d2 damage through th
he thickness

T
The extensioon of d2 in
n layer 14 hhas been raather higherr than in thhe other lay
yers, but itss
intennsity has been only clo
oser to the iimpact line (dot line in
n the Figuree 115). Also
o, the shearr
damaage has beeen more pronounced
p
yer. Thus, the matrix has been completelyy
in this lay
damaaged in the external lay
yers. From F
Figure 116, it can be ob
bserved thaat layer 12 did
d not havee
damaage due to shear
s
stress,, but layer 112 showed some
s
damag
ge due to d2 .
M
Moreover, for
fo type A cylinders, alll layers had
d the damag
ged matrix, once layer 7 and 8 didd
not sshow d2 dam
mage, but th
hey showedd d6 damagee as well as in the layerr 12, wheree d6 damagee
was nnot shown, but d2 damaage was.
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Figure 116:: Type A: d6 damage thro
ough the thickness

Figure 117 showss the total damage
d
varriables throu
ugh the thicckness for tthe most crritical
element, i.e. closer to the impacto
or head (Figgure 92). As
A mentioned
d earlier, thhe external layers
l
matrix damage and, the damage ddecreased to
owards the laminate
l
miiddle plane.. This
had more m
figure show
ws that eachh layer had at least maatrix damagee, i.e. the 31
1 J impact sshowed dam
mages
in all layerrs.
An impportant concclusion baseed on the annalysis of all
a those figu
ures is that the damagee pine
tree shape for impacteed laminatees has not bbeen found for those numerical sim
imulations. More
investigatioons on the coupons should be pperformed to
t confirm this phenom
menon by using
layer- by- llayer analyssis.
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Figure 11
17: Damage vvariables forr the impact point
p
(total tiime)

4.5.33.2.2 Resu
ults for Typ
pe B cylindders
A
As mentionned before, higher ddamping parameters made the FE modeels providee
undeerestimationn results forr fiber damaage (Figuree 98). Oncee fiber failuure is a very
y importantt
failurre mode, thhis lack of fiber
f
damagge detection
n has not beeen acceptabble; so lower  valuess
mustt be used inn order to av
void not onlly the undeerestimation
n of fiber daamage, but also the FE
E
modeel performaance improv
vement.
S
Since most of the dam
mage processs has happeened until 13.0
1
ms forr cylinders type B, thee
final part (from 13.0 ms on
n) did not hhave the sam
me importaance as the interval tim
me from 4.77
ms too 13.0 ms (F
Figure 118)).
S
Some high load peaks at the begginning of the impact (around 6 .7 ms) hav
ve not beenn
simuulated. For example,
e
at 5.4 ms, thee experimen
ntal forces showed
s
a p eak, but thee numericall
forcees were equual to null at
a this point . After that, the numerrical forces increased again
a
as thee
experimental foorces (6.5 ms),
m but the experimentts have form
med the higghest overaall value forr
forcee (at 6.7 ms).
m At thiss time, the FE model had shown
n only a foorce peak, but not soo
pronoounced. Deespite this divergence
d
bbetween FE
E model and
d experimennts at the beeginning off
the im
mpact respoonse, the ov
verall behavvior has been
n acceptablee.
O
Other discreepancy betw
ween experriments and
d FE model happenedd at 7.5 mss, when thee
experiments shoowed a peak
k and, the F
FE model prresented a valley.
v
From
m 8.0 ms s to 13.0 ms,,
the nnumerical foorce showed
d a behaviorr similar to the experim
mental forcee.
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Anotheer importannt aspect waas that the hhighest load
d peak meaasured in thhe impactor head
did not corrrespond neecessarily, to the higheest laminate stress statee (plane streess). The hiighest
stress statee happened when
w
fiber failed at 11 .0 ms, i.e. after
a
5.0 ms from the hiighest load peak.
On the othher hand, thee fiber failed at the largger displaceement of thee cylinder suurface in co
ontact
with the im
mpactor head, which yields a stresss state stron
ng enough to
o trigger thee fiber failu
ure.

Figure 1188: Type B ressults.

For thee impact finnal part (from
m 14.7 ms oon), the sim
mulation div
verged from
m the experim
ments
as already verified in the
t previous cases.
The strress state thhrough the thickness aat fiber failu
ure onset is presented in the follo
owing
figures. Figgure 119 shhows the ressults for  111 . It is obseerved that th
he external layer at 0.0
0 mm
had the bigggest  11 teensile valuee. In the oppposite exterrnal layer (aat 3.5 mm), the compreessive
stress is noot higher thaan the stresss at 3.0 mm
m. Once agaiin, it is impo
ortant to meention that d1 has
not been ccalculated foor compression stress  11 , despitte E11 decreeasing as esstablished by
b the
EQ.(15).
The annalyses of trransverse sttress (  22 ) distribution
n through th
he thicknesss at fiber failure
fa
onset are sshown in Fiigure 116. This
T stress distribution
n reached th
he highest vvalue at 2.8
8 mm,
where  22  18 MPa .
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Figu
ure 119: Typpe B  11 Stresss (S11) at fiiber failure.

Figu
ure 120: Typee B  22 Streess (S22) at fiber
fi failure.

M
Moreover, laayers from 2.6 mm to 3.0 mm hav
ve been mo
ore loaded thhan the exteernal layerss
and oobserving thhe shear streess throughh the thickneess (Figure 121), matrix
ix had its highest stresss
state (plane stresss) at fiber failure
f
onseet in layer att 3.0 mm.
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Figure 121: Type B 122 Stress (S12)) at the mom
ment of layer 14 fiber breaakage

The foollowing fiigures show
w the dam
mage variab
bles for each layer aafter the im
mpact
simulation. These figuures improv
ve the visuaalization of damage forr each layerr. The comp
posite
lay-up is aalso shown and the orieentation forr each layerr is indicated. In additiion, the imp
pactor
head and itts central linne have also
o been repreesented.
Compuutational anaalyses of cy
ylinders typee B have sh
hown fiber damage
d
onlyy in layer 14, i.e.
the cylindeer inner layeer (Figure 122).
1
The daamage extension is sm
mall, only few
w elementss have
been damaaged. Despitte the FE model
m
havinng shown fib
ber damage in the inneer layer, cou
upons
visual insppection did not
n detect fiiber damagee at this possition.
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Figurre 122: Typee B: d1 damage through th
he thickness

T
To identify the
t matrix damage,
d
Figgure 123 an
nd Figure 124 must bee analyzed together.
t
Att
this lay-up, thee outer ply
y (where thhe impactor touches the
t cylindeer) has seeemed to bee
w less inteensity than in the cylin
nder inner layer. Also, the damagee was moree
damaaged, but with
locallized and onnly few elem
ments weree completely
y damaged by d2. On tthe other haand, d6 wass
moree spread thaan d2, but wiith lower inntensity.
Inn layers 2 and
a 3, the matrix
m
damagge intensity
y increased and
a spread over more elements
e
ass
well.. From layerrs 4 to 6, th
he damage inntensity and
d the damag
ged area deccreased and
d, in layer 7,,
theree was neitheer d2 nor d6 detection.
F
From layer 8, the matrrix damage intensity and
a affected
d area increeased again
n. Since thee
damaage intensitty increaseed, the dam
maged area also increeased, but the maxim
mum matrixx
damaaged area did
d not corrrespond to the highestt matrix dam
mage intenssity. For ex
xample, thee
damaage intensityy on matrix
x was the hiighest in lay
yer 14, wherre d2 had itss highest vaalue (Figuree
123), but the matrix
m
dam
mage was thhe most sp
pread in lay
yer 13, whhere d6 was the mostt
distriibuted (Figuure 124).
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Figure 123:: Type B: d2 damage thro
ough the thickness

Regardding the relaation betweeen damage intensity an
nd area, it caan be observved that lay
yer 13
and 2 had hhigher intennsity for d6 as well as tthe highest affected
a
areea. The sheaar damage d6 has
been moree spread thaan d2 for all layers. On tthe other haand, d2 has been
b
more iintense than
n d6 .
Furtherrmore, d2 has
h not been
n detected inn two layerrs (layer 6 and
a 7) and,, d6 has nott been
detected only in layeer 7. Once more, the ppine tree sh
hape has no
ot been obsserved for those
cylinders ssimulations.
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Figurre 124: Typee B: d6 damage through th
he thickness

Inn order to show the am
mplitude of sshear damag
ge on type B cylinders,, Figure 125
5 shows thee
wholle cylinder overview of shear damage d6 in layer 13. It cann be obserrved that a
consiiderable portion of thee cylinder suurface has been
b
damag
ged. Despitee the damag
ge intensityy
beingg higher in the impact area the boottom of thee cylinder has
h shown a considerab
ble damage..
The cylinder latteral area (9
90º radial rootate from the
t impacted area - Figgure 125 haas also beenn
d
arreas.
damaaged, but itss intensity is lower thann the other damaged
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Fiigure 125: Laayer 13 shearr damage (d6) on cylinder type B.

The daamage analyysis through
h the thickneess on the most
m critical element is shown in Figure
F
126. This ffigure show
ws the damag
ge state at thhe ending of
o the impacct simulationn.

Figgure 126: Ty
ype B damagge variables through the th
hickness.
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As already shown, the fiber damage has only been detected in layer 14 (from 0.0 mm to
0.2 mm). From this figure, it is observed that the matrix damage intensity has been
considerably high in layer 14, once d2 has the highest value. On the other hand, the shear
damage in layer 14 has been low.
The shear damage has been higher from 0.45 mm to 0.65 mm and, from 2.6 mm to 2.8
mm. Furthermore, the cylinder type B was more damaged in its inner layer. The cylinder had
some matrix damage in the layer where the impactor touched, but it was smaller than that in
layer 14.

4.5.3.2.3 Results for Type C cylinders
The results for type C are presented in Figure 127. At the beginning of the impact, the FE
model was capable to capture the first high load peak (at 4.8 ms) with reasonable accuracy.
Then, both the numerical and experimental force decreased to 500 N but at different time (5.0
ms for experiments and 5.3 ms for simulation). The simulated force increased again creating a
second force peak and, the experimental force decreased to almost 0 N.
After that, the simulated force dropped to 0 N but the experimental force increased
showing a peak. The simulated force remained null and, the experimental force dropped to a
value close to 0 N. From this point, the force for both cases increased and, the experiments
showed the highest force peak. At this point of the impact event (6.7 ms), the FE model
resulted on a smoother pattern than the experimental data.
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Figure 1277: Type C ressults.

As forr previous case,
c
the fiinal simulaation part (from 14.7 ms on) divverged from
m the
experimentts. Regardleess this factt, the overalll simulation
n has been acceptable.
a
Figure 128 shows the  11 stress statee at fiber failure
f
onseet for the FFE most crritical
element. T
The highest tensile streess value hhas been deetected at 0.0
0 mm.  111 decreased
d and
became nuull at 1.8 mm
m, then it reeached the llowest value at 3.4 mm
m. It is impoortant to meention
that d1 is nnot calculateed for compressive  11 , despite E11
bed by EQ.((15).
1 decreasing as describ
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Figure 128: Typee C  11 Stresss (S11) at th
he moment off layer 14 fibber breakage

F
Figure 129 shows
s
the  22 for the FE most crritical element at fiberr failure onsset. For thiss
lay-uup, layers frrom 1.4 mm
m to 3.4 mm
m had  22 co
onsiderably higher thann the layer closer
c
to thee
cylinnder internall surface.
T
The intensityy of  22 waas smaller inn external layers
l
and th
he highest vvalue happeened at 2.855
mm.
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Figure 129:: Type C  222 Stress (S222) at the mom
ment of layer 14 fiber breaakage

Figure 130 showss the 12 forr the FE m
most critical element at fiber failurre onset. Fo
or the
shear stress, the externnal layers had
h considerrably high shear
s
stress,, but they w
were not the most
m (absolute value).
loaded onees. The highhest shear sttress occureed at 3.2 mm
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Figuure 130 Typee C 12 Stresss (S12) at thee moment off layer 14 fibeer breakage

F
From 0.2 mm
m to 3.2 mm,
m the shhear stress showed a similar behhavior to  11 , i.e. 12
decreeased, than it became null
n at 1.6 mm and, yeet decreased
d until 3.2 m
mm. It is im
mportant too
noticce that for lamina
l
coorrdinate systtem, the sig
gn of shear stress is noot importan
nt, once thee
effecct on laminaa of a positiv
ve shear strress is the saame of a neg
gative shearr stress.
A
As for the previous
p
cyllinders anallysis, the fo
ollowing fig
gures improove the com
mprehensionn
of thhe simulatioon results for
f damage calculation
n. These fig
gures show the damag
ge effect onn
each layer. As mentioned
m
before,
b
the iimpactor heead as well as
a the compposite lay-up
p were alsoo
show
wn to assistt the comp
prehension of the imp
pact damage. These fi
figures show
w the finall
damaage calculattion results.
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Figure 131:: Type C: d1 damage thro
ough the thickness

Figure 131 showss the layer- by- layer rresults for d1. Once again, only laayer 14 has been
ntion that d 1 has not been calcu
ulated for coompressivee  11 ,
damaged. It is imporrtant to men
EQ.(15).
despite E111 decreasingg as established by the E
For a bbetter undersstanding off matrix dam
mage, Figuree 132 and Figure
F
133 m
must be anaalyzed
together, as the damagge variabless d2 and d6 aare related to matrix daamage proceess.
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Figurre 132: Typee C: d2 damage through th
he thickness

F
From those figures, it is
i noticed tthat layer 1 had some damage, buut it was no
ot the mostt
damaaged layer. For both damage
d
variiables, the damage
d
inteensity as weell as the damage areaa
decreeased from layer 1 to layer 5. In layer 5, th
here is no matrix
m
damaage due to d2, but thiss
layerr has seemeed to be damaged duue to d6. Laayers 6 and
d 7 also haave not seeemed to bee
damaaged due too d2. Howev
ver layer 6 had still so
ome damage due to d6 while layeer 7 has nott
preseented any kiind of damaage.
Inn layer 8, d2 was callculated agaain, but theere was no
o d6 in thiss lamina. The
T damagee
variaables have been
b
detectted for all tthe rest of layers; the damage inntensity as well as thee
affeccted area alsso increased
d from layerr 9.
F
Figure 132 shows
s
that, for d2, the highest affeected areas were in layyers 13 and 14, as welll
as thheir highest intensity. For
F d6, the hhighest affeected areas were in layyers 12 and 13 (Figuree
133).
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Figure 133: Type C: d6 damage thro
ough the thick
kness.

Figure 134 shows the extensiion of d6 in layer 12. This
T is the highest
h
cylinnder surfacee area
damaged. IIt is observeed that d6 sp
pread for a cconsiderablee part of thee cylinder suurface.
The moost damaged area was closer to thhe impact area, as expeected, but thhe bottom of
o the
cylinder allso showed a consideraably damageed area and
d, its intensity is relativvely high. On
O the
other handd, the cylindder laterals (Figure 1344) are also damaged, but
b the intennsities are rather
r
low.
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Figure 134:: Shear damaage (d6) at lay
yer 12.

F
Figure 135 shows the damage vaariables thro
ough the th
hickness forr the FE most
m
criticall
elem
ment at the end
e of simu
ulation. As already meentioned, the fiber dam
mage only happened
h
inn
the ccylinder inteernal layer. For matrixx damage (d
d2 and d6), on
o one handd, the layerr at 0.0 mm
m
(interrnal cylindeer layer) haas been the most damaaged layer. However, oon the otheer hand, thee
exterrnal cylindeer layer at 3.5
3 mm (layyer 1) has been
b
not very much daamaged. In fact, layerss
from
m 2.2 mm to 3.28 mm have been m
more damag
ged.
A
Also, the layyer 7 (from 1.6 mm to 1.8 mm) has
h been com
mpletely unndamaged. Once
O
more,,
the ppine tree patttern has nott been identtified.
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F
Figure
135: Type
T
C damaage variabless through thickness.

4.5.4 IMPACT SIMU
ULATION CONCLUSIIONS
Impactt was a veryy complex event. Seveeral differen
nt factors may
m influennce the strucctural
behavior suuch as, mateerial type, energy
e
levell, damage mechanism,
m
structure geeometry, etcc.
This w
work showeed that the cylindricall geometry adds comp
plexity andd, it has a huge
influence oon the structtural behaviior.
Several simulationns have beeen performeed to find “the
“
best” FE
F model cconfiguratio
on for
gated cylindders. Those simulationss showed thhe huge influ
uence
simulating the impact on investig
c
algorrithm and ddamping. Moreover,
M
thee computatiional simulaations
on the resuults due to contact
showed hoow the dam
mping affects the dam
mage calculaation, i.e. in
ncreasing thhe damping
g and
decreasingg the damagee intensity.
Regardding the cyylinders lay
y-up, type A was the most dam
maged cylinnder, its daamage
intensity w
was higher thhan that sho
own by typee B and C. However, th
his damagee was much more
concentrateed. None of the type A damage vvariables sp
pread on thee cylinder ssurface as shown
by d6 for cyylinders typpe B and C.
For alll cylinders type,
t
the cllassical pinne tree shap
pe for damaage has not been identtified,
regarding the simulattion resultss. However , it has not been po
ossible ensuure that it really
r
happened ffor the couppons, once it has not beeen possiblee to perform
m the other teests.
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Finally, a detailed investigation of damage for each ply must be performed on the
cylinders to verify the model accuracy to predict damage and its extension. Also, a
delamination criterion must be implemented in the material model. Despite the lack of a
delamination criterion, the intra-ply model has predicted both the damage and the type of
damage in the investigated cylinder structures very well.
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5 FINAL CONCLUSIONS AND FUTURE PERSPECTIVES

Regarding the mathematical formulation of the new material model based on Continuum
Damage Mechanics (CDM), it is possible to conclude that the FE model has shown a good
performance, because it predicted the lamina failure as well as simulated the progressive
failure of long fibers unidirectional composite laminates with certain accuracy using not such
long computational time. Moreover, the material model developed in this work represents a
new approach to detect the damage onset on composite lamina and its evolution accounting
the influence of ply orientation. This can be confirmed by the comparisons among both
numerical and experimental results.
Regarding the implementation of the material model proposal, it is concluded that
FORTRAN subroutines linked to the commercial finite element program ABAQUSTM have
been implemented satisfactorily, despite some software limitations. Thus, user material
subroutines defined as UMAT (for quasi-static simulations), and as VUMAT (for explicit
dynamic simulations) are adequate to be used in a new material model implementation and to
simulate the composite structure behavior as well. The advantage of using those subroutines is
that the FE model construction and analyses of the results are aided by the ABAQUSTM preprocessor (e.g. mesh algorithm; complex geometries), solver (e.g. contact algorithms) and
post-processor tools (e.g. strain and stress gradient visualization in each layer).
Considering the set of experiments, it is feasible to conclude that they have been adequate
to characterize the material elastic constants, to determine the strength limits, as well as to
identify the damage model parameters and to evaluate the proposed material model
potentialities and limitations. The UD carbon fibers coupons used in this work have
beenmanufactured by using filament winding process. Due to manufacturing process, the
coupons have shown some curvature, which produces some effects. These effects were a
negligible for quasi-static tensile and four- point bending tests, but they have been considered
for compression tests, once the coupon behaves as a beam-column decreasing the critical load
for a perfect straight coupon. The impact tests had shown many important results, regarding
the behavior of cylinders. Also, those tests represent a real challenge to be simulated by FE.
Considering the Finite Element Analyses in order to simulate the experiments, mainly
based on the comparison between the numerical analyses and the experimental results, it has
been possible to discuss the advantages and disadvantages of the investigated computational
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models, showing the influence of simulation parameters (e.g. analysis step size and mesh
density). The material model was checked to simulate the failure behavior of unidirectional
composite laminates under tension, compression and bending loadings. For this set of quasistatic tests, the material model has shown good results, even to predict the compression tests,
where buckling occurs in almost all tests. Moreover, material model reproduced the beginning
of the impact tests very well. However, the final of the numerical impact response need to be
improved. In fact, the material model showed some limitations, mostly for the impact on
cylinders, where the lack of delamination criteria as well as the absence of information about
cylinders damping effects.
Based on the conclusions described above, it is possible to highlight some perspectives for
future works by:
 Studing damping phenomena of the composite cylinder, using dynamic

experiments and other numerical models;
 Formulating a new finite element, including delaminations and extended

formulation. For example, it is possible to implement this new element via UEL
(User Element). In other words, this subroutine in FORTRAN can be linked to the
program ABAQUSTM, and the FE model can be performed by using a new finite
element;
 Performing indentation tests on composite cylinders and comparing to the

numerical analyses in order to evaluate the material model for this loading case;
 Including delamination mode only in the material model, i.e. improving the

UMAT in order to simulate the separation of plies observed during the impact
tests.
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APPENDIX I – UMAT CODE

SUBROUTINE UMAT(STRESS,STATEV,DDSDDE,SSE,SPD,SCD,
1 RPL,DDSDDT,DRPLDE,DRPLDT,
2 STRAN,DSTRAN,TIME,DTIME,TEMP,DTEMP,PREDEF,DPRED,CMNAME,
3 NDI,NSHR,NTENS,NSTATV,PROPS,NPROPS,COORDS,DROT,PNEWDT,
4 CELENT,DFGRD0,DFGRD1,NOEL,NPT,LAYER,KSPT,KSTEP,KINC)
C
INCLUDE 'ABA_PARAM.INC'
C
CHARACTER*80 CMNAME
DIMENSION STRESS(NTENS),STATEV(NSTATV),
1 DDSDDE(NTENS,NTENS),DDSDDT(NTENS),DRPLDE(NTENS),
2 STRAN(NTENS),DSTRAN(NTENS),TIME(2),PREDEF(1),DPRED(1),
3 PROPS(NPROPS),COORDS(3),DROT(3,3),DFGRD0(3,3),DFGRD1(3,3), PS(3),
4 AN(3,3)
double precision E11, E22, nu12, G12, nu21, Xt, Xc, d1, TF2, d2,
1 TF6, d6, Y0, YC, Y0t, YCt, b, a, alpha, beta, R0, Y, R, f, p,
2 point_a, point_b, Y2C, starin1, teta, PS, AN, S12, E11c

parameter(Xt=XX,Xc=XX, Y0=0.09, YC=2.07,
1 Y0t=0.092,YCt=29.2, R0=15.0, epsilon0=0.003, S12=XX,
2 Y2T=0.3)

C
C

C
C
C

C

C
C
C

parameter (b=1.02, alpha=1.0, beta=3.0, np=10, a=0.5)
dimension orientation(np)
Variables for read input file in order to assemble the orientation
layer matrix
integer point, nc, ply
real(8) ori, thick, gamma1, gamma2, gamma3, gamma, dfdt1, dfdt2,
1 dfdt3, ep1a, ep1b, dep1, DP, ef, ep2_p, ep12_p
Vari veis para energia
double precision Ed, Ed_rup
parameter (Ed_rup=2.5)
Variables for matrix damage under compression
double precision m_f, m_y, su_y, su_f, S12_f, S12_y, K_y
parameter (m_f=70.0, m_y=62.5, S12_f=80.0, S12_y=47.0)
parameter (m_f=XX, S12_f=XX,
1 S12_y=XX)
parameter(job = '3BP090.inp', part = 'composite')
******************************************************************
PLY ORIENTATION
orientation(1)=90.0
orientation(2)=90.0
orientation(3)=90.0
orientation(4)=90.0
orientation(5)=90.0
orientation(6)=90.0
orientation(7)=90.0
orientation(8)=90.0
orientation(9)=90.0
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orientation(10)=90.0

teta=abs(orientation(layer))
c
C
C
C
C

teta=30.0 !orientation(LAYER)
******************************************************************
***********************************************************
MATERIAL PROPERTIES
***********************************************************
E11 = props(1)
E22 = props(2)
nu12 = props(3)
G12 = props(4)
nu21 = (props(2)/props(1))*props(3)

C

Inicialization of variables
d1=0.0
d2=0.0
d6=0.0
ep12_p=0.0
ep2_p=0.0
if (statev(5).EQ.0.0) then
p=0.0
else if (statev(5).ne.0.0) then
p=statev(5)
end if

C
C
C

20
10

if (statev(6).ne.0.0) then
d1 = statev(1)
d2 = statev(2)
d6 = statev(3)
E11 = statev(11)
E22 = statev(12)
end if
if (statev(7).ne.0.0) then
ep12_p=statev(8)
ep2_p=statev(9)
end if
if (E11.lt.0.03*props(1)) then
E11=0.03*props(1)
end if
K_y = statev(13)
***********************************************************
CONSTITUTIVE LAW
***********************************************************
do 10 i=1,3
do 20 j=1,3
ddsdde(i,j) = 0.0;
continue
stress(i) = 0.0;
continue

ddsdde(1,1) = (E11*(1.0-d1)) / (1.0-(nu12*nu21)*(1.0-d2)*(1.0-d1))
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ddsdde(2,2) = (E22*(1.0-d2)) / (1.0-(nu12*nu21)*(1.0-d2)*(1.0-d1))
ddsdde(2,1) = ((1.0-d2)*nu21*E11*(1.0-d1)) / (1.0-(nu12*nu21)*
1 (1.0-d2)*(1.0-d1))
ddsdde(1,2) = ddsdde(2,1)
ddsdde(3,3) = G12*(1.0-d6)
stress(1) = ddsdde(1,1) * (stran(1) + dstran(1)) +
1
ddsdde(1,2) * (stran(2) + dstran(2)) +
2
ddsdde(1,3) * (stran(3) + dstran(3))
stress(2) = ddsdde(2,1) * (stran(1) + dstran(1)) +
1
ddsdde(2,2) * (stran(2) + dstran(2)) +
2
ddsdde(2,3) * (stran(3) + dstran(3))
stress(3) = ddsdde(3,1) * (stran(1) + dstran(1)) +
1
ddsdde(3,2) * (stran(2) + dstran(2)) +
2
ddsdde(3,3) * (stran(3) + dstran(3))
C
C
C
C
C
C

***********************************************************
Herakovich CAP. 9 - Damage Mechanics
***********************************************************
***********************************************************
Strain Energy
***********************************************************
if (stress(2).gt.0.0) then

C
Ed = 0.5*(abs(stress(2)*(stran(2)))+abs(stress(3)*(stran(3))))
else if (stress(2).lt.0.0) then
C
Ed = 0.5*(abs(stress(2)*(stran(2)))+abs(stress(3)*(stran(3))))
end if
C

Fiber failure - Max tensile or Max Compression
if (stress(1).gt.0.0) then
ff = ((stress(1)/Xt)**2.0)
if (ff.ge.1.0) then
d1=0.99

C
if (d1.lt.statev(1)) then
d1=statev(1)
end if
statev(6)=10.0
end if
else if (stress(1).lt.0.0) then
ff = (stress(1)/Xc)**2.0
if (ff.ge.1.0) then
C
1
2
3

E11 = ((Xc)/abs(stran(1)+
dstran(1)))*(1.0-(26.32436237*(stran(1)+dstran(1))+
0.349393774)) + (26.32436237*(stran(1)+dstran(1))+
0.349393774)*props(1)

226

APPENDIX I

C
if (E11.gt.props(1)) then
E11=props(1)
end if

C

if (E11.le.(0.01*props(1))) then
if
E11=0.01*props(1)

end if
statev(6)=10.0
end if
end if
C

Matrix damage

C

Failure criteria
if (stress(2).ge.0.0) then
Ed_rup=2.5*10.0**6.0
m_y=62.5*10.0**6.0
else if (stress(2).lt.0.0) then
Ed_rup=2.5*10.0**6.0
m_y=62.5*10.0**6.0
end if
su_y=sqrt(((stress(2)**2.0)+(stress(3)**2.0)))1 (-S12_y + ((2*S12_y)/(1+((abs(stress(2))/m_y)**3.0))))

C

Verification of failure criteria and evolution of plastic surface
if (su_y.gt.0.0) then

C

Thermodynamic forces
if (stress(2).ge.0.0) then
TF2 = sqrt((stress(2)**2.0)/(2.0*props(2)*((1.0-d2)**2.0)))
else if (stress(2).lt.0.0) then
TF2 = 0.0
end if
TF6 = sqrt((stress(3)**2.0)/(2.0*props(4)*((1.0-d6)**2.0)))

C
C

Matriz tensile damage evolution parameter calculation
if ((Y.gt.Y0t).and.(stress(2).gt.0.0)) then
if ((statev(19).EQ.0.0).and.(stress(2).gt.0.0)) then
statev(19)=(-0.000215*teta + 0.18752)*TF2

c
end if
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if (statev(20).EQ.0.0) then
statev(20)=(0.0019*teta+0.363)*TF6
end if
if ((su_y.gt.0.0).and.(stress(2).gt.0.0)) then
d2 = (-0.000215*teta + 0.18752)*TF2 - statev(19)

if ((NPT.EQ.1).and.(KSPT.EQ.1).and.(layer.EQ.1)) then
c
end if
if (d2.lt.statev(2)) then
d2=statev(2)
end if
if ((d2.ge.0.99).or.(Ed.ge.Ed_rup).or.
(stress(2).gt.65)) then
d2=0.99
d6=0.99

1

end if
statev(6)=10.0
end if
d6 = (0.0019*teta+0.363)*TF6 - statev(20)
if (d6.lt.statev(3)) then
d6=statev(3)
end if
if ((d6.gt.0.99).or.(Ed.ge.Ed_rup)) then
d6=0.99
d2=0.99
end if
statev(6)=10.0

end if
if (stress(2).lt.0.0) then

TF2 = sqrt((stress(2)**2.0)/(2.0*props(2)*((1.0-d2)**2.0)))
if (stran(2)+dstran(2).gt.0.0) then
if (su_y.gt.0.0) then
d2 = (-0.000227*teta + 0.1973861)*TF2*(0.95/1.0)- statev(19)
if (d2.lt.statev(2)) then
d2=statev(2)
end if
if ((d2.ge.0.99).or.(Ed.ge.Ed_rup)) then
d2=0.99
d6=0.99
end if
statev(6)=10.0
end if
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1

else if (((stran(2)+dstran(2)).lt.0.0).and.
(su_y.gt.0.0)) then
if (statev(13).EQ.0.0) then
K_y=abs(stress(2)/m_y)
statev(13)=K_y
end if

1

E22 = (((m_y*K_y)/abs(stran(2)+dstran(2)))*
(1.0-0.09258)+0.09258*props(2))

if (E22.gt.props(2)) then
E22=props(2)
end if

if ((Ed.ge.Ed_rup)) then
d2=0.99
d6=0.99
E22 = props(2)
statev(6)=10.0
c
end if
statev(6)=10.0
end if
end if
if (d2.lt.statev(2)) then
d2=statev(2)
end if
if (d6.lt.statev(3)) then
d6=statev(3)
end if
statev(1) = d1
statev(2) = d2
statev(3) = d6
statev(4) = a
statev(5) = p
statev(8)=ep12_p
statev(9)=ep2_p
statev(11)=E11
statev(12)=E22

RETURN
END
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c
c User subroutine VUMAT
subroutine vumat (
c Read only *
jblock, ndir, nshr, nstatev, nfieldv, nprops, lanneal,
*
stepTime, totalTime, dt, cmname, coordMp, charLength,
*
props, density, strainInc, relSpinInc,
*
tempOld, stretchOld, defgradOld, fieldOld,
*
stressOld, stateOld, enerInternOld, enerInelasOld,
*
tempNew, stretchNew, defgradNew, fieldNew,
c Write only *
stressNew, stateNew, enerInternNew, enerInelasNew )
c
include 'vaba_param.inc'
c
dimension jblock(*), props(nprops),density(*), coordMp(*),
1
charLength(*), strainInc(*),
2
relSpinInc(*), tempOld(*),
3
stretchOld(*),
4
defgradOld(*),
5
fieldOld(*), stressOld(*),
6
stateOld(*), enerInternOld(*),
7
enerInelasOld(*), tempNew(*),
8
stretchNew(*),
9
defgradNew(*),
1
fieldNew(*),
2
stressNew(*), stateNew(*),
3
enerInternNew(*), enerInelasNew(*)
c
character*80 cmname
parameter (
*

i_umt_nblock = 1,

*

i_umt_npt

= 2,

*

i_umt_layer

= 3,

*

i_umt_kspt

= 4,

*

i_umt_noel

= 5 )

call
*
*
*
*
*
*
*
*
*

vumatXtrArg ( jblock(i_umt_nblock),
ndir, nshr, nstatev, nfieldv, nprops, lanneal,
stepTime, totalTime, dt, cmname, coordMp, charLength,
props, density, strainInc, relSpinInc,
tempOld, stretchOld, defgradOld, fieldOld,
stressOld, stateOld, enerInternOld, enerInelasOld,
tempNew, stretchNew, defgradNew, fieldNew,
stressNew, stateNew, enerInternNew, enerInelasNew,
jblock(i_umt_noel), jblock(i_umt_npt),
jblock(i_umt_layer), jblock(i_umt_kspt))

return
end
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c
subroutine vumatXtrArg (
c Read only *
nblock, ndir, nshr, nstatev, nfieldv, nprops, lanneal,
*
stepTime, totalTime, dt, cmname, coordMp, charLength,
*
props, density, strainInc, relSpinInc,
*
tempOld, stretchOld, defgradOld, fieldOld,
*
stressOld, stateOld, enerInternOld, enerInelasOld,
*
tempNew, stretchNew, defgradNew, fieldNew,
c Write only *
stressNew, stateNew, enerInternNew, enerInelasNew,
c Read only extra arguments *
nElement, nMatPoint, nLayer, nSecPoint )
include 'vaba_param.inc'
c
dimension props(nprops), density(nblock), coordMp(nblock,*),
1
charLength(nblock), strainInc(nblock,ndir+nshr),
2
relSpinInc(nblock,nshr), tempOld(nblock),
3
stretchOld(nblock,ndir+nshr),
4
defgradOld(nblock,ndir+nshr+nshr),
5
fieldOld(nblock,nfieldv), stressOld(nblock,ndir+nshr),
6
stateOld(nblock,nstatev), enerInternOld(nblock),
7
enerInelasOld(nblock), tempNew(nblock),
8
stretchNew(nblock,ndir+nshr),
9
defgradNew(nblock,ndir+nshr+nshr),
1
fieldNew(nblock,nfieldv),
2
stressNew(nblock,ndir+nshr), stateNew(nblock,nstatev),
3
enerInternNew(nblock), enerInelasNew(nblock)
c
c Documentation of extra arguments:
c nElement: Array of internal element numbers
dimension nElement(nblock), nLayer(nblock),nMatPoint(nblock)
c nMatPoint: Integration point number
c nLayer
: Layer number for composite shells and layered solids
c nSecPoint: Section point number within the current layer
c
character*80 cmname

C

C
C

C

C

double precision E11, E22, nu12, G12, nu21, Xt, Xc, d1, TF2, d2,
1 TF6, d6, Y0, YC, Y0t, YCt, b, a, alpha, beta, R0, Y, R, f, p,
2 point_a, point_b, Y2C, starin1, teta, PS, AN, S12, E11r,E22r,
3 E11c, E22c, d2_0, d6_0
integer flag
parameter(Xt=XX,Xc=XX, Y0=0.09, YC=2.07,
1 Y0t=0.092,YCt=29.2, R0=15.0, epsilon0=0.003, S12=53.0*10**6,
2 Y2T=0.3)
314.0
parameter (b=1.02, alpha=1.0, beta=3.0, np=10, a=0.5)
dimension orientation(np), strain(3), ddsdde(3,3)
Variables for read input file in order to assemble the orientation
layer matrix
integer point, nc, ply, cp
real(8) ori, thick, gamma1, gamma2, gamma3, gamma, dfdt1, dfdt2,
1 dfdt3, ep1a, ep1b, dep1, DP, ef, ep2_p, ep12_p
Vari veis para energia
double precision Ed, Ed_rup
parameter (Ed_rup=XX)
Variables for matrix damage under compression
double precision m_f, m_y, su_y, su_f, S12_f, S12_y, K_y

VUMAT CODE

parameter (m_f=XX, m_y=XX,
1 S12_f=XX, S12_y=XX)
C
c
c
c
c
c
c
c
c
c
c
c
C

State variables list
state 1 - d1
state 2 - d2
state 3 - d6
state 4 - E11
state 5 - E22
state 6 - flag
state 7 - K_y
state 8 - d2_0
state 9 - d6_0
state 10 - strain11
steate 11 - strain22
parameter(job = '3BP090.inp', part = 'composite')

C

******************************************************************

C
C
C
C

******************************************************************
***********************************************************
MATERIAL PROPERTIES
***********************************************************
E11 = props(1)
E22 = props(2)
nu12 = props(3)
G12 = props(4)
nu21 = (props(2)/props(1))*props(3)

c
do 100 km = 1, nblock
C

PLY ORIENTATION
orientation(1)=90.0
orientation(2)=60.0
orientation(3)=-60.0
orientation(4)=90.0
orientation(5)=60.0
orientation(6)=-60.0
orientation(7)=90.0
orientation(8)=90.0
orientation(9)=-60.0
orientation(10)=60.0
orientation(11)=90.0
orientation(12)=-60.0
orientation(13)=60.0
orientation(14)=90.0

teta=abs(orientation(nLayer(1)))
c
C

Inicialization of variables
if (stateOld(km,6).lt.0) then
stateOld(km,6) = 0
end if
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d1=0.0
d2=0.0
d6=0.0
E11r=1.0
E22r=1.0
d2_0=0.0
d6_0=0.0
flag = stateOld(km,6)
if (flag.gt.5) then
d1 = stateOld(km,1)
d2 = stateOld(km,2)
d6 = stateOld(km,3)
E11r = stateOld(km,4)
E22r = stateOld(km,5)
d2_0 = stateOld(km,8)
d6_0 = stateOld(km,9)
end if

C
C
C

20
10

if (E11.lt.0.03*props(1)) then
E11=0.03*props(1)
end if
K_y = stateOld(km,7)
***********************************************************
CONSTITUTIVE LAW
***********************************************************
do 10 i=1,3
do 20 j=1,3
ddsdde(i,j) = 0.0;
continue
continue

if ((nElement(km).EQ.883).and.(nMatPoint(km).EQ.1)
1 .and.(d2.ne.0.0)) then
write(*,*)d2, d2_0, nMatPoint(km)
end if
ddsdde(1,1) = (E11*E11r*(1.0-d1)) / (1.0-(nu12*nu21)*(1.0-d2)*
1 (1.0-d1))
ddsdde(2,2) = (E22*E22r*(1.0-d2)) / (1.0-(nu12*nu21)*(1.0-d2)*
1 (1.0-d1))
ddsdde(2,1) = ((1.0-d2)*nu21*E11*E11r*(1.0-d1))/(1.0-(nu12*nu21)*
1 (1.0-d2)*(1.0-d1))
ddsdde(1,2) = ddsdde(2,1)
ddsdde(3,3) = G12*(1.0-d6)

C

Stresses calculations
stressNew(km,1) = stressOld(km,1) +
1
ddsdde(1,1) * (strainInc(km,1))
2
ddsdde(1,2) * (strainInc(km,2))
3
ddsdde(1,3) * (strainInc(km,4))
stressNew(km,2) = stressOld(km,2) +
1
ddsdde(2,1) * (strainInc(km,1))
2
ddsdde(2,2) * (strainInc(km,2))
3
ddsdde(2,3) * (strainInc(km,4))
stressNew(km,3) = stressOld(km,3) + 0.0

+
+

+
+
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stressNew(km,4) = stressOld(km,4) +
1
ddsdde(3,1) * (strainInc(km,1)) +
2
ddsdde(3,2) * (strainInc(km,2)) +
3
ddsdde(3,3) * (strainInc(km,4))
C

C
C
C
C
C
C

strains
strain(1) = stateOld(km,10) + strainInc(km,1)
strain(2) = stateOld(km,11) + strainInc(km,2)
strain(3) = stateOld(km,12) + strainInc(km,4)

***********************************************************
Herakovich CAP. 9 - Damage Mechanics
***********************************************************
***********************************************************
Strain Energy
***********************************************************
if (stressNew(km,2).gt.0.0) then
Ed = 0.5*(abs(stressNew(km,2)*(strain(2)))+
1
abs(stressNew(km,4)*(strain(3))))
else if (stressNew(km,2).lt.0.0) then
Ed = 0.5*(abs(stressNew(km,2)*(strain(2)))+
1
abs(stressNew(km,4)*(strain(3))))
end if

C

Fiber failure - Max tensile or Max Compression
if (stressNew(km,1).gt.0.0) then
ff = ((stressNew(km,1)/Xt)**2.0)
if (ff.ge.1.0) then
d1=0.99
if (d1.lt.stateOld(km,1)) then
d1=stateOld(km,1)
end if
flag = 10
end if
else if (stressNew(km,1).lt.0.0) then
ff = (stressNew(km,1)/Xc)**2.0
if (ff.ge.1.0) then

1
2
3

E11c = ((Xc)/abs(strain(1)))*
(1.0-(26.32436237*strain(1)+
0.349393774)) + (26.32436237*strain(1)+
0.349393774)*props(1)
E11r=E11c/props(1)
if (E11r.gt.1.0) then
E11r=1.0
end if
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Flag = 10

end if
end if
C

Matrix damage

su_y=(sqrt(((stressNew(km,2)**2.0)+(stressNew(km,4)**2.0)))1 (-S12_y + ((2*S12_y)/(1+((abs(stressNew(km,2))/m_y)**3.0)))))

C

Verification of failure criteria and evolution of plastic surface
if (su_y.gt.0.0) then

C

Thermodynamic forces

C

if (stressNew(km,2).ge.0.0) then
TF2 = sqrt((stressNew(km,2)**2.0)/
1
(2.0*props(2)))
else if (stressNew(km,2).lt.0.0) then
TF2 = 0.0
end if
if (TF2.lt.10.0**-4.0) then
TF2 = 0.0
end if
TF6 = sqrt((stressNew(km,4)**2.0)/
1
(2.0*props(4)))
if (TF6.lt.10.0**-4.0) then
TF6 = 0.0
end if
Matriz tensile damage evolution parameter calculation

1

if ((stateOld(km,8).EQ.0.0).and.
(stressNew(km,2).gt.0.0)) then
d2_0 =(-0.000215*teta + 0.18752)*TF2
end if
if (stateOld(km,9).EQ.0.0) then
d6_0 =(0.0019*teta+0.363)*TF6
end if

1

if ((su_y.gt.0.0).and.(stressNew(km,2).gt.0.0).and.
(d2_0.gt.0.0)) then
d2 = (-0.000215*teta + 0.18752)*TF2 - d2_0
if (d2.lt.0.0) then
d2=0.0
end if

if (d2.lt.stateOld(km,2)) then
d2=stateOld(km,2)
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end if
if ((d2.ge.0.99).or.(Ed.ge.Ed_rup)) then
d2=0.99

C

C

end if
flag = 10
end if
Matriz shear damage evolution parameter calculation
if (d6_0.gt.0.0) then
d6 = (0.0019*teta+0.363)*TF6 - d6_0
if (d6.lt.0.0) then
d6=0.0
end if
stateNew(km,3)=d6
end if

if (d6.lt.stateOld(km,3)) then
d6=stateOld(km,3)
end if
if ((d6.gt.0.99).or.(Ed.ge.Ed_rup)) then
d6=0.99
end if
flag = 10

end if
if ((su_y.gt.0.0).and.(stressNew(km,2).lt.0.0)) then

1

TF2 = sqrt((stressNew(km,2)**2.0)/
(2.0*props(2)))
if (strain(2).gt.0.0) then
if ((su_y.gt.0.0).and.(stateNew(km,8).gt.0.0)) then
d2 = (-0.000215*teta + 0.18752)*TF2 - d2_0
if (d2.lt.0.0) then
d2=0.0
end if
if (d2.lt.stateOld(km,2)) then
d2=stateOld(km,2)
end if
if ((d2.ge.0.99).or.(Ed.ge.Ed_rup)) then
d2=0.99

1

end if
flag = 10.0
end if
else if (((strain(2)).lt.0.0).and.
(su_y.gt.0.0)) then
if (stateOld(km,7).EQ.0.0) then
K_y=abs(stressNew(km,2)/m_y)
stateNew(km,7)=K_y
end if
E22c = (((m_y*K_y)/abs(strain(2)))*
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APPENDIX II

1

(1.0-0.09258)+0.09258*props(2))
E22r=E22c/props(2)

if (E22r.gt.1.0) then
E22r=1.0
end if
if ((Ed.ge.Ed_rup)) then
d2=0.99
end if
flag = 10
end if
end if
if (d2.gt.1.0) then
d2=0.99
end if
if (d6.gt.1.0) then
d6=0.99
end if
stateNew(km,1) = abs(d1)
stateNew(km,2) = abs(d2)
stateNew(km,3) = abs(d6)
stateNew(km,4) = E11r
stateNew(km,5) = E22r
stateNew(km,6) = flag
stateNew(km,8) = d2_0
stateNew(km,9) = d6_0
stateNew(km,10) = strain(1)
stateNew(km,11) = strain(2)
stateNew(km,12) = strain(3)
if (stateNew(km,2).lt.10.0**-6.0) then
stateNew(km,2) = 0.0
else if (stateNew(km,3).lt.10.0**-6.0) then
stateNew(km,3) = 0.0
end if
stateNew(km,13)=TF2
stateNew(km,14)=TF6
stateNew(km,15)=su_y
stateNew(km,16)=Ed

100 continue
RETURN
END
c

