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ABSTRACT

The purpose of this thesis is the evaluation of the dynamic behavior of fiber-
reinforced laminated composites under low velocity impact. An experimental and
numerical investigation has been carried out to study the transient response of E-
glass/epoxy composite. The numerically computed contact force history is compared
with the same experimental results. The importance of the impact velocity, the
impactor mass, the dimensions and the thickness of the composite plate are

determined for laminated composites subjected to low velocity impact.

A vertical drop-weight testing machine is developed in the Mechanical Laboratory
for the low velocity impact test. Affixed to the drop-weight device, a piezoelectric
force transducer, localized in the hemispherical impactor nose, yields the complete
force versus time history of the impact event. Impact tests are performed at
increasing impact velocities 1 m/sec, 2 m/sec and 3 m/sec, and impactor masses of
135 g and 2600 g. The studies have been carried out with plate dimensions of 150
mm by 150 mm, 150 mm by 100 mm and 150 mm by 50 mm with two opposite sides
clamped and the other two free and the impact load is applied at the center of each
plate. Unidirectional and woven fiber form is selected for laminated composite

materials with different stacking sequence.

A numerical evaluation of these specimens is also carried out by using
3DIMPACT transient dynamic finite element analysis code. The contact force
between the impactor and the composite plate, maximum transverse deflection at the
center of the plate, stresses and strains during impact are plotted, as functions of time
and the predicted delamination sizes of composites are determined numerically.
Finally, results are obtained by numerical simulation and experimental testing of the
dynamic behavior of composite material and an approach to the problem of optimum

design of composite plates subjected to low velocity impact is presented.
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OZET

Bu tezin amaci, diigiik hizli darbeye maruz fiber takviyeli tabakali kompozitlerin
dinamik davramigimi degerlendirmektir. Cam fiber/epoksi kompozitinin zamana bagh
analizi {izerine deneysel ve niimerik aragtirma yapilmigtir. Niimerik olarak
hesaplanan temas kuvveti-zaman degerleri, deneysel sonuglar ile kargilagtinlmugtir.
Diigiik hizli darbeye maruz tabakali kompozitlerde darbe hizinin, darbe kiitlesinin,

kompozit plagin boyutlarinin ve kalinliinin $nemi belirlenmistir.

Diisey konumlandinlmis bir agirhik diiglirme test makinasi, diigiik hizli darbe
testleri yapmak lizere Mekanik Laboratuvarinda geligtirilmigtir. Agirlik diigiirme
cihazinin yan kiiresel uclu kafa kismina yerlestirilmis bir piezoelektrik kuvvet dlger
darbe esnasindaki kuvvet-zaman diagramini verir. Darbe testleri 1 m/sn, 2 m/sn ve 3
m/sn’ lik artan darbe lizlarinda ve 135 g ve 2600 g’lik darbe kiitlelerinde yapilmugtir.
Karsilikh iki tarafi ankastre ve diger iki tarafi serbest olan 150 mm’ye 150 mm, 150
mm’ye 100 mm ve 150 mm’ye 50 mm’lik plak boyutlar ile deneyler yapilmigtir ve
darbe yiikii her bir plagin merkezine uygulanmgtir. Farkli yigilim dizilerine sahip
tabakali kompozit malzemelerde tek yonlii ve 6rgii fiber formu segilmistir.

Zamana bagh dinamik sonlu eleman analizi yapabilen 3DIMPACT programini
kullanarak tabakali kompozitlerin ntimerik degerlendirmesi de yapilmigtir. Kompozit
plak ve vurucu kafa arasindaki temas kuvveti, plagin merkezindeki maksimum diigey
yerdegistirme, darbe esnasindaki gerilmeler ve birim gekil degisimleri zamanin
fonksiyonu olarak elde edilmis ve numerik hesaplamalarla kompozit tabakalarin
ayrigma biiyiiklikleri belirlenmistir. Sonug olarak, kompozit malzemenin dinamik
davranig {izerine deneysel testler ve niimerik simiilasyon ile sonuglar elde edilmis ve
diigik hizh darbeye maruz kompozit plaklarin optimum dizayn problemine bir
yaklasim sunulmugtur.

' KURVLL
S PMANTASYON MIRKERS
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CHAPTER ONE
INTRODUCTION

1.1 Overview

Composite laminates are used in many engineering applications, which expose
them impact by foreign objects. Impact-induced damage may arise during
manufacture, maintenance and service operation. An example of in-service impact
occurs during aircraft takeoffs and landings, when stones and other small debris from
the runway are propelled at high velocities by the tires. During the manufacturing
process or during maintenance, tools can be dropped on the structure. In this case,
impact velocities are small but the mass of the projectile is larger. Laminated
composite structures are more susceptible to impact damage than a similar metallic
structure. In composite structures, impacts create internal damage that often cannot
be detected by visual inspection. This internal damage can cause severe reductions in
strength and can grow under load. Therefore, the effects of foreign object impacts on
composite structures must be understood, and proper measures should be taken in the
design process to account for these expected events. Concerns about the effects of
impacts on the performance of composite structures have been a factor in limiting the
use of composite materials. For these reasons, the problem of low velocity impact of

composite structures represents significant practical and theoretical interest.

Numerous experimental and analytical techniques have been developed to study
the dynamic response of composite structures subjected to transient dynamic loading.
Some of the prominent work in this area is briefly mentioned in the following. The
first attempts to characterize composite materials under dynamic loading were
carried out by Rotem & Lifshitz (1971), Lifshitz (1976), and Sierakowski et al.
(1971). Sierakowski & Chaturvedi (1997) and Abrate (1998) bring the developments

in various testing methods and impact modeling.



Theoretical calculations have been carried out to predict the impact response. Sun
& Chattopadhyay (1975) and Dobyns (1981) used the plate equations developed by
Whitney & Pagano (1970) to analyze a simply supported, specially orthotropic plate
subjected to central impact. Green (1992,1993) employed wave propagation theory
to evaluate the stress field under impact. Christoforou & Yigit (1996) studied the
transverse impact of a simply supported composite beam using the momentum
balance method. Sankar (1992) presented semi-empirical formulae for predicting
impact characteristics such as peak force, contact duration, and peak strain on back
surface. Qian & Swanson (1990) used a Rayleigh-Ritz procedure to obtain an
approximate solution for the impact response of rectangular plates with clamped

edges.

Low velocity impact response of laminated plates was investigated analytically by
Ramkumar & Chen (1982), Sun & Jih (1995) and Abatan et al. (1998). An
approximate solution for the prediction of plate response to low velocity impact was
presented by Gong & Lam (1999). This solution includes the combined action of the
plate and stiffeners as well as the effects of the contact and transverse shear
deformation. The response of hybrid laminated composite plates subjected to low
velocity impact was investigated using shear deformation theory by Lee et al. (1997).
Kim & Kang (2001) developed a new analytical method for predicting the impact
force from the dynamic strain of composite plates subjected to transverse impact. For
this, two assumptions were introduced in their study. Firstly, the impact force and
dynamic strain can be separated into frequency and amplitude. Secondly, the
amplitude of the impact force corresponds to that of the dynamic strain at any

frequency.

Goo & Kim (1997) studied dynamic contact analysis of laminated composite
plates under low-velocity impact. Simple laws, such as the modified Hertz contact
law, have been used to impose the dynamic contact condition of composite
laminates. An analytical model for the impact response of laminated composite
plates was presented by Pierson & Vaziri (1996). The governing equations, which

apply to small deflection elastic response of specially orthotropic laminates, include
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the combined effects of shear deformation, rotary inertia, and the nonlinear Hertzian

contact law.

Theoretical and experimental work has also been conducted. Lal (1982, 1983)
performed an experimental and analytical study on the transverse impact behavior of
graphite/epoxy laminates. The large deflection theory of plates was used to predict
the load deflection characteristics during the impact event. A simple energy
dissipation model was developed to predict the residual strength of the specimens
after impact. Kistler & Waas (1998) investigated impact response of cylindrically
curved laminates including a large deformation scaling. Results from a nonlinear
analysis and experimental drop weight impact tests were evaluated in their studies.
Their parametric study identifies impact energy and momentum scaling relationships
with mass and velocity. Dynamic responses of composite sandwich plate impacted
by a rigid ball were investigated numerically and experimentally by Lee et al. (1993).
A refined formulation of composite sandwich plate was employed to study the
dynamic response of impacted sandwich plate. Wang & Vukhanh (1994) investigated
low velocity impact in carbon fiber, PEEK cross ply laminates using two simple

approaches.

Various researchers have developed the three dimensional finite element models
to investigate impact. Incorporating the work of Yang & Sun (1982) and Tan & Sun
(1985), Chen & Sun (1985) studied impact on flat laminates under initial stress using
the finite element method with a Newmark time integration algorithm. The merit of
this three-dimensional numerical model is that it can provide the detailed information
about the local stresses and strains under impactor, which are key factors to produce
initial damages in materials. Thereby, it is possible to capture the formation of
impact-induced damages, if very fine mesh is used. The drawback of this approach is
that its computational demands can be exorbitant as pointed out by Davies & Zhang
(1995).

Besant et al. (2001) studied finite element modeling of low velocity impact of

composite sandwich panels. Their study outlines a finite element procedure for



predicting the behavior under low velocity impact of sandwich panels consisting of
brittle composite skins supported by a ductile core. Belingardi et al. (1998) studied
numerical simulation of fragmentation of composite material plates due to impact. A
new method for simple prediction of the impact force history on composite laminates
subjected to low-velocity impact was proposed by Choi & Hong (1994). Frequency
characteristics of the numerical impact force history were investigated from modal
analysis and compared with the natural frequencies of the system in which the mass

of an impactor was lumped with the plate.

Finite element procedures were used in conjunction with a numerical algorithm to
compute the impact response of a graphite-epoxy laminated beam subjected to tensile
initial stresses by Sankar & Sun (1985). The effect of initial stresses on the contact
duration, impact force, coefficient of restitution, and bending and shear stresses were
evaluated. Chandrashekhara et al. (1998) developed a method of determining the
contact force on laminated composite plates subjected low velocity impact using the
finite element method and a neural network. Birman et al. (1996) presented an
approach to the problem of optimum design of composite plates subjected to low-
velocity impact. The deflections and stresses are reduced by employing prestrained
shape memory alloy (SMA) fibers which are in the martensitic phase when
embedded within the plate. Sun & Liou (1989) investigated laminated composite
plates under impact dynamic loading using a three-dimensional hybrid stress finite

element method.

Finite element analysis of a laminated composite plate subjected to circularly
distributed central impact loading was carried out by Aggour & Sun (1988). A finite
element displacement model, which includes the effects of transverse shear
deformation and rotary inertia, was used along with Hamilton’s principle to drive the
finite element matrices. Three dimensional finite element and dynamic analysis of
composite laminate subjected to impact was made by Lee et al. (1984). Central

difference method was employed in their analysis.



Finite element analysis were conducted to analyze the dynamic response of an
unbalanced sandwich beam, a balanced sandwich beam, and a balanced sandwich
plate subject to a low energy impact by Kwon & Wojcik (1998). The nonlinear
impact response of laminated composite cylindrical and doubly curved shells was
analyzed using a modified Hertzian contact law by Chandrashekhara & Schroeder
(1995). A finite element model was developed based on Sander’s shell theory and
includes shear deformation effects and non-linearity due to large deflection in their

studies.

Some simple, but efficient theoretical and energetic approximation methods have
also been presented to deal with this problem [(Cairns & Lagece, 1989),
(Christoforou & Swanson, 1991)]. While these methods can provide the accurate
global impact response behavior of composite laminates and employ a small amount
of numerical computation, its extension for tackling more complex problems

becomes very difficult.

Numerous researchers have used instrumented impact test apparatus to study the
impact characteristics of different laminated composites. Chang & Sun (1989)
determined the dynamic impact forces on a composite laminate by using
experimentally generated Green’s functions and signal deconvolutions. Jih & Sun
(1993) studied experimentally prediction of delamination in composite laminates
subjected to low velocity impact. They found that the results of the drop weight
impact tests indicated that low velocity impact-induced delamination could be
predicted by using the static interlaminar fracture toughness in conjunction with the
static linear beam model. Doyle (1987) and Prasad et al. (1994) have determined the

contact force history from strain gauge measurements.

An experimental technique for time-resolved characterization of the mechanical
response and induced damage of fiber-reinforced composite laminates during low-
velocity transverse impact was presented by Park et al (2000). Their configuration
uses a three-point bend fixture in a split Hopkinson pressure bar (SHPB) apparatus
for controlled loading and real-time diagnosis. The impact energy absorption



characteristics of glass epoxy composites and glass polyester composites with respect
to fiber volume fraction were investigated by the instrumented Charpy impact test
method by Lee & Cheon (2001). Using their experimental results, the impact
absorption characteristics of glass fiber composites such as fiber breakage and fiber

pull-out and delamination were evaluated.

The behavior of different E-glass/epoxy laminated composites plates has been
experimentally studied under impact of aluminum projectile at low velocities (0.53-
3.1 m/sec) by Mili & Necib (2001). They used a drop weight impact machine and
evaluated the effects of the projectile velocities and lamination sequences on
composite plates behavior. Mantena et al. (2001) described a test methodology used
for characterizing different glass-resin composite systems with respect to their low-

velocity impact response, dynamic modulus and inherent damping properties.

Experimental impact data for a carbon fiber reinforced polymer were presented
showing damage modes produced by different specimen dynamic response to impact
by Bland & Dear (2001). Real time observations of the impact events have provided
an insight into the impact processes that are a key to explaining the damage inflicted
for different impact conditions in their studies. Rydin & Karbhari (1998) studied
partitioning energy during low-velocity impact of RTM fiber-reinforced composites.
Investigation of instrumented drop tower impact of resin transfer molded composite
plates indicates that the initial reaction to dynamic out-of plane loading was well

behaved until decoupling commences between local and global plate reactions.

An experimental investigation has been carried out to study the dynamic behavior
of composite profiles made by pultrusion by Chotard & Benzeggagh (1998). The
resulting data from the drop-weight tests provide specific information about the
effect of the impactor velocity, the impactor mass and the impactor nose radius, all of
which have a great influence on the impact response of these profiles. Scarponi et al.
(1996) evaluated the behavior of fiber-reinforced composites and sandwich panels
for aeronautical applications under impact. Experimental tests were performed on

several specimen configurations, based on different quasi-isotropic lay-up and



materials such CFRP, CFRTP and a syntactic foam as the core of sandwich panels.
Wu & Shyu (1993) presented experimental results for contact and low-velocity

impact responses of composite laminates by rigid spheres.

Low velocity impact tests were performed on graphite-fabric/epoxy specimens of
various thicknesses, with an instrumented drop-weight apparatus by Caprino et al.
(1999). From the load/displacement curves recorded during impact, the influence of
material thickness on the main parameters involved in the impact phenomenon was
evaluated. Siow & Shim (1998) presented an experimental study of several
parameters that govern the impact response of a woven carbon-fiber epoxy laminate

subjected to low velocity impact.

The damage of composite structures to impact events is one of the most important
aspects of behavior that inhibits more widespread application of composite materials.
Understanding the deformation and damage mechanisms involved in the impact of
composite targets is important in the effective design of a composite structure. A
prerequisite for increasing the use of composite materials is the need to predict

damage from low velocity impact.

Many researchers have employed experimental and numerical approaches to
evaluate impact damage to composite materials [(Kim & Sham, 2000), (Naik et al.,
2000), (Hou et al., 2000), (Davies et al., 1996), (Joshi & Sun, 1985), (Sohn et al.,
2000), (Sjogren et al., 2001), (Hu et al., (1999)]. An integrated modeling and testing
procedure for carbon/epoxy composite plates has been developed to evaluate the
impact damage initiation and propagation by Luo et al. (1999). Analytical models
were suggested for prediction of impact damage initiation and growth during quasi-
static response caused by large impactors by Olsson (2001). The critical load for
delamination growth was found almost insensitive to geometry and boundary
conditions and the critical energy for delamination growth was separated in bending,
shear and indentation contributions in his study. An experimental investigation to
establish data for validation of residual strength models for impacted composite
panels was carried out Asp et al. (2001).



Delamination due to low-velocity impact of simply supported graphite/epoxy
cross-ply laminate beams and plates was investigated by Razi & Kobayashi (1993).
Both quasi-static and low-velocity impact testing were carried out in their studies.
For each loading condition, finite element analysis and experiments were performed
to study damage growth and distributions. The delamination process in thin
composite plates subjected to low-velocity impact was simulated using a specially
developed 2D cohesive/volumetric finite element scheme by Geubelle & Baylor
(1998). Cohesive elements were introduced along the boundaries of the inner layers
and inside the transverse plies to simulate the spontaneous initiation and propagation

of transverse matrix cracks and delamination fronts.

Freitas et al. (2000) studied numerical evaluation of failure mechanisms on
composite specimens subjected to impact loading. Their results showed that the
delaminated area due to impact loading depends on the number of interfaces between
plies. Nonlinear finite element analysis was used for the estimation of damage due to
low velocity impact loading of laminated composite circular plates by Sridhar & Rao
(1995). A numerical model based on the finite element displacement method that
includes the effects of transverse shear deformation and a failure algorithm that
describes the energy dissipation during the impact damage process has been
developed by Oguibe & Webb (1999). Choi et al. (1991 b) used the dynamic finite
element method coupled with failure analysis to predict threshold of impact damage

and initiation of delamination.

1.2 Objectives and Scope of the Present Research

The impact behavior of composite materials has been studied with different
scientific approaches and on different materials. The influence of impact and
material parameters on the composite laminate response is one of these approaches.
These parameters are numerous and hard to discriminate. Examples of these
parameters are the impact velocity, specimen-stacking sequence, impactor mass,

specimen geometry, impactor size or the impact energy.



The determination of the contact force on laminated composite plates subjected to
low velocity impact is the focus of the present study. The effect of impact velocity
and impactor mass is evaluated. In addition, the importance of the in plane
dimensional and thickness effect of the composite structure is evaluated. Since there
are a few numbers of investigations regarding the performance of composite
materials and structures at different sizes [(Liu et al., 1998), (Batdorf, 1989), (Found
et al., 1997) and (Shadid et al., 1995)], it has been concluded that the size effects

should be carefully examined in material characterizations and structural designs.

Most of the work has been carried out on laminated structures or plates made up
of high performance composite materials such as carbon/epoxy or kevlar/epoxy.
However, a few numbers of studies have dealt with the mechanical behavior of E-
glass/fiber reinforced laminated composite materials subjected to impact loading.
Therefore, the present study is mainly concerned with E-glass/epoxy laminated

composites.

In this study, the impact tests are conducted with a vertical drop-weight testing
machine developed in the Mechanical Laboratory. A numerical evaluation of
laminated E-glass/epoxy composite is carried out using 3DIMPACT transient
dynamic finite element analysis code from F.K. Chang [(Choi & Chang, 1992),
(Choi et al.,, 1991 b), (Wu & Chang, 1989)]. This computer code was made by
Hyung Yun Choi & Fu-Kuo Chang at the Department of Aeronautics and
Astronautics in Stanford University and modified by Seng Guan Lee & Igbal Shadid.

The importance of the impact velocity, impactor mass, in-plane dimensional and
thickness effects of the composite structure are evaluated. The transient contact
forces between the impactor and the laminated composite plate, stresses and strains
during impact and the maximum transverse deflection at the center are found. The
delamination shape and sizes of laminated E-glass/epoxy composites resulting from

point-nose impact are predicted numerically.
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A unidirectional laminate (i.c., all laminae have the same fiber orientation) will be
very strong along the fiber direction and weak in the transverse direction. The
laminate will be weak in shear also. If a laminate has layers with fibers oriented at
30° or 45%, it can take shear loads. The lamination scheme and material properties of
individual lamina provide an added flexibility to designers to tailor the stiffness and
strength of the laminate to match the structural requirements. Laminated composite
structures also have disadvantages. Because of the mismatch of material properties
between layers, the shear stresses produced between the layers, especially at the

edges of a laminate, may cause delamination.
2.2 Constitutive Equations of a Lamina
2.2.1 Generalized Hooke’s Law

In formulating the constitutive equations of a lamina it is assumed that:
(i) alamina is a continuum, i.e., no gaps or empty spaces exist.
(ii) a lamina behaves as a linear elastic material.
The generalized Hooke’s law for an anisotropic material under isothermal conditions

is given by
oy = Cyuéu (2.1)

or in contracted notation

o =Cyg 2.2)

where oy (o1 )are the stress components, & (& )are the strain components, and Cjy are
the material coefficients, all referred to an orthogonal Cartesian coordinate system
(x1,x2,x3) fixed in the body. Often fiber-reinforced lamina are characterized as
orthotropic, i.e., the material has three orthogonal planes of material symmetry. If the
coordinate planes are chosen parallel to the three orthogonal planes of material

symmetry, the stress-strain relations and strain-stress relations can be written as
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o, ¢, C, CG; O 0 0 ||& 0, =0y
o, C, Cn Cy O 0 0 ||&,| 0,=0n
) 03 L: Cy Cy Cy O 0 0 ) &3 { 0; =03 2.3)
o, 0 0 0 C, 0 O0|lg| o,=0,
o 0 0 0 0 Cyx 0 |le| o5=0,
o) L0 0 0 0 0 Culle os=0,

(51 | (Su S Sy 0 0 0]foy] & =&y
) Sp 8» S» 0 0 0 o, & =&y

16 _ Si3 Sy Sy 0 0 0 193] &7 & 2.4)
&, o o o0 S, 0 0 |lo &, =2¢&y,

&s 0 0 0 0 S 0 |lo, & =286,

&) L0 0 0 0 O S66J 3 & =2¢,

where Sy denote the compliance coefficients, [S ] = [C]'l .

A unidirectional fiber-reinforced lamina is treated as an orthotropic material
whose material symmetry planes are parallel and transverse to the fiber direction.
The material coordinate axis x; is taken to be parallel to the fiber, the x;-axis
transverse to the fiber direction in the plane of the lamina, and the xs-axis is
perpendicular to the plane of the lamina (see Figure 2.2). The orthotropic material
properties of a lamina are obtained either by the theoretical approach or by laboratory

testing.

Figure 2.2 A unidirectional fiber-reinforced lamina with the material coordinate
system (x7,x2,x3).
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2.2.2 Engineering Constants of Orthotropic Materials

The constitutive equations for a material which has three orthogonal planes of
material property symmetry (i.e., orthotropic materials), referred to the principal
material directions, are given by Eq. (2.3) and (2.4). The material stiffness
coefficients Cy can be expressed in terms of engineering constants, i.c., Young’s
moduli, Poisson’s ratios, and shear moduli. The strain-stress relations can be

expressed in matrix form, using the single-subscript notation, as

- -

1 —vy -uy 0 0 0

El EZ E3

—Up 1 —Uj,
(o) _— s — 0 0 0 Ifs)
& E, E, E, o
2lzoe s Lo, 5 o ||
&s\_| B, E, E 1 IR @2.5)
€4 0 0 0o — o o ||°
85 G23 0-5
€6 | 0 0 0 0 El— 0 (96

13
0 0 0 0 0 ?}l—
L 12 |

Comparing Eq.(2.5) with Eq. (2.4), we conclude that the 6x6 matrix in Eq. (2.5) is
the compliance matrix [S]. Since the compliance matrix [S] is the inverse of the
stiffness matrix [C] in Eq. (2.3), and because the inverse of a symmetric matrix is
symmetric, it follows that the compliance matrix [S] is also a symmetric matrix.

2.3 Transformation of Stresses and Strains

The coordinate system used in the solution of a problem, in general, does not
coincide with the material coordinate system. Further, composite laminates have
several layers, each with different orientation of their material coordinates with
respect to the laminate coordinates. Thus, there is a need to establish transformation
relations among stresses and strains in one coordinate system to the corresponding

quantities in another coordinate system. These relations can be used to transform
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constitutive equations from the material coordinates to the coordinates used in the

solution of a problem.

Let (x,y,z) denote the coordinates used in the solution of a problem, and let
(x1,x2,x3) be the principal material coordinates such that (x;xx3) is obtained from
(x,y,2) by rotating the xy-plane counterclockwise (when looking down on the lamina)
by an angle @ about the z-axis (see Figure 2.3). Conversely, (x,y,z) is obtained from
(x1,x2,x3) by rotating the x,x,-plane clockwise by an angle 6.

The relationship between the components of stress in the two coordinate systems

is given by
(0] [ cos’6  sin®0 0 0 0 -2sinfcosd |[o))
oy, sin?@ cos’d 0 O 0 2sinfcosf || o,
O 0 0 1 0 0 0 o
%=1 ' 170 (26)
o, 0 0 0 cosf sind 0 o,
o, 0 0 0 -sinf cosé 0 o
0,) [sinfcosf -sinfcosd O O 0 cos’f—sin®6 ||o)
or
{o}, =[rfc}, @7

Figure 2.3 A fiber-reinforced lamina with global and material coordinate systems.
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o, ¢ are the components of the stress tensor in the material coordinates, whereas
Yim 2

{0',.] },, are the components of the same stress tensor in the problem coordinates,

The inverse relationship between {c}, and {o} 18 given by

(0,] [ cos?@ sinf¢ 0 0 0 2sinfcosd [T« ]
o, sin?@ cos’d 0 0 0 —2sinfcosf ||y
1 Ox

193] _ 0 0 0 0 0 ) [ (2.8)

o, 0 0 0 cosf -sinf 0 o,

o 0 0 0 sinf cosf 0 O,

los] |-sinfcosd sinfcosd 0 O 0 c¢os’6-sin’6 ||,
or

{o}. =[RYe}, (2.9)

where [R] =[T]"

Slight modification of the results in Eq. (2.6) and (2.8) will yield the proper

relations for the engineering components of strains. We have

(6,] [ cos*@ sin2§ 0 0 0 sinfcosd |[€x |

£, sin® @ cos’¢§ 0 O 0 —sinfcosf ||€y

al | o o 1 0 0 0 e |
ﬁ £, 0 0 0 cos@ -sind 0 | 2e,,

&s 0 0 0 sinfd cos@ 0 2¢,,
1&s) |-2sinfcos@® 2sinfcosd 0 0 0 cos’6-sin’6]|2¢, |
2.10)

{el, =[RI'{el., @.11)

{e}, =[r]'{e}, 2.12)
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2.4 Transformation of Material Coefficients

The stress and strain transformation equations in (2.7), (2.9) and (2.10);
{o}, =Iro}, =[rIcl.{e}, =[rICLrT {e}, (2.13)

where [C],,, is the 6x6 material stiffness matrix in the material coordinates and [T] is

the transformation matrix defined in Eq. (2.7). Using Hooke’s law in the problem

coordinate system, we can write

{e}, =lcl, e}, 2.14)

Hence, it follows from Eq. (2.13) and (2.14) that ([C], =[C]and [C], =[C])

[C1=[rJclrl (2.15)

Eq. (2.15) is valid for general constitutive matrix [C] (i.e., for orthotropic as well as

anisotropic). The transformed compliance coefficients Sy, referred to the (xy.2)

system, are related to the compliance coefficients Sy in the material coordinates by
Eq. (2.16) as follows:

[51=[R]"[s]R] (2.16)

In general, for the K layer of a laminate, the stress-strain relations in the laminate

coordinate system can be written as (Reddy, 1997);

o} =[CI®{e} (2.17)

4

() =[S {o}® (2.18)

P
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CHAPTER THREE
NUMERICAL PROCEDURE

3.1 Introduction

The numerical investigation of the response of laminated composite plate is
carried out using 3DIMPACT computer code. A transient dynamic finite element
analysis is used for studying the dynamic characteristics of laminated composite
plates due to transverse foreign object impact. By using this computer code,
numerous solutions could be generated for laminated composite plates with arbitrary

ply orientations and thicknesses subjected to transverse impact.

The analysis can be used to calculate the contact force between the impactor and
composite laminate, maximum transverse deflection at the center of composite plate
during impact and the transient stress and strain distributions through the laminate
thickness. Moreover, the computer code allows evaluation of delamination areas by

means of suitable stress analysis and damage criteria.

An B-point brick element with incompatible modes is used for numerical
investigation. The direct Gauss quadrature integration scheme is used through the
element thickness to account for the change in material properties from layer to layer
within the element. The Newmark scheme is adopted to perform time integration
from step to step. A contact law incorporated with the Newton-Raphson method is
applied to calculate the contact force during impact. The analysis of stresses and
strains in the laminates is based on 3-dimensional linear elasticity with the

consideration that, in each layer, the materials are homogeneous and orthotropic.
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3.2 Transient Dynamic Analysis

3.2.1 Statement of the Problem

Consider a rectangular plate (length L, width W, and thickness /#) made of a
continuous fiber-reinforced, organic matrix composite (Figure 3.1). The plate
consists of N plies or laminae. Ply orientation is arbitrary and need not be symmetric
with respect to the mid-surface of the plate. The plies need not be made of the same
material, different plies may have different properties. Perfect bonding between each
ply is assumed. The plate is supported along its two edges. Each edge may be either
clamped or simply supported.

A solid object of mass m and velocity ¥ impacts the center of the plate. The radius
of the nose of the impactor is 7 (Figure 3.1). It is desired to determine the transient
dynamic response of the plate during impact and to calculate the stresses and strains

as functions of time inside the laminate.

Mass: m
Radius : r
Velocity: V

Figure 3.1 Description of the problem and the coordinate system.
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3.2.2 Analysis

The analysis of stresses and strains in the laminates is based on 3-dimensional
linear elasticity with the consideration that, in each layer, the materials are
homogeneous and orthotropic. Accordingly, the equilibrium equations at instant

time=t in variational form can be expressed as

0= J. wipui, «dv + jeyEyuaadv - Iw:oynjdA 3.1)
Q Q r

where oy are the stresses, gy are the strains, p is the density, u;,, are the accelerations
(i, = 0*ui/ 0¢%), w; are the arbitrary variational displacements, ey are the strains

from the arbitrary variational displabements, £ is the entire plate volume, I"is the
surface of the plate, #; is the outward unit normal vector on the plate surface, and Eiu
are the material properties of the laminates, which vary from layer to layer according

to the ply orientation of the laminate.

In order to solve Eq. (3.1), the distribution of the contact force between the
impactor and the impacted laminate has to be known first. The projectile is modeled
as an elastic body with a spherical nose as shown in Figure 3.1. The contact force

distribution during impact is simulated according to loading and unloading processes.

Upon loading (the contact force is increased), the contact force distribution is
determined using the Hertzian contact law. Thus, the contact force can be related to
the indentation depth « (the distance between the center of the projectile’s nose and
the mid-surface of the plate) by the expression

1.5

F=xa (3.2)

where x is the modified constant of the Hertz contact theory proposed by Yang &
Sun (1981).
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4 1
gﬁ[(l—vf)/Es+l/EWJ

K= (3.3)

where 7, v;, and E; are the local radius, the Poisson’s ratio, and the Young’s modulus
of the impactor respectively. E,, is the transverse modulus normal to the fiber

direction in the uppermost composite layer.

Upon unloading, the contact force is simulated by the following relation
developed by Yang & Sun (1981).

wﬂ_ao

a-a, 2.5
f= fm{ ] (3.4

where f, is the maximum contact force just before unloading, a, is the maximum
indentation corresponding to f, and @ is the permanent indentation during this
loading/unloading process. The permanent indentation can be determined from the

following expressions

=0 when a, < .,
2/5
o,=a, {1 - (&] } when a, 2 o, (3.5)

where a,, is the critical indentation, and is approximately 0.004 in. for glass/epoxy

and 0.00316 in. for graphite/epoxy .
3.2.3 Finite Element Formulation
The stresses and strains in the laminates are calculated by a three-dimensional,

transient, finite element method. The equations used in the numerical calculations are

presented here.



21

3.2.3.1 Finite Element Model

In the finite element analysis, 8-node brick element is used (Figure 3.2). This type
of element is found previously to be suitable for three-dimensional stress analyses of
plates under transient conditions. To improve the accuracy in calculating the bending
stiffnesses and the interlaminar shear stresses, and to minimize computer time,
incompatible modes, introduced by Wilson et al. (1973), are added to the brick
element shape functions. Thus, the displacements at any point in the laminate

(uy,uz,u3) are expressed as

8 3
u, =Y Nu, +>.8,a, g=123 (3.6)

r=1 s=1

where u, are the displacements of nodal point », and a,s are variables of the
incompatible modes in the x, direction. The shape functions of the 8-node brick
elements N, (» = 1~8) and the shape functions of the incompatible modes S; (s=1~3)

are

N =(1+&A+n)(1+4)/8
N, =(1-6)1+m)(1+¢)/8
N,=(1-8)(A-m1+¢)/8
N, =(1+5)A-m1+£)/8
N, =(1+8)A+m1-5)/8
Ne=(1-8)1+m)1-¢)/8
N, =(1-8)1-n01-¢)/8
Ny=(1+8)A-m(A-2)/8
S, =01-£%), S, =01-n"), S;=01-¢7) (3.7)

& n, and ¢ are the natural coordinates for each element (Figure 3.2) whose values
vary from -1 to +1. The coordinates (x;,x,x3) of any point inside the element are
related to the natural coordinates through the shape functions
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x, =Y Nx g=123 (3.8)

where x, are the coordinates of nodal point 7.

From Eq. (3.6) the strains at any point in the laminate can be written as

T T
{6‘11 En &3 2613 21 26‘12} ={6‘ll £2 €3 y» Y13 712}

= i[Br ]{ulr Uy Us, }T + i[Gs ]{als Qs Qs }T

r=l s=1

(3.9)

where ¢&;;, &2 and &;; are the normal strains, &3, &3 and &, are the components of
shear strain tensor, and 723, y13 and y;; are the engineering shear strains. The symbols
{ } and [ ] represent vectors and matrices, respectively. The superscript T means
transposition of a vector or a matrix. The [B,] and [G;] matrices are defined as

|~ rl
[B]=l0 N,

0
0 r=1~8 (3.10)
0o 0 N, N, N

G]=l0 s, 0 s, 0 S, =1~3 (3.11)

: %

Figure 3.2 Schematic representation of the 8-node brick element.

U
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The symbols N;; and S;; represent the derivates of the shape functions with respect to
x;,(N,,=0N,/0x; ,and S, =385,/ 0x;).

The stresses are related to the strains by the relation
o,=Dye; ij=1~6

(3.12)

Dj is the elasticity matrix, which depends on the material properties and the ply

orientation of the lamina. In writing Eq. (3.12) the following contracted notations are
used:

{0'1 o, O0; 04 05 Oy }T = {0'11 Oy O3 Tyn T3 Tj }T (3.13)
{51 &, & &4 & & }T = {311 €yp &3 YV Vi Y2 }T (3.14)
3.2.3.2 Governing Equations

By neglecting damping, the governing equation can be written as
[M]{3}+[K]{d}={F} (3.15)

where [M] and [K] are the mass and stiffness matrices, and {F},{d}and {d} are the

force, displacement and acceleration vectors, respectively.

The mass matrix [M] is the sum of the element mass matrices [M°]
N,
d (3.16)
e=1

where N is the number of total elements. The element mass matrix is the sum of the
element mass submatrices
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8 8

bre]=>">" [mel, (3.17)

p=l r=l

In general, the element mass submatrices are

pee], = [IB,F olB.Jov pr=1-8 (3.18)

where V° is the volume of the element, and p is the ply density. For computational
convenience, it is assumed that the mass of the element is lumped equally in the

nodal points. With this assumption the element mass matrices become

[M“]=p—8Vi[1] (3.19)

where [I] is a 24x24 unit matrix.

The stiffness matrix [K] is the sum of the modified element stiffness matrices [K®]

due to the incompatible modes

[K]=Ni[K”] (3.20)
e=1

The modified element stiffness matrix is

LS ARIA AR (3.21)

[K & ],[K o ], and [K :,,] are the sum of the element stiffness submatrices

[K;]=Zsli [Kﬁa]p, (3.22)

p=l r=1



8 3

LA DI A®

p=1p=1

3 8

LAEDWIN A S

a=1 r=l

3 3

AW A

a=1p=1

where

k2.1, = I 8,/ [pI8. v~ pr=1~8
ke, = j B [Iple,biv  p=1~8; B=1-3
kalo= [B.]0I6 v a=1~3;r=1~8

[Kza]af J:[Ga I [plG, kv o, f=1~3

(3.23)

(3.24)

(3.25)

(3.26)

(3.27)

(3.28)

(3.29)
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The elasticity matrix [D] in Eq. (3.26)-(3.29) depends on the material properties
and the orientations of the plies through the thickness of the element. When the
material properties and ply orientations are the same, the matrix [D] in Eq. (3.26)-

(3.29) remains constant during the integration process. If the material properties of
ply orientations are different through the thickness of the element, elasticity matrix
[D] is a function of x3 coordinate. Eq. (3.26)-(3.29) can be written explicitly as

AR I{fl xg(tffé ]’DL[B,]dxs}dadxz pr=1~8

n=1 12 (bottom)

AR {f 3(j D],,[Gﬂ]dx3}dx,dxz p =1~8; f=1~3

n=l x"(bottom)

]ar J‘{f x;(Tf)Ba]T[D]n[Gr]dx3}duldx2 a =1~3; r=1~8

n=1 x3 (bottom)

LA I{ (ﬁ3 ]T[D]n[Gﬂ]dxg}dxldxz ap=1-3

n=l 28 (bottom)

(3.30)

(3.31)

(3.32)

(3.33)
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where n,,, is the number of plies of the element. x; (bottom) and x] (top) are the x3

coordinates of the bottom and top of the n™ ply. The elasticity matrix of the n™ ply is
[D]» The coordinates x;, x2, and x;3 are transformed and integrated in & 7, and ¢

natural coordinates.

Eq.(3.21) is derived for static conditions by Taylor et al. (1976). As is shown in

the following, it is also applicable to transient problems.
Application of the incompatible modes in transient problems

In transient problems, the equilibrium equations for each element can be written

as

e 32 Ke Ke de e
s S I (3.34)
0 Ooff-°| K5 K= |l |O
a

or

[ ]{&e}+[K§,,]{d’}+ [z Joe}= {7} (3.35)

ke, flae}+ [z fas}=0 (3.36)

From Egq. (3.36),

)= 'k Jae) (3.37)

By substituting Eq. (3.37) into Eq. (3.35),

b} dea- eI Fle )= ) 638

[K e] is defined as
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[k ]=[xz]-[xe Ixe T[] (3.39)

Then Eq. (3.38) becomes
[M]{ } +lxfac}={Fe} (3.40)

With the present problem, the only load is the contact force caused by the
impactor. It is defined a scalar force f which is a point force acting perpendicular to
the plate at the contact point and has a magnitude equal to the contact force. The

contact force vector {F} is then written as
{F}=riu} (341)

{U} is a unit vector whose component is —1 in the direction of the contact force. All

other components of {U} are zero.

At time t+At, Eq.(15) is written as

[M]{} +[xfa} = {F} (3.42)

where the superscript refers to time. The Newmark method will be employed to
obtain the solutions to this equation. Accordingly, the velocity and acceleration

vectors at time ¢+At are written as
. t+At . t . t . t+AL
{d} = {d} +(1- )L)At{d} + Mt{d} (3.43)

1_
" il S o
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The parameters f and A are constants whose values depend on the finite difference
scheme used in the calculations. Here it is used the constant-average acceleration
method, which is implicit and unconditionally stable. For this method Bis 4 and A is
Y. Although the velocity vector is not required in Eq. (3.42), it is presented here
because it will be needed subsequently. By substituting Eq. (3.44) into Eq. (3.42),

[E]{d}‘““ - {?}M (3.45)

1

A A t+Ar
where [K ] is the effective stiffness matrix, and {F } is the effective force vector.

These parameters are defined as

[1?] L ﬂ;z [M]+[K] (3.46)

{E}”’” — (Y + {FY (3.47)

where {H} is the following vector

=Y = [M(ﬁ {ay 7{;{(1}' +‘_;_/23£{a}'J (3.48)

Referring to Eq.(3.45), it is noted that the displacement, velocity, and acceleration
at time ¢ are known at every point inside the plate. Hence, the unknowns in Eq. (3.45)

are the displacements vector {d}** and the force vector {F}**. To determine these

two unknowns, an additional expression is needed. This expression is developed

below.
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3.2.3.3 Solution Procedure

By combining Eq. (3.45) and (3.47), it is obtained
{1?}{d}‘*’” ={HY +{Fy™ (3.49)

The displacement vector {d} is expressed as the sum of the displacement due to

the force {H}, and the contact force {F}

{af* =layy™ +lak™ (3.50)
Eq. (3.49) and (3.50) give

[E]({d o layy ) ={HY + Py (3.51)

From Eq. (3.51)

K [fa)™ = {mY (3.52)

k). ={Fp™ (3.53)

It is wished to solve Eq.(3.52) and (3.53) for the displacement vectors

{d }H, and {d},. . Note that the values of I:I? ] are known (see Eq. (3.46)). To proceed
with the solution, it still must be specified the two force vectors {H}, and {F}at

every nodal point.

At each nodal point in the interior of the plate {F }=0 and {H } is given by Eq.
(3.48). At each nodal point on the top and bottom surfaces of the plate {F }=0 (except
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at the point of impact where {F }= f {U } , [see Eq. (3.41)], and again {H } is given by
Eq. (3.48).

The solution of Eq. (3.52) and (3.53) now proceeds in two steps. First, the forces
{H } and the displacements {d}H are calculated from Eq. (3.48) and (3.52). This

calculation is straightforward, since the mass matrix [M], the time step 4¢, as well as

the displacement {d }, the velocity {d}, and the acceleration {d} at time ¢ are all

known.

Second, the contact force vector {F}and the displacements {d } are calculated as

follows. At time #+A4¢, Eq. (3.41) is written as

{Fy = reaful (3.54)
where f*** is the contact force at time t+4¢ . Eq. (3.53) and (3.54) yield

[ﬁ]{d};f“ =} (3.55)
For a unit contact force ( f*** =1), Eq. (3.55) becomes

[E]{d}ﬁf‘ - U} (3.56)

where {d };,N is the displacement caused by the unit contact force. For a given
effective stiffness matrix the displacement vector {d };,w can be calculated from Eq.

(3.56). From Eq. (3.55) and (3.56), it is seen that {d };.N and {d }UN are related by
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1+4A1

{aly =r*dal, (3.57)
Eq. (3.50) and (3.57) give
fay ={a}y" + refal,” (3.58)

In Eq. (3.58), the unknowns are the displacement vector {d } and the scalar

contact force f at time ¢#+A¢. In order to find these two unknowns, another expression
for the contact force is required. During the loading and unloading processes the

contact force is

Y =k(a™)" during loading (3.59)
a*t _ g 23
[ = fm(a—o-J during unloading (3.60)
m a()

K, f»@,,and a,,are known as contacts defined previously and o is the indentation

depth which varies with time. At time ¢+4¢ this depth is

[27.9

at =58;" -6, (3.61)

5:4‘ is the displacement of the center of the mid-surface of the plate in the direction

of the impact. With the use of Eq. (3.58), 8, can be expressed as

1+A1 144

e =0gy +["M8ey (.62)

where 6;“ , 6&: ,and 5;; are the magnitudes of the displacements at the center point

of the mid-surface in the direction of impact at time t+At.

8st¥is the position of the center point of the impactor. At time z+A4t, the

magnitude of 65 is determined by Newton’s second law
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1AL t+AL

5;+At = I 6[

0

dt (3.63)

3L

where fis the time varying contact force and m is the impactor mass.

By combining Eqgs. (3.59)-(3.63), it is obtained the following expressions for the

contact force:
Ll f " )
™ =K J‘J‘-';dtdt-—é’c,, ~ "6, ] during loading (3.64)
00
“of s Ar o *
_”f”;dtdt—acﬁ — %0 —ay
fr=f1 during unloading (3.65)
am - aO

In the above expressions, for computational convenience, it is replaced the limits of

the integrals z+A4¢ by t. This implies that, in computing the contact force f***, the

value of Js at time +A¢ is approximated by its value at time .

The contact force f*** is calculated either by Eq. (3.64) (during loading) or Eq.
(3.65) (during unloading) by the Newton-Raphson method. Once the value of f***
is known, the displacement vector {d } at time ¢+A4¢ is calculated from Eq. (3.58), and

the velocity and acceleration vector at time ¢+4¢ are calculated from Eq. (3.43) and
(3.44).

From the known displacements, the strains are calculated from Eq. (3.9), and,
from the known strains, the stresses are obtained from Eq. (3.12).

The aforementioned procedure is repeated at each time step (Wu & Chang, 1989).
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3.2.4 The Methods Employed in the Thesis

The equations of equilibrium governing the linear dynamic response of a system

of finite elements can be written as

Md+Cd+Kd=F (3.66)

where M, C, and K are the mass, damping, and stiffness matrices; F is the vector of

externally applied loads; and d, d,andd are the displacements, velocity, and

acceleration vectors of the finite element assemblage.

In direct integration the equations in (3.66) are integrated using a numerical step-
by-step procedure, the term “direct” meaning that prior to the numerical integration,
no transformation of the equations into a different form is carried out. There are a
few commonly used effective direct integration methods such as the Central
Difference Method, The Houbolt Method, The Wilson 6 Method and The Newmark
Method.

3.2.4.1 The Newmark Method
The following assumptions are used at The Newmark integration scheme:

. A

d =d'+[(1-z)&'+zé""]m (3.67)

dvs =d' +d Ax+[(—i——ﬂ)é'+ﬂé"~]m2 (3.68)

where A and f are parameters that can be determined to obtain integration accuracy
and stability. Newmark originally proposed as an unconditionally stable scheme the
constant-average-acceleration method (also called trapezoidal rule), in which case 4

= 1/2 and B= Y% (see Figure 3.3).
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Figure 3.3 Newmark’s constant-average-acceleration scheme.

In addition to Eq. (3.67) and (3.68), for solution of the displacements, velocities,
and accelerations at time ¢ + A¢, the equilibrium equations (3.66) at time ¢ + At are

also considered:

AL -M

Md" +Cd +Kdws = Fue (3.69)

-+ AL Ar

Solving from Eq. (3.68) for 4 & in terms of 4  and then substituting for 4 into

Eq. (3.67), it is obtained equations for d y and a" , €ach in terms of the unknown

A1 vl

displacements d  only. These two relations for d "and d are substituted into

At

Eq.(3.69) to solve for d , after which, using Eq. (3.67) and (3.68), d  and

o

d can also be calculated. The complete algorithm using the Newmark integration

scheme is given in Table 3.1.
3.2.4.2 Implicit Integration

For nonlinear dynamic response calculations, a very common technique used is
the trapezoidal rule, which is Newmark’s method with 4 = 1/2 and S = Y%, and this
method is used to demonstrate the basic additional considerations involved in a

nonlinear analysis.
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Table 3.1 Step-by-step solution using Newmark integration method.

A. Initial calculations:

1. Form stiffness matrix K, mass matrix M, and damping matrix C.

0 0 0

2. Initialize d , d ,andd .
3. Select time step At and parameters S and A and calculate integration

constants:
A 20.50; B =0.25(0.5+ A)z

0= — = —_— 2= ; a=——-1;

1 1
B A2’ B AL’ B At 28
y) At A
as=—-1; as=—|—-214 a6=At(l-/1); ar= At
7 =35

(a]

4. Form effective stiffness matrix K: K=K +a,M +4a,C.

N

5. Triangularize K: K = LDLT

B. For each time step:

1. Calculate effective loads at time ¢ + At:

N 1+ar &

F =F +M[aod' +a23l+a3é J+C[a,d'+a4é’ +a53 J

2. Solve for displacements at time ¢ + A4r:

la Xl

=F

&

LDId

3. Calculate accelerations and velocities at time ¢ + Af;
. 1A A ' ot wl
d = ao d - d - az d - a3 d

1+A o 1AL

4" =d +agd +a,d
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As in linear analysis, using implicit time integration, it is considered the
equilibrium of the system at time ¢ + At. This requires in nonlinear analysis that an
iteration be performed. Using, for instance, the modified Newton-Raphson iteration,

the governing equilibrium equations are (neglecting the effects of a damping matrix):

. 1A +Ar

Mdg) +K'Adyy=F** ~R(x-1) (3.70)

The vector F=~ stores the externally applied nodal loads and R*~ is the vector of

nodal point forces that are equivalent to the element stresses.

AL A

d) =dk-1)+Ad k) 3.71)

Using the trapezoidal rule of time integration, the following assumptions are

employed:
g =g +_A2_’(a' +£1"“J (3.72)
a =d'+52’-(&'+&""] (3.73)

Using the relations in Eq. (3.71) to (3.73),
.. A 4 [ 4 Lt
d k) v d(e-1)—d* +Ady, _Ed —-d (3.74)

is obtained and substituting into Eq.(3.70), following equations are obtained,

i KURULY
ASYQH DIER
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o s 4 = 4 '
K Adjy=Fn»~— -M| —|d@-y—-d' |[-—d ~-d .
® Ry { Nz( (k-1) J o J (3.75)
nt ! 4
K =K +—M (3.76)

The iterative equations in dynamic nonlinear analysis using implicit time
integration are of the same form as the equations in static nonlinear analysis, except
that both the coefficient matrix and the nodal point force vector contain contributions
from the inertia of the system. It can be therefore directly concluded that all iterative
solution strategies for static analysis are also directly applicable to the solution of Eq.
(3.75). However, since the inertia of the system renders its dynamic response, in
general, “more smooth” than its static response, convergence of the iteration can,in
general, be expected to be more rapid than in static analysis, and the convergence
behavior can be improved by decreasing Az. The numerical reason for the better
convergence characteristics in a dynamic analysis as At decreases lies in the
contribution of the mass matrix to the coefficient matrix. This contribution increases

and ultimately becomes dominant as the time step decreases.

In the first solutions of nonlinear dynamic finite element response, equilibrium
iterations are not performed in the step-by-step incremental analysis; i.e., the relation
in Eq. (3.75) is simply solved for k=1 and the incremental displacement Ad® is
accepted as an accurate approximation to the actual displacement increment from
time ¢ to time ¢+At. However, it is then recognized that the iteration could actually be
of utmost importance since any error admitted in the incremental solution at a
particular time directly affects in a path-dependent manner the solution at any
subsequent time. Indeed, because any nonlinear dynamic response is highly path-
dependent, the analysis of a nonlinear dynamic problem requires iteration at each

time step more stringently than does a static analysis (Bathe, 1996).
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3.3 Failure Analysis

Since impact damage is a very complicated phenomenon, predicting impact
damage requires a thorough understanding of the basic damage mechanism and
mechanics governing the impact damage event. To achieve such understanding, Choi
& Chang (1992) studied the impact damage.

It was considered that the sequence of the impact damage mechanisms in

laminated composites with a brittle matrix could be described in general as follows:

Transverse impact first initiates critical matrix cracks in a layer within the
laminate. Such cracks can generate delaminations immediately along the
bottom or upper interface of the cracked layer, depending on the position of
the layer in the laminate. As the duration of impact proceeds, additional
matrix cracks can occur subsequently in the other layers and can produce

additional delaminations along the other interfaces.

Accordingly, in order to predict accurately the impact damage, a model must be
able to predict the initiation of the critical matrix cracks, estimate the extent of
delamination, and follow the correct sequence of the impact damage mechanism.
Accordingly, two failure criteria, critical matrix cracking criterion and impact-

induced delamination criterion, are used in 3DIMPACT Computer Code.
3.3.1 Critical Matrix Cracking Criterion

In order to predict the occurrence of the critical matrix cracks, the matrix failure
criterion proposed by Choi et al. (1991 b) is adopted to 3DIMPACT Computer Code.

The criterion can be expressed as
em 21 Failure
2 2 .
n— " en<1 No failure
Oyy Oyz - 2 —_—
( y } +[ " J =eM nY — l'lYt if O'yyZ 0 (3.77)

BY =Y, if oyw( 0




39

where the subscripts of x and y are the local coordinates of the n” layer parallel and
normal to the fiber directions, respectively, and z is the out-of plane direction. S; is
the interlaminar shear strengths within the laminate under consideration, and ¥; and
Y. are the ply transverse tensile and compressive strengths, respectively.
Unfortunately, the interlaminar shear strength within the laminate has not been well
characterized in the literature and was frequently taken to be associated with in-plane
shear strength. Therefore, the values of Y; and S; of n™ ply are determined in this code
from the empirical expressions proposed previously by Chang & Lessard (1991) with

the following forms:

Y = Y;°(l + As—in-(%e—)) (3.78)
M

Sr = s°(1 + cﬂ‘i‘g)) (3.79)
M

where A8 s the minimum ply angle change between the n™ ply or the ply group and
its neighboring plies with different ply orientations, and M is the total number of the
layers in the ply group that is considered. The ply group defines as the plies with the

same ply orientations group together. ¥ is the transverse tensile strength of a [90,];

composite (n>6), and S° is the ply shear strength measured from a unidirectional
composite with more than eight layers. 4, B, C, and D are the empirical parameters

which can be determined from experiments (Chang & Lessard, 1991).

0. and oy are the averaged interlaminar and in-plane transverse stresses,

respectively, within the n™ ply which can be expresses as

- 1" '
On = |0,z (3.80)

n ‘n-l

n

- 1"
Gn =" Jo,dz (3.81)

n 'ﬂ-l
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where t, and #,.; are the upper and lower interfaces of the n™ ply in the laminate and
hy is the thickness of the ply.

Whenever the calculated averaged stresses in any one of the plies in the laminate
first satisfy the criterion (ess= 1) during impact, initial impact damage is predicted. It
is assumed then that the matrix crack will propagate throughout the thickness of the
ply group, which contained the cracked ply. The time ¢ corresponding to the initial
damage is designated as ). A delamination can be immediately induced from the
location of the matrix crack along the interfaces of the ply group. As the time
increases (¢ > )7) during impact, additional matrix cracking could be produced in the
other layers. Hence, the criterion should continuously be applied to the other layers
for determining any additional matrix failure. If no additional matrix cracking is
found at any other layers during impact, then the impactor’s velocity associated with
the first matrix cracking is referred to as the impact velocity threshold, which is the

velocity required to just cause the initial impact damage of the laminate.
3.3.2 Impact-Induced Delamination Criterion

Once a critical matrix crack is predicted in a ply within the laminate, a
delamination can be initiated from the crack. To accurately simulate delamination
propagation is very difficult and complicated, involving multiple dynamic crack

propagation and delamination surfaces interaction.

Basically, there are two types of critical cracks initiating delamination resulting
from impact (Choi et al., 1991 b): one can be referred to as the shear crack
generating within the laminates and the other is referred to as the bending crack
producing from bottom surfaces of the laminates as shown in Figure 3.4. In order to
effectively estimate the extent of the delamination growth, it would be necessary to
include the basic governing parameters controlling the delamination propagation in
the model. The delamination resulting from point-nose impact appears generally in a
peanut shape as shown in Figure 3.5. The longitudinal axis of the delamination tends

to the orient itself in the direction parallel to the fiber direction of the bottom layer
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below the interface. In general, once a delamination is initiated from a critical matrix
crack, it could grow much more extensively along the fiber direction than in the
transverse direction of the bottom layer at the interface. This may provide an
explanation why delamination appears to be in a peanut shape in laminated

composites.

90o layers
o layers

90’ layers

Figure 3.4 Basic impact damage mechanism of fiber-reinforced laminated
composites. Top: delamination induced by inner shear cracks. Bottom:
delamination induced by a surface-bending crack.

(]} 0 0
[35°90°%6°%0%0°0%0%0%°6%6%0 %%

L : Delamination Length
W : Delamination Width

Figure 3.5 A typical delamination shape in laminated composites induced by a
point-nose impact.
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For the shear-crack induced delaminaton, the interlaminar longitudinal shear
stress (along the fiber direction) o, in the layer right below the interface and the
interlaminar transverse shear stress oj, in the layer right above the interface
governing the delamination growth. A schematic description of the delamination
growth mechanisms induced by a shear crack is shown in Figure 3.6. However, for a
bending crack-induced delamination, the interlaminar longitudinal shear stresses oy,
in the layer right below the interface would govern the major growth of the
delamination, and the in-plane bending stress o;, in the layer right below the
interface would advance the delamination propagation in the secondary direction
(normal to the fiber direction). A schematic description of the delamination growth

mechanism induced by a bending crack is shown in Figure 3.7.

Accordingly, by taking both failure mechanisms into consideration, the
distributions of the interlaminar longitudinal shear stress o, and transverse in-plane
stress o, throughout the thickness of the bottom layer of the interface and the
interlaminar transverse shear stress g;, in the upper layer contribute significantly to
the delamination growth resulting front point-nose impact. Therefore, it is considered
that delamination growth due to low-velocity impact could occur, only when the

following two sequential conditions are met:

1. One of the ply groups intimately above or below the concerned interface has

failed due to matrix cracking.

2. The combined stresses governing the delamination growth mechanisms
through the thicknesses of the upper and lower ply groups of the interface

reaches a critical value.

Based on the above second statement, the following impact-induced delamination
growth criterion for low velocity impact proposed by Choi & Chang (1992) is
applied at this code.
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Impact Damage Growth Mechanism
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Delamination Induced by Shear Cracking

[

Figure 3.6 A schematic description of the delamination growth mechanism induced
by a shear crack in laminated composite subjected to point-nose impact.

Impact Damage Growth Mechanism
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OQO 0000COOO O 9 /
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° 0 Delamination

Delamination Induced by Bending Cracking

Figure 3.7 A schematic description of the delamination growth mechanism induced
by a bending crack in laminated composite subjected to point-nose
impact.
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where D, is an empirical constant which has to be determined from experiments as
will be described in following. Once chosen, it was found to be quite insensitive to
the ply orientation and thickness of the laminates, and primarily dependent only on
the material system used. The subscripts x, y and z are the local material coordinates

of an individual ply within the laminate, and the superscripts » and # + 1 correspond
to the upper and lower plies of the n™ interface, respectively. oy and o, are the

averaged interlaminar and in-plane transverse stresses within the # and (n + 1) ply,

respectively. o is the averaged interlaminar longitudinal stress within the (n + 1)

ply which can be expressed as

J'a,,dz (3.83)

where ty+; and t, are the upper and lower interfaces of the (n + 1)® ply in the laminate
and hy+ is the thickness of the ply.

In order to determine the sensitivity of the empirical constant D, to laminate
configuration, the delamination lengths of the laminates with three tested ply
orientations are calculated from the values of D, varying in a wide range. The
calculated lengths are then compared with the corresponding data from the
experiments. The measured delamination sizes and shapes from X-radiographs are
used for determining the value. An error formula (Eq. 3.84) is selected to estimate
the discrepancies between the predictions and measurements based on various values

of D,. The error formula can be expressed as

l N
Errt=——Y (L -L)* (3.84)
I*N ; !
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where
L. = calculated delamination length
L; = tested delamination length
L = specimen length
N = number of test data.

In this investigation, a value of 1.0 is chosen for D, [(Wang & Yew, 1990), (Liu,
1993) and (Liu et al., 1993 a,b)].

Accordingly, once a critical matrix crack is predicted in a layer, the delamination
criterion is then applied to estimate the extent of the delamination along the interface
of the cracked ply in the laminate. It is noted that only the delaminations along the
bottom interface (see Figure 3.4) induced by shear cracks or along the upper
interface induced by a bending crack are included in the analysis. The small,
confined delamination along the upper interface induced by shear cracks (see Figure
3.4) is ignored in the 3DIMPACT Computer Code.

The procedure for determining the extent of the impact damage can be described

as follows:

1. Calculating transient dynamic stresses within each layer as function of time

2. Applying the matrix failure criterion for predicting the critical matrix cracks

in each layer for determination of the extent of delaminations

3. If matrix cracking is predicted in a layer of the laminate, then applying the
delamination criterion subsequently in the upper and bottom layer of the

interface during the entire period of impact.

The sequence of the above impact damage mechanism is essential for predicting
the impact damage. The procedure has to be repeated at the other layers during
impact for determining any additional matrix cracking and delaminations. The final

size of each delamination is determined by the area within which the stress
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components satisfy the delamination failure criterion during the entire duration of
impact. No material degradation is considered in the model and it is also noted that
the model doesn’t take into account the delamination interaction during impact which

may be important for multiple delaminations (Choi & Chang,1992).

3.4 Finite Element Mesh

The three-dimensional finite element mesh of a laminated composite plate, which
consists of a 8-point brick elements, is shown in Figure 3.8. The laminate is
discretized in to a total of NxMxQ elements. A total of four elements are used
through the thickness of the laminate. The mesh is made progressively coarser
towards the boundary. Choi & Chang (1992) evaluated the effect of finite element
mesh size on the stability of the numerical prediction based on the model. They
found that the propose failure analysis does not require the use of an extensive fine
mesh. Therefore, a regular mesh of 768 [N(=16)x M(=12)xQ(=4)] is used in the

numerical calculations for generating the results.

Figure 3.8 Finite element mesh.
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CHAPTER FOUR
MATERIAL

4.1 Introduction

This chapter is devoted to the production of the laminated composite material and
experimental characterization of the material properties of a unidirectional and
woven ply under static loading conditions. Experimental characterization refers to
the determination of the material properties through tests conducted on suitably
designed specimens. Due to the special characteristics of composites, such as
anisotropy, coupling effects and a variety of possible failure modes, it has been found
that the mechanical test methods that are used for conventional metallic materials are
usually not applicable to composites. There are various testing techniques for
determination of the mechanical properties of composite materials. In the thesis,
many of the mechanical properties of composite materials are determined by the
ASTM (American Society for Testing and Materials) standards.

The fiber reinforced laminated composite materials used in the thesis are
manufactured from E-glass fibers and epoxy resin. The material properties of E-
glass/epoxy material are fully characterized under tension and compression, and

under in-plane and out-of plane shear, in static conditions.

4.2 Production of the Laminated Composite Material

The fiber reinforced laminated composite materials used in the thesis are
produced at Izoreel Firm. The composite laminates are manufactured from E-glass
fibers and epoxy resin. Two fiber forms are selected for the E-glass fibers. The

volume fraction is approximately 64 % in woven fibers and 57 % in unidirectional
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fibers. For matrix materials, epoxy CY225 and hardener HY225 are mixed in the
mass ratio of 100:80. The curing is carried out at 120 °C for 4 hours under a pressure
of 0.2 MPa. The post curing is carried out at 100 °C for 2 hours. It is then cooled to
room temperature at the same pressure. A total of six laminates with differing
thicknesses and fiber stacking sequences are studied, details of which are given in
Table 4.1. For unidirectional fiber reinforced laminated composite, four stacking
sequences (0%790%0%, (0%-45%+45%, (0%0%90°90%, and (0%90%0%90%, are
considered. Two stacking sequences have 6 plies and the other two stacking
sequences have 8 plies. For woven fiber reinforced laminated composite, the stacking
sequence consists of six layers of identically oriented woven fibers. The two nominal
thicknesses with averages of 1.4 mm and 2.8 mm are used for studying the thickness
effect.

4.3 Determination of the Mechanical Properties of the Laminated Composite

Material

Static mechanical characterization has been carried out before impact testing, in
order to evaluate the mechanical constants for each layer of the composite. All of the
clastic parameters and the strength of composite materials studied are measured in
the Department of Metallurgical and Materials Engineering. The parameters
employed are listed in Table 4.2 for a unidirectional layer and Table 4.3 for a woven

layer.

Table 4.1 Characteristics of laminates studied.

unidirectional | (0%/90°/0°), 6
unidirectional | (0%-45%+45") 6 4.4
unidirectional | (0%0%90%90%, 8 4.8
unidirectional | (0°/90%0°/90%), 8 4.8
woven (0°,90% 6 1.4
woven (0°,90% 6 2.8
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Figure 4.1 The coordinate system used for the composite laminates.

The mechanical properties of the composite lamina are measured by Shimadzu-AG
Tensile Testing Machine of 50 kN load capacity at a ratio of 0.5 mm/min. The
coordinate system used to describe the properties is shown in Figure 4.1. The
direction indicated as 1 is along the fibers and the direction indicated as 2 is normal

to the fibers in the laminate plane and direction 3 is through the laminate thickness.

The specimens in tension tests are manufactured based on ASTM D 3039-76
standards. The specimens and the dimensions are shown in Figure 4.2 (ASTM D
3039-76, 1990). Nominal specimen thickness is 3.3 mm for unidirectional reinforced
laminated composite and 2.8 mm for woven reinforced laminated composite. Lay-up
of laminates is (0%s. To obtain the modulus of elasticity in the fiber direction (E;),
Poisson’s ratio (vi2) and the tensile strength in the fiber direction (X;) a specimen
whose fiber direction coinciding with the loading direction is taken and two strain
gauges perpendicular to each other are stuck on. One of them is in the fiber direction,
the other is in the transverse direction. A uniaxial tension test is used in the fiber
direction and the specimen is loaded step by step up to rupture. For all steps, strains
in the fiber directions (g;) and strains in the transverse directions (g;) are measured
by an indicator. The specimens in compressive tests are manufactured based on
ASTM D 3410-87 standard test method for compression strength (ASTM D 3410-87,
1990).

To define the shear modulus Gy, a specimen whose principal axis is on 45° is
taken and a strain gauge is stuck on loading direction of the lamina. The specimen is
loaded by a test machine and Gy, is calculated by using one strain gauges in the

tensile direction as shown in Eq. (4.1) (Jones, 1998).
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Figure 4.2 Tensile test specimens.
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To find the shearing strength S, T-Shear Test Set-up developed in the Mechanical
Laboratory is used. A flat lamina, which has a T shape is taken as shown in Figure
4.3 and loaded up to rupture. Minimum clearance is left to prevent bending and to
provide contact between the specimen and the metal support. The load at rupture
(Fmax) is taken and shear strength is calculated by the following equation (Aktas &
Karakuzu, 1999).

Froax (4.2)

" 2ht,

I [T h

Lt

Kl

Figure 4.3 T-Shear Test Set-up.
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Figure 4.4 Iosipescue Shear Test Method.
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The dimensions of the specimen are chosen as h = 5 mm, Lt = 80 mm, a = 10 mm

and b = 40 mm. The thickness of the plate tr is 2.8 mm for woven reinforced

laminated composite and 3.3 mm for unidirectional reinforced laminated composite.

TIosipescue Shear Test Method (Figure 4.4) is also used to find shearing strength S

and in plane shear modulus Gj;. Results obtained by T-Shear Test Set-up and

Iosipescue Shear Test Method agreed fairly well and are shown separately in Table

4.3. The dimensions of the losipescue specimen are chosen as a = 80 mm, b =20 mm

and ¢ = 12 mm. The load at failure (Fp,y) is taken and shear strength is calculated by

the following equation:

(4.3)
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Figure 4.5 Double-notch shear test specimen.

To find the interlaminar shear strength S;, double-notch shear test as described in
ASTM specification D 3846-79 has been used (ASTM D 3846-79, 1990). The
specimen is a unidirectional coupon 79.5 mm long, 12.7 mm wide (w), and 2.8 mm
thick (h) as shown in Figure 4.5. Two parallel notches or grooves are machined, one
on each face of the specimen, 6.4 mm (/) apart and of depth equal to half the
specimen thickness. When this specimen is loaded in uniaxial tension, shear failure
results along the mid plane of the specimen between the notches. The interlaminar

shear strength is then given by

S, 2 — (4.9

where P is the failure load, / is the distance between notches, and w is the width of

the specimen.

In an impact analysis the mass of the structure has to be taken into consideration.
Therefore, a density test is conducted in order to place the correct mass value in the
theoretical calculation. The density p of the composite laminates is derived by

weighting the composite plates, measuring its volume and calculating their ratio.



Table 4.2 The measured mechanical properties of a unidirectional layer.

Vs

E;
E;
G2
vi2
Xy
Y:

Y.
Si

al

rey

57 %
1.506 gr/cm’
44 GPa

10.5 GPa
3.7 GPa
0.36

800 MPa

50 MPa

350 MPa
125 MPa

35 MPa

60 MPa

fiber volume fraction

density

longitudinal modulus

transverse modulus

in-plane shear modulus (45° off-Axis Test)
major poisson’s ratio

longitudinal tensile strength
transverse tensile strength
longitudinal compressive strength
transverse compressive strength
interlaminar shear strength
in-plane shear strength

Table 4.3 The measured mechanical properties of a woven layer.

G2
Vi2
X
Y

Y.
S

64 %

1.78 gr/cm’

20 GPa
20 GPa
4 GPa
0.1171
473 MPa
473 MPa
300 MPa
300 MPa
35 MPa

fiber volume fraction

density

longitudinal modulus

transverse modulus

in-plane shear modulus (losipescue)
major poisson’s ratio

longitudinal tensile strength
transverse tensile strength
longitudinal compressive strength
transverse compressive strength
interlaminar shear strength

85 MPa "P™™  in_plane shear strength
90 MPa losipescue
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CHAPTER FIVE
IMPACT TESTING APPARATUS

5.1 Introduction

In the thesis, to simulate actual impact by a foreign object, a vertical drop-weight
testing machine was developed in the Mechanical Laboratory. The impact of a
composite structure by a larger projectile at low velocity is best simulated using a
drop-weight tester. The apparatus consists of a tower frame, a piezoelectric force
transducer, a conditioning amplifier, a computer coupled with a sound card and

Matlab Data Acquisition Toolbox as digital oscilloscope.

5.2 Impact Testing Apparatus

The drop-weight impact tower consists of two vertical steel rods mounted on a
heavy steel base as depicted in Figures 5.1, 5.2 and 5.3. a Briiel & Kjaer 8201 type
piezoelectric force transducer with a hemispherical steel cap was mounted on the
bottom side of a steel cross-bar. The diameter of the hemispherical impactor nose is
equal to 18 mm. The force transducer has a force capacity of 20 kN. Each end of the
cross bar is attached to a frictionless linear bearing to minimize friction. The bearings
carry the cross bar up and down on the vertical steel rods. The total mass of the
whole drop-weight is 2.6 kg. If needed, additional mass can be added on top of the
cross bar. Drop heights range from 0.05m to 1.03m. Corresponding impact velocities
are found as 1 m/sec to 4.5 m/sec based on the free fall formula.

Signals from piezoelectric force transducer are amplified by a signal-conditioning
amplifier (NEXUS-2692 A OIl). The output from the conditioning amplifier is

collected by a computer coupled with a sound card and Matlab Data Acquisition
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: steel base block

: sledge

: bold (M6x10)

: target holder

: steel rod

: impactor

: force transducer

: bearing shell (KGB 30)
: segment

: linear bearing (KB 30)
: steel rod

: supporting plate

: bold (M6x10)

Figure 5.2 Drop weight impact tower.



Figure 5.3 The photograph of drop-weight impact test system
(a) before impact (b) after impact.
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Toolbox. The Data Acquisition Toolbox allows us to read data directly into Matlab
from sound card, which is displayed as a PSD image. This uses the Matlab signal
processing and visualization capabilities. The programme for Matlab Data
Acquisition Toolbox is given in Table 5.1. The first step is to create the analog input
object (AI) for the sound card. Next, we add a single channel to Al, and set the
sample rate to 8000 Hz with acquisition duration of t seconds. The default trigger is
to start collecting data as soon as the start command is issued. The acquisition ends

once all the data is acquired.
Prior to impacting, the specimens are tightly clamped on both ends to a target

holder, resulting in a 150 mm span. All tests are performed at room temperature. The

impact point is on the center of the plate.

Table 5.1 The programme for Matlab Data Acquisition Toolbox.

1

addchannel (AT, 1) ;

chl=ATI.channel

chl=get (AI, ' channsl')

Fs=8000;

set (A, 'SampleRate!' ,Fs)

duration=8;

set (AL, 'SanplesPerTrigger' ,duration*Fs) ;
start (AI) .

[data, time] =getdata (il);

plotitime,data)
inputs=[time(:,1)';datal:, 1} ':]:
fid=fopen('DATA.txtc','w']);
fprintf (fid, '312.5f $12.5fvr4n', inputs):
folose (fid);
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CHAPTER SIX
RESULTS AND DISCUSSION

6.1 Introduction

The impact behavior of E-glass/epoxy laminated composite plates under low
velocities is considered experimentally and numerically. The projectile is a
hemispherical tip-ended rigid impactor and the targets are square and rectangular
composite plates. A range of laminated E-glass/epoxy composite plates is impacted
under different impact conditions using a drop-weight apparatus. During each test,
the drop-weight is released at a certain height to hit the center of the specimen. The
contact force versus time is measured by a piezoelectric force transducer (Briiel &
Kjaer), mounted on the impactor head. The following parameters are considered in

the impact tests:

a) impact velocity

b) impactor mass

c) plate in-plane dimensions
d) plate thickness

e) variations in fiber form

f) variations in fiber orientation

A numerical evaluation of these specimens is also carried out by using
3DIMPACT transient dynamic finite element analysis code. The transient contact
forces between the impactor and the laminated composite plate, stresses and strains
during impact and maximum transverse deflection at the center are calculated
numerically. Furthermore, a failure analysis for predicting the threshold of impact
damage and initiation of delaminations is carried out numerically as functions of
time.
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In all cases, the projectile’s Young’s modulus and hardness are greater than the
through-thickness Young’s modulus and hardness of the specimen material.
Therefore, the impacting projectile is regarded as rigid. The mechanical properties of

the rigid impactor are given in Table 6.1.
6.2 Parameters

Different 6-ply and 8-ply symmetric laminates with (0%790%0°),, (0%/-45%+45°%,,
(0°/0°/90%90%s, (0°790°/0°%90°%); and (0°,90%s stacking sequences are considered.
Impact tests are performed at increasing velocities (1 m/sec, 2 m/sec and 3 m/sec)
and increasing masses (135 g and 2600 g) on clamped composite plates. All impact
tests have been carried out with plate dimensions of 150 mm by 150 mm, 150 mm by
100 mm and 150 mm by 50 mm. Prior to impacting, the specimens are tightly
clamped on both ends to a target holder, resulting in a 150 mm span. All impact
conditions are summarized as follows and the details of the impact parameters are

given in Table 6.2.
Characterization of impact regimes

e 72 specimens with impacts using 18 mm hemispherical-nosed impactors with
masses of 135 g and 2600 g.
Plate thickness (¢): 1.4 mm, 2.8 mm, 3.4 mm, 4.4 mm and 4.8 mm.
Plate span (S) x width (#): 150 mm by 150 mm, 150 mm by 100 mm and 150
mm by 50 mm (the nominal length of each plate is 150 mm).

e Clamping conditions: two opposite sides clamped resulting in a 150 mm span
and the other two free.
Four impact energies: 1.3 J,5.2 J, 11.7 J and 0.6075 J.
Corresponding velocities: 1 m/sec (2600 g), 2 m/sec (2600 g), 3 m/sec (2600
g), and 3 m/sec (135 g).

e Measured quantity: impact force.

Table 6.1 The mechanical properties of the rigid impactor.

—

EA 210 GPa Young’s modulus
p 7850 kg/m’ density
\% 0.3 Poisson’s ratio
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The results are arranged in groups, each group contain the effect of certain
parameters on the dynamic behavior of laminated composite plate. Firstly, the
contact force-time histories are recorded during drop-weight impacts and calculated
numerically. The numerical and experimental results are compared and excellent
agreement is found between the comparisons. Later, the effect of impact velocity,
impactor mass, and in-plane dimensions of the laminated composite plate is
investigated using 8-ply laminates with (0%90%0%90°), lay-up, 6-ply laminates with
(0%-45%45%; lay-up and 6-ply woven reinforced laminates with (0°,90% lay-up.
Finally, the effect of thickness is evaluated using 6-ply woven reinforced laminates

with two nominal thicknesses with averages of 1.4 mm and 2.8 mm.

Table 6.2 The impact parameters.

(0%90°/0%790%, |1 2600 [° 1 2600 |° 1 2600

2 2 2600 | °© 2 2600 | '° 2 2600

nc 3 3 2600 | 7 3 2600 | Y 3 2600

4 3 135 £ 3 135 12 3 135
13 17 21

01000 /70 1 2600 1 2600 1 2600

(O720°70)s 14 2 2600 | '® 2 2600 | % 2 2600

15 3 2600 |V 3 2600 |2 3 2600

thickness=3.4 mm 16 3 135 20 3 1 35 24 3 1 35
25 29 33

0°/0°/90°/90° 1 2600 1 2600 1 2600

( K 2 2600 | © 2 2600 | * 2 2600

z 3 2600 | ! 3 2600 | * 3 2600

thickness=4.8 mm 28 3 135 32 3 135 36 3 135
37 41 45

00 /4 50 /44 50 1 2600 1 2600 1 2600

( )t 2 2600 | 2 2 2600 | % 2 2600

» 3 2600 | *® 3 2600 | ¥ 3 2600

thickness=4.4 mm o 3 135 “ 3 135 8 3 135
49 53 57

0° 90" 1 2600 1 2600 1 2600

(t Js 50 2 2600 | 2 2600 | * 2 2600

3 3 2600 | % 3 2600 | *° 3 2600

thickness=1.4 mm 52 3 135 56 3 135 60 3 135
61 65 69

0° 9¢° 1 2600 1 2600 1 2600

(0°.90)s ) 2600 | ® 2 2600 | 2 2600

6 3 2600 | ¢ 3 2600 | 3 2600

thickness=2.8 mm 64 3 135 68 3 135 7 3 135
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6.3 Contact Force Between Impactor and Laminate
6.3.1 Plates (0°/90%/0°/90°%),

Low velocity impact loading tests are performed at increasing velocities (1, 2 and
3 m/sec) and increasing masses (135 g and 2600 g) on clamped plates in order to
determine the dynamic behavior of laminated composite material. Figure 6.1 shows
oscilloscope trace of the force-time histories recorded during drop-weight impacts. It
is worth noting that during impact, the contact forces are reduced to zero for a certain
period of time, during which the impactor was separated from the plate. The plate
and the impactor contacted again after the plate reversed its direction of motion and
snapped back. Similar results were observed analytically by Chen & Sun (1985), Wu
& Chang (1989) and experimentally by Lagace (1986).

Figures 6.2-6.13 show the impact force-time histories recorded during drop-
weight impacts and calculated numerically from 3DIMPACT computer code of
composite laminates with (0%/90%0°90°%); lay-up. In the present thesis, only the first
impact is considered. The impact force-time histories for 150 mm by 150 mm square

specimen are given in Figures 6.2-6.5.

6000

4500 -
3000

1500

0 nAanA

(Tr / 0,4 F (V:a V ars 16

force (N)

-1500 -

-3000

time (sec)

Figure 6.1 Oscilloscope trace of the force-time histories ((0%90°%0%90°%); lay-up,
150 mm by 150 mm, 3 m/sec and 2600 g).
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In addition to effective impact zones of 150 mm by 150 mm, other effective
impact zones of 150 mm by 100 mm and 150 mm by 50 mm, i.e. intermediate and
small rectangular specimens, are investigated for in-plane dimensional effects. For
150 mm by 100 mm and 150 mm by 50 mm rectangular specimens, the impact
responses are shown in Figures 6.6-6.13, respectively. Most of the analysis curves
capture the multiple small oscillations superimposed on the measured force-time
curve. These oscillations, which represent the plate vibrations, are characteristics of
large-mass, low-velocity impact events where the contact duration is sufficiently
long for flexural waves to reach the plate boundaries and reflect back several times.
In Figure 6.4, a relatively high frequency oscillation is found to superimpose on the
basic load-time curve. This oscillating signal seems to be related to the damage
growth during impact (Wang & Vukhanh, 1994). It occurred and lasted during the
loading period, and ceased when unloading began, possibly implying that the damage

growth finished around the time of maximum impact load.

All figures show comparison of experimental and FE computed force-time history
at the center of the laminated composite plate. Note that the calculated impact force
between the impactor and the target has a higher value than that measured by the
impact force transducer. The duration of impact events in the test results is more than
that obtained from the analysis. The discrepancies between the computed and
experimental results could also be due to the fact that the boundaries of the plate in
the experimental analysis are not as perfectly clamped as reported. This may be
because the metal support that held the impacted laminate allowed the laminate to

move horizontally and also to rotate a small amount.

If the force-time histories of (0%90°%0%90%, lay-up (Figure 6.2-6.13) and
(0°/0°/90%/90%, lay-up (Figure 9.1-9.12) are compared, it is seen that the differences
between the results are not significant. The results on the center deflection, stresses
and strains histories, and delaminated area of 8-ply laminates with (0%90%0%90°%),
lay-up and (0%0%90%90% lay-up are nearly same. Therefore, the center deflection,
stresses and strains, and delaminated area results of 8-ply laminates with
(0%/0%90%90%); lay-up are not given in thesis.
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Figure 6.2 Impact force-time history of (0%90%0%90%, laminate under the impact
velocity V=1 m/sec and impactor mass m=2600 g (150 mm by 150 mm).

4500
4000 -
3500 -

3000 -

£ 2500
2000
1500 { fx
1000 Jy 4:

500

3DIMPACT
------ EXPERIMENTAL

e

0 — T
0 0,002 0,004 0,006
time (sec)

Figure 6.3 Impact force-time history of (0°%/90%/0%90%, laminate under the impact
velocity V=2 m/sec and impactor mass m=2600 g (150 mm by 150 mm).
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Figure 6.4 Impact force-time history of (0%/90%0%90%); laminate under the impact
velocity V=3 m/sec and impactor mass m=2600 g (150 mm by 150 mm).
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Figure 6.5 Impact force-time history of (0%90°0%90°%) laminate under the impact
velocity V=3 m/sec and impactor mass m=135 g (150 mm by 150 mm).
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Figure 6.6 Impact force-time history of (0%/90%0%90%), laminate under the impact
velocity V=1 m/sec and impactor mass m=2600 g (150 mm by 100 mm).
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Figure 6.7 Impact force-time history of (0%90%0%90°%), laminate under the impact
velocity V=2 m/sec and impactor mass m=2600 g (150 mm by 100 mm).
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Figure 6.8 Impact force-time history of (0%/90%0%90%), laminate under the impact
velocity V=3 m/sec and impactor mass m=2600 g (150 mm by 100 mm).
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Figure 6.9 Impact force-time history of (00/900/00/900)s laminate under the impact
velocity V=3 m/sec and impactor mass m=135 g (150 mm by 100 mm).
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Figure 6.10 Impact force-time history of (0°/90%0%90%); laminate under the impact
velocity V=1 m/sec and impactor mass m=2600 g (150 mm by 50 mm).
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Figure 6.11 Impact force-time history of (0%90%0%90%), laminate under the impact
velocity V=2 m/sec and impactor mass m=2600 g (150 mm by 50 mm).
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Figure 6.12 Impact force-time history of (0%/90°/0°/90°%), laminate under the impact
velocity V=3 m/sec and impactor mass m=2600 g (150 mm by 50 mm).
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Figure 6.13 Impact force-time history of (0%/90%0%90°%), laminate under the impact
velocity V=3 m/sec and impactor mass m=135 g (150 mm by 50 mm).
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6.3.2 Plates (0%/90%0°%,

Figures 6.14-6.25 show the comparison between the predicted and measured
impact force histories using 6-ply unidirectional reinforced laminates with
(0%90°%0°), lay-up for three different in-plane dimensions. As shown in Figures 6.2-
6.25, the force magnitudes of the 8—ply laminates with (00/900/00/900)s are greater
than the 6-ply laminates with (0%90°0%, and the contact duration of the 8-ply
laminates is smaller than the 6-ply laminates. This may be because the thickness of
the 6-ply laminates is less than the 8-ply laminates. It can be concluded that the
higher the thickness of the composite laminate, the higher the peak force. But the
contact time duration decreases with increasing thickness. This behavior is

essentially the same for all the laminated plate dimensions.
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Figure 6.14 Impact force-time history of (0%90%0°%), laminate under the impact
velocity V=1 m/sec and impactor mass m=2600 g (150 mm by 150 mm).
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Figure 6.15 Impact force-time history of (0%90°%0%, laminate under the impact
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velocity V=2 m/sec and impactor mass m=2600 g (150 mm by 150 mm).




69

5000
4500 -
4000
3500 -

3DIMPACT
------ EXPERIMENTAL

'® 2500 -
2000 -
1500 |
1000 { :
500

rc

fol

0 0,002 0,004 0,006 0,008
time (sec)

Figure 6.16 Impact force-time history of (0°/90%0°%), laminate under the impact
velocity V=3 m/sec and impactor mass m=2600 g (150 mm by 150 mm).
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Figure 6.17 Impact force-time history of (0%90%0°%), laminate under the impact
velocity V=3 m/sec and impactor mass m=135 g (150 mm by 150 mm).
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Figure 6.18 Impact force-time history of (0%90%0%) laminate under the impact
velocity V=1 m/sec and impactor mass m=2600 g (150 mm by 100 mm).
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Figure 6.19 Impact force-time history of (0°%90%0%), laminate under the impact
velocity V=2 m/sec and impactor mass m=2600 g (150 mm by 100 mm).
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Figure 6.20 Impact force-time history of (0°/90%/0%), laminate under the impact
velocity V=3 m/sec and impactor mass m=2600 g (150 mm by 100 mm).

1000
900
800
700 {
600 { ;°
500 :
400 {fF
300 1
200 1
100 |

3DIMPACT
'''''' EXPERIMENTAL

force (N)

0 0,0005 0,001 0,0015 0,002
time (sec)

Figure 6.21 Impact force-time history of (0°/90%0%; laminate under the impact
velocity V=3 m/sec and impactor mass m=135 g (150 mm by 100 mm).
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Figure 6.22 Impact force-time history of (0°/90°%/0%, laminate under the impact
velocity V=1 m/sec and impactor mass m=2600 g (150 mm by 50 mm).
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Figure 6.23 Impact force-time history of (0°/90%0°%), laminate under the impact
velocity V=2 m/sec and impactor mass m=2600 g (150 mm by 50 mm).
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Figure 6.24 Impact force-time history of (0%90°0°%), laminate under the impact
velocity V=3 m/sec and impactor mass m=2600 g (150 mm by 50 mm).
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Figure 6.25 Impact force-time history of (0°%90%0°%), laminate under the impact
velocity V=3 m/sec and impactor mass m=135 g (150 mm by 50 mm).

6.4 Impact Velocity Effects

Low velocity impact loading tests are performed at increasing velocities (1 m/sec,
2 m/sec and 3 m/sec) on clamped plates in order to determine the effect of the
projectile velocity on the impact behavior of the composite laminate. Figure 6.26
shows the force-time histories recorded during drop-weight impacts and calculated
numerically from 3DIMPACT computer code of 8-ply laminates with
(0%/90%/0%90°), for the same plate dimensions (150 mm by 150 mm) at three different
impact velocity levels. With the impactor mass held constant at 2600 g, the velocity
is varied for three cases: (a) 1 m/sec, (b) 2 m/sec and (c) 3 m/sec. The measured
maximum contact forces are 1847 N, 4013 N and 5825 N for the above impact
velocities, respectively. It can be seen that the contact force is directly proportional to

the impact velocity while the duration of contact is insensitive to it.

In accordance with other authors [(Choi & Chang, 1992) and (Choi et al., 1991 a,
b)], the 3ADIMPACT code simulation agreed fairly well with experimental tests at
low-velocity impact. Thus, transient stresses and strains in the laminate plates, center
deflection histories and delaminated area are calculated numerically from
3DIMPACT. Effect of impact velocity on center deflection histories of a laminated
composite plate is given in Figure 6.27. The in-plane stresses o}, 6, and 13 at (1, 1,
2.4 mm), which are the mid-point of the composite plate and on the upper surface of

the laminations, are presented in Figure 6.28. The transverse shear stresses T3, T13
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and o3 are checked at the same point. The time histories are plotted in Figure 6.29.
The transverse shear stresses undergo more oscillations during impact and may lead
up to delamination inside the composite plates. However, from the scale of the
vertical axes, it can be found that the transverse shear stresses are significantly
smaller then the in plane stresses o; and o;. The similar results on the transverse
stresses were also found in the finite element analysis by Wu & Chang (1989) and
Chun & Lam (1998).

The in-plane strains €, 2 and v, at (1, 1, 2.4 mm), which are the mid-point of the
composite plate and on the upper surface of the laminations, are presented in Figure
6.30. The transverse shear strains y3, 713 and &3 are calculated at the same point. The
time histories are given in Figure 6.31.

The numerical simulations of the delamination shape and size at the interface
containing the major delamination of the laminates are shown in Figure 6.32. Major
delamination occurs at the lower interface (the interface away from the impact side).
The “asterisks” symbol in the figure indicates the location where the stresses are
calculated and which satisfied the impact-induced delamination criterion. The area
covered by the asterisks gives the estimation of the delamination size. The observed
delamination geometry at this interface exhibit “peanut-shapes” and propagates along
the fiber direction.

Figure 6.33 shows experimental and numerical comparisons of force-time
histories of 6-ply laminates with (0°-45°45%, for three different impact velocity
levels, 1 m/sec, 2 m/sec and 3 m/sec and an impactor mass of 2600 g. Effect of
impact velocity on center deflection histories, stresses and strains and delaminated

area is given in Figures 6.34-6.39 for 6-ply laminates with (0°,-45°,45°%),.

Concerning the effects of projectile velocity on the dynamic response of an
impacted laminate, it is found that the impact forces and center deflections, transient
stresses and strains, and delaminated area are directly proportional to the projectile

velocity.
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Figure 6.26 Comparison of force histories at three different impact velocity levels
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Figure 6.27 Comparison of center deflection histories at three different impact
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6.5 Impactor Mass Effects

Impact tests are performed at increasing masses (135 g and 2600 g) on clamped
plates (0°/90%0%90°%) in order to determine the effect of the projectile mass on the
impact behavior of the composite laminate. Figure 6.40 shows experimental and
numerical comparison of force-time histories at two different impactor mass levels.
With a constant velocity of 3 m/sec, the mass is varied for two cases: (a) 135 g and
(b) 2600 g. The measured maximum contact forces are 1481 N and 5825 N for the
above impactor masses, respectively. It is shown that the heavier impactor mass
would increase the impact force as well as the contact duration. Effect of impactor
mass on center deflection histories of a laminated composite plate is given in Figure
6.41.

The in-plane stresses o1, o2 and T2 at (1, 1, 2.4 mm), which are the mid-point of
the composite plate and on the upper surface of the laminations, are presented in
Figure 6.42. The transverse shear stresses T3, T13 and o3 are checked at the same
point. The time histories are plotted in Figure 6.43. The in-plane strains ¢, €, and
Y12 are presented in Figure 6.44. The transverse shear strains Y3, i3 and €3 are

calculated at the same point. The time histories are given in Figure 6.45.

The numerical simulations of the delamjnation shape and size at the interface
containing the major delamination of the laminates are shown in Figure 6.46. No
delamination is predicted for impactor mass of 135 g. However, the delamination
damage for impactor mass of 2600 g is very big and propagates along the fiber

direction at the lower layer.

Figure 6.47 shows experimental and numerical comparison of force-time histories
of 6-ply laminates with (0°-45°45%; for two different impactor mass levels, 135 g
and 2600g and an impact velocity of 3 m/sec. Effect of impactor mass on center
deflection histories, stresses and strains and delaminated area is given in Figures
6.48-6.53 for 6-ply laminates with (0°,-45°,45°%,.
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Figure 6.40 Comparison of force histories at two different impactor mass levels
((0%90°/0°/90%),, 150 mm by 150 mm and 3 m/sec) (a) experimental response (b)

predicted response.
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calculated by 3DIMPACT at two different impactor mass levels ((0%90%0°%90°),,

150 mm by 150 mm and 3 m/sec).
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6000
T N
5000 - RN
’ . " .
] ' \
a000{ N N
g fN ] -,
-~ H \.: A
g 3000{ 1359
£ ; A 2600 g
- : 8,
2000 { S,
] Y
1000 1
0 kY
0 0001 0002 0003 0004 0005 0,006
time (sec)
(a)
6000 Z
1
AT
50007 AN VA
U
4000 - ANy § \
3 P \
® 3000 . b 1359
g N::'&-' T - 2600 g
. A
20004 ¢ |
1000 { ./
0 . 4 - . \
0 0,001 0002 0003 0004 0,005
time (sec)

93

Figure 6.47 Comparison of force histories at two different impactor mass levels
((0%-45%45%,, 150 mm by 150 mm and 3 m/sec) (a) experimental response (b)

predicted response.
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Figure 6.50 History of the stresses t23, T13 and o3 at a given point (1, 1, 2.2 mm)
calculated by 3DIMPACT at two different impactor mass levels ((0%/-45%45°%,, 150
mm by 150 mm and 3 m/sec).
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Figure 6.52 History of the strains y23, y13 and €3 at a given point (1, 1, 2.2 mm)
calculated by 3DIMPACT at two different impactor mass levels ((0%/-45%45%,, 150

mm by 150 mm and 3 m/sec).
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Figure 6.53 Predicted major delaminations at two different impactor mass levels
((0%-45%45°%,, 150 mm by 150 mm and 3 m/sec).

As can be seen, the magnitude of impact forces, deflections, stresses and strains,
and delaminated area are directly proportional to the impactor mass. The shape of the
force history changes noticeably as the mass varies. The magnitude of impact force
increases as the mass increases. Similarly the duration of contact increases as the

mass increases.
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6.6 In-Plane Dimensional Effects

The effect of in-plane dimensions on the contact force for 8-ply laminates with
(0°/90%0°%90°); is shown experimentally and numerically in Figure 6.54. In addition
to effective impact zones of 150 mm by 150 mm, other effective impact zones of 150
mm by 100 mm and 150 mm by 50 mm, i.e. intermediate and small rectangular
specimens, are investigated for in-plane dimensional effects. It can be concluded that
the smaller the width of the rectangular composite laminate, the higher the contact
duration and the impact response is dependent on laminate geometries. The highest
impact force is obtained for intermediate rectangular specimens (150 mm by 100
mm) and the lower impact force is obtained for small rectangular specimens (150
mm by 50 mm). The differences between peak forces for the three effective impact

zones are not as significant as that for thickness difference.

Effect of in-plane dimensions on center deflection histories of a laminated
composite plate is given in Figure 6.55. The transient stresses and strains are
presented in Figures 6.56-6.59, respectively. The numerical simulations of the
delamination shape and size at the interface containing the major delamination of the
laminates are shown in Figure 6.60. The observed delamination propagates along the
fiber direction.

Figure 6.61 shows experimental and numerical comparison of force-time histories
of 6-ply woven reinforced laminates with 2.8 mm thickness for three different in-
plane dimensions. Effect of in-plane dimensions on center deflection histories,
stresses and strains and delaminated area is given in Figures 6.62-6.67 for 6-ply

woven reinforced laminates with 2.8 mm thickness.

For woven reinforced laminates, the result that rectangular specimens with larger
widths have higher peak forces coincides with the fact that the larger the width of the
laminate dimensions the stiffer the composite laminate. Similar results are also found

for the woven laminates with 1.4 mm thicknesses.
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Figure 6.57 History of the stresses 723, 713 and o3 at a given point (1, 1, 2.4 mm)
calculated by 3DIMPACT at three different in-plane dimensions ((0%/90%0%90%),,

2600 g and 3 m/sec).
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Figure 6.59 History of the strains y,3, y13 and €; at a given point (1, 1, 2.4 mm)
calculated by 3DIMPACT at three different in-plane dimensions ((0%90%0%90°),,

2600 g and 3 m/sec).
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Figure 6.65 History of the strains €, &; and v;2 at a given point (1, 1, 1.4 mm)
calculated by 3DIMPACT at three different in-plane dimensions ((0°,90%s, 2600 g

and 3 m/sec).
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6.7 Thickness Effects

The impact response of composite laminates changes significantly as the laminate
thickness increases. The reason of this behavior is the flexural and contact stiffness
varying according to thickness and thereby, causing the impact behavior of a
structure to change. Therefore, it is important to determine the impact response of
laminated E-glass/epoxy composite plates with respect to thickness. In the present
thesis, lay-up of woven fiber laminates are (0°,90°)s. Two nominal thicknesses with
averages of 1.4 mm and 2.8 mm are used for analyzing the thickness effect. 1.4 mm
specimens are called thin laminates while the 2.8 mm specimens are considered as

thick laminates.

Figure 6.68 shows the impact characteristics of both thick and thin laminates. It
can be concluded that the higher the thickness of the composite laminate, the higher
the peak force. But the contact time duration decreases with the increasing thickness.

This behavior is essentially the same for all the laminated plate dimensions.

Effect of thickness on center deflection histories of a laminated composite plate
is given in Figure 6.69. The in-plane stresses, 61, 6, and 1), are presented for two
different thicknesses in Figure 6.70. The transverse shear stresses 123, 713 and o3 are
presented for two different thicknesses in Figure 6.71. The laminate thickness has a
significant effect on the normal stresses at the top center of the laminate. For a
thicker laminate, normal stresses o and 65, are greatly reduced but the transverse

shear stresses 113 and 123 are only slightly less than that of the thinner laminate.

The transient strains are presented in Figures 6.72, 6.73. The numerical
simulations of the delamination shape and size at the interface containing the major
delamination of the laminates are shown in Figure 6.74. Apparently, delamination in
thin laminates is more serious than that in thick laminates. Impact damage behavior
changes with the thickness.
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Figure 6.71 History of the stresses 723, 713 and o3 calculated by 3DIMPACT at two
different thicknesses ((0°,90%¢, 150 mm by 150 mm, 2600 g and 3 m/sec).
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In fact, the result that higher the thickness of the specimens have higher peak
forces coincides with the fact that the higher thickness of the laminates the stiffer the

composite laminate.

The dynamic response, such as the impact force, is greatly influenced by the
thickness. The thickness of composite materials is a dominant parameter that governs

the dynamic response and damage mode of impacted ones.
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CHAPTER SEVEN

CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

The impact behavior of E-glass/epoxy laminated composite plates under low

velocities is considered experimentally and numerically. A range of laminated

composite plates is impacted under different impact conditions using a drop-weight

apparatus. A numerical evaluation of these specimens is also carried out by using

3DIMPACT transient dynamic finite element analysis code. From the results

obtained, the main conclusions are as follows:

The contact force is directly proportional to the impact velocity while the
duration of contact is insensitive to it. Concerning the effects of projectile
velocity on the dynamic response of an impacted laminate, it is found that the
impact forces and center deflections, transient stresses and strains and

delaminated area are directly proportional to the projectile velocity.

The heavier impactor mass would increase the contact force as well as the
contact duration. The shape of the force history changes noticeably as the
mass varies. The magnitude of contact forces, deflections, stresses and
strains, and delaminated area increases as the impactor mass increases.

Similarly the duration of contact increases as the mass increases.

Impact response is dependent on laminate geometries. For unidirectional fiber
reinforced laminated composite, the smaller the width of the rectangular

composite laminate the higher the contact duration and the highest impact
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force is obtained for intermediate rectangular specimens (150 mm by 100
mm). For woven reinforced laminates, the result that rectangular specimens
with larger widths have higher peak forces coincides with the fact that the
larger the width of the laminate dimensions the stiffer the composite

laminate.

e The dynamic response, such as the impact force, is greatly influenced by the
thickness. The thickness of the composite materials is a dominant parameter
that governs the dynamic response and damage mode of impacted ones. The
impact response of the composite laminates changes significantly as the
laminate thickness increases. The reason of this behavior is the flexural and
contact stiffness varying according to thickness and thereby, causing the
impact behavior of a structure to change. The higher the thickness of the
composite laminate the higher the peak force. But the contact time duration
decreases with the increasing thickness. Apparently, delamination in thin
laminates is more serious than that in thick laminates. Impact damage

behavior changes with the thickness.

7.2 Recommendations

The following recommendations may be listed for further studies on the subject:

e The impact response of various composite materials such as carbon/epoxy or
kevlar/epoxy may be evaluated.

e The impact response of various laminate orientations, number of plies and
fiber volume fraction may be evaluated.

e The numerical approach for damage initiation and growth may be compared
with experimental observations and measurements.

o The dynamic strains of the composite plate under low velocity impact may be
measured using strain gage conditioning amplifier.

e High velocity impact may be studied.
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The effect of temperature on the low velocity impact response may be
evaluated.

Effect of low energy impact on the fatigue behavior of composites may be
studied. The fatigue behavior of the impacted and unimpacted laminates may
be compared.

The fracture mechanism of impact-induced delamination may be studied in
laminated composite under drop-weight impact.

The effect of impact damage on the subsequent load carrying capability of the
laminates may be assessed through a series of in-plane tension tests on
damaged specimens.

Compression after impact (CAI) tests may be performed to measure the

residual compressive strength.
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9.1 Contact Force History of the Plate (0°/0%90%90°%,
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Figure 9.1 Impact force-time history of (0°/0%90%90%); laminate under the impact
velocity V=1 m/sec and impactor mass m=2600 g (150 mm by 150 mm).
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Figure 9.2 Impact force-time history of (0°/0%90%90°%) laminate under the impact
velocity V=2 m/sec and impactor mass m=2600 g (150 mm by 150 mm).
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Figure 9.3 Impact force-time history of (00/00/900/900)s laminate under the impact
velocity V=3 m/sec and impactor mass m=2600 g (150 mm by 150 mm).
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Figure 9.4 Impact force-time history of (0°/0%90%90°%, laminate under the impact
velocity V=3 m/sec and impactor mass m=135 g (150 mm by 150 mm).
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Figure 9.5 Impact force-time history of (0°/0°/90%90°%), laminate under the impact
velocity V=1 m/sec and impactor mass m=2600 g (150 mm by 100 mm).
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Figure 9.6 Impact force-time history of (00/00/900/900)s laminate under the impact
velocity V=2 m/sec and impactor mass m=2600 g (150 mm by 100 mm).
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Figure 9.8 Impact force-time history of (0°/0%/90%/90%), laminate under the impact
velocity V=3 m/sec and impactor mass m=135 g (150 mm by 100 mm).
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Figure 9.9 Impact force-time history of (0%/0%/90%90%, laminate under the impact
velocity V=1 m/sec and impactor mass m=2600 g (150 mm by 50 mm).
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Figure 9.10 Impact force-time history of (0°%/0°/90%90°%) laminate under the impact
velocity V=2 m/sec and impactor mass m=2600 g (150 mm by 50 mm).
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Figure 9.11 Impact force-time history of (0°/0%/90%/90°%) laminate under the impact
velocity V=3 m/sec and impactor mass m=2600 g (150 mm by 50 mm).
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Figure 9.12 Impact force-time history of (0%/0%90%90% laminate under the impact
velocity V=3 m/sec and impactor mass m=135 g (150 mm by 50 mm).
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9.2 Contact Force History of the Plate (0°/-45°/45°)s
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Figure 9.13 Impact force-time history of (0%-45%45%, laminate under the impact
velocity V=1 m/sec and impactor mass m=2600 g (150 mm by 150 mm).
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Figure 9.14 Impact force-time history of (0%/-45%45%), laminate under the impact
velocity V=2 m/sec and impactor mass m=2600 g (150 mm by 150 mm).
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Figure 9.15 Impact force-time history of (0%-45%45°%; laminate under the impact
velocity V=3 m/sec and impactor mass m=2600 g (150 mm by 150 mm).
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Figure 9.16 Impact force-time history of (0%-45%45%, laminate under the impact
velocity V=3 m/sec and impactor mass m=135 g (150 mm by 150 mm).
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Figure 9.17 Impact force-time history of (0%/-45%45°%), laminate under the impact
velocity V=1 m/sec and impactor mass m=2600 g (150 mm by 100 mm).

4000
3500
3000 Al
g way

= 2500 - :

A ]
- . “

3 2000 ¥ 3DIMPACT
13

7 v e EXPERIMENTAL
€ 1500 .; .

1000 - hS
500 - 3
0 . r A
0 0,002 0,004 0,006
time (sec)

Figure 9.18 Impact force-time history of (0%-45%/45%), laminate under the impact
velocity V=2 m/sec and impactor mass m=2600 g (150 mm by 100 mm).
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Figure 9.19 Impact force-time history of (0%-45%45%, laminate under the impact
velocity V=3 m/sec and impactor mass m=2600 g (150 mm by 100 mm).
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Figure 9.20 Impact force-time history of (0%-45%45% laminate under the impact
velocity V=3 m/sec and impactor mass m=135 g (150 mm by 100 mm).
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Figure 9.21 Impact force-time history of (0%-45%45%, laminate under the impact
velocity V=1 m/sec and impactor mass m=2600 g (150 mm by 50 mm).
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Figure 9.22 Impact force-time history of (0%/-45%45%) laminate under the impact
velocity V=2 m/sec and impactor mass m=2600 g (150 mm by 50 mm).
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Figure 9.23 Impact force-time history of (0%/-45%45%, laminate under the impact
velocity V=3 m/sec and impactor mass m=2600 g (150 mm by 50 mm).
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Figure 9.24 Impact force-time history of (0%-45%45%, laminate under the impact
velocity V=3 m/sec and impactor mass m=135 g (150 mm by 50 mm).
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9.3 Contact Force History of the Plate (0°,90%¢ With Thickness 1.4 mm
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Figure 9.25 Impact force-time history of (0°,90% laminate under the impact velocity
V=1 m/sec and impactor mass m=2600 g (150 mm by 150 mm by 1.4 mm).
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Figure 9.26 Impact force-time history of (0°,90%)¢ laminate under the impact velocity
V=2 m/sec and impactor mass m=2600 g (150 mm by 150 mm by 1.4 mm).
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Figure 9.27 Impact force-time history of (0%,90% laminate under the impact velocity
V=3 m/sec and impactor mass m=2600 g (150 mm by 150 mm by 1.4 mm).
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Figure 9.28 Impact force-time history of (00,900)6 laminate under the impact velocity
V=3 m/sec and impactor mass m=135 g (150 mm by 150 mm by 1.4 mm).
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Figure 9.29Impact force-time history of (0°,90%s laminate under the impact velocity
V=1 m/sec and impactor mass m=2600 g (150 mm by 100 mm by 1.4 mm).
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Figure 9.30 Impact force-time history of (0°,90%)s laminate under the impact velocity
V=2 m/sec and impactor mass m=2600 g (150 mm by 100 mm by 1.4 mm).
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Figure 9.31 Impact force-time history of (0°,90%¢ laminate under the impact velocity
V=3 m/sec and impactor mass m=2600 g (150 mm by 100 mm by 1.4 mm).
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Figure 9.32 Impact force-time history of (0°,90%)¢ laminate under the impact velocity
V=3 m/sec and impactor mass m=135 g (150 mm by 100 mm by 1.4 mm).
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Figure 9.33 Impact force-time history of (0°,90%)s laminate under the impact velocity
V=1 m/sec and impactor mass m=2600 g (150 mm by 50 mm by 1.4 mm).
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Figure 9.34 Impact force-time history of (0°,90%)s laminate under the impact velocity
V=2 m/sec and impactor mass m=2600 g (150 mm by 50 mm by 1.4 mm).
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Figure 9.35 Impact force-time history of (0°,90%)s laminate under the impact velocity
V=3 m/sec and impactor mass m=2600 g (150 mm by 50 mm by 1.4 mm).
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Figure 9.36 Impact force-time history of (0°,90%) laminate under the impact velocity
V=3 m/sec and impactor mass m=135 g (150 mm by 50 mm by 1.4 mm).
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9.4 Contact Force History of the Plate (0°,90% With Thickness 2.8 mm
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Figure 9.37 Impact force-time history of (0°,90% laminate under the impact velocity
V=1 m/sec and impactor mass m=2600 g (150 mm by 150 mm by 2.8 mm).
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Figure 9.38 Impact force-time history of (O°,90°)5 laminate under the impact velocity
V=2 m/sec and impactor mass m=2600 g (150 mm by 150 mm by 2.8 mm).
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Figure 9.39 Impact force-time history of (0°,90%)¢ laminate under the impact velocity
V=3 m/sec and impactor mass m=2600 g (150 mm by 150 mm by 2.8 mm).
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Figure 9.40 Impact force-time history of (0°,90%¢ laminate under the impact velocity
V=3 m/sec and impactor mass m=135 g (150 mm by 150 mm by 2.8 mm).
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Figure 9.41 Impact force-time history of (0°,90% laminate under the impact velocity
V=1 m/sec and impactor mass m=2600 g (150 mm by 100 mm by 2.8 mm).
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Figure 9.42 Impact force-time history of (0°,90% laminate under the impact velocity
V=2 m/sec and impactor mass m=2600 g (150 mm by 100 mm by 2.8 mm).
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Figure 9.43 Impact force-time history of (0°,90%) laminate under the impact velocity
V=3 m/sec and impactor mass m=2600 g (150 mm by 100 mm by 2.8 mm).
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Figure 9.44 Impact force-time history of (0°,90%)s laminate under the impact velocity
V=3 m/sec and impactor mass m=135 g (150 mm by 100 mm by 2.8 mm).
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Figure 9.45 Impact force-time history of (0°,90%) laminate under the impact velocity
V=1 m/sec and impactor mass m=2600 g (150 mm by 50 mm by 2.8 mm). "
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Figure 9.46 Impact force-time history of (0°,90%)s laminate under the impact velocity
V=2 m/sec and impactor mass m=2600 g (150 mm by 50 mm by 2.8 mm).
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Figure 9.47 Impact force-time history of (0°,90%) laminate under the impact velocity
V=3 m/sec and impactor mass m=2600 g (150 mm by 50 mm by 2.8 mm).
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Figure 9.48 Impact force-time history of (0°,90%) laminate under the impact velocity
V=3 m/sec and impactor mass m=135 g (150 mm by 50 mm by 2.8 mm).



