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Global-Local FE Simulation of a Plate LVI Test
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Abstract: The aim of the proposed research activity is to investigate on the structural behaviour of laminated composite plates, in order to develop numerical models able to describe their "damage resistance" under low velocity impacts. To
achieve these results it is necessary to provide understanding of and ultimately
predict the initiation and the progression mechanisms of damage. Since analytical
closed-form methods are unable to describe simultaneously different failure modes
and experimental testing can give indications only for specific cases, not generally
applicable, it is necessary to improve numerical techniques, which on the base of
opportunely selected and calibrated models are able to describe and forecast the
damage growth behaviour. A global/local modelling approach has been used to
develop explicit finite element analyses of the impact event, including damage initiation and propagation. For validation purpose, numerical results are compared
with data from two series of experimental impact tests, by considering impact energy values of 50 J and 100 J, respectively.
Keywords: Composite, Low Velocity Impact, Finite Element Analysis, Damage.
1

Introduction

Studies on delaminations and on other damage mechanisms involved in a composite
structure failure have been conducted separately. Indeed, in literature, several works can be found which are dedicated separately to delamination and intra-laminar
damages; however these phenomena are seldom analyzed together by discussing
how the interferences between the different damage mechanisms can influence their
evolution under various loading conditions. The delamination damages have been
extensively investigated both experimentally and numerically and, when applicable, analytical models have been developed. A first analytical model has been
developed by Chai, Babcock and Knauss (1981) where, based on the “thin film”
approximation, a prediction of the strain needed to cause delamination buckling is
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given together with an approximate evaluation of the energy release rate for the delamination growth initiation in a composite laminate under compressive load. Further analytical works have been made by Kardomates and Schmueser (1988) who
investigated the buckling and post buckling behavior of homogeneous orthotropic
linear elastic laminates with a through-width delamination taking into account also
transverse shear effects. Earlier numerical studies have been carried out by Whitcomb (1986), where 2-dimensional models have been proposed. 3-dimensional
numerical approaches are presented by Fei, and Yin (1984). All the cited models,
even if capable to provide a realistic stress distribution in the delamination area, are
not able to simulate the growth of delaminations. In Armentani, Caputo, Esposito and Godono (2004), Riccio, Caputo and Tessitore (2013), Riccio, Zarrelli and
Caputo (2013), Nilsson, Thesken, Sindelar, Giannakopoulos and Storakers (1993);
Caputo, Esposito, Perugini and Santoro (2002), 2D and 3D models are presented,
with the aim to describe the delamination growth by adopting the Virtual Crack
Closure Technique to evaluate the Energy Release Rate. Considerable either numerical or experimental studies have been also devoted to the understanding of the
damage onset and propagation in composite structures in terms of matrix and fiber
breakage [Lamanna, Caputo, Di Gennaro, Lefons and Riccio (2013)]. Experimental activities, aimed to characterize the damage in terms of matrix and fibers breakage in laminated composites, are presented by Allix and Blanchard (2006). Often,
from an experimental point of view, fiber and matrix cracking in composites have
been found strongly related to the delamination onset and growth events [SharifKhodaei, Ghajari and Aliabadi (2012)]. From an analytical and numerical point of
view, the progression of damage in composites in term of matrix and fiber failure is
the subject of several papers. The failure criteria and the material properties degradation rules are identified as the basic steps for a progressive damage approach in
composite structures. In order to take into account the degradation of the material
properties on failure occurrence, several material degradation models are available
in literature. Three categories for the material degradation models can be identified:
instantaneous unloading [Murray and Schwer (1990)], gradual unloading [Petit and
Waddoups (1969)] and constant stress at ply failure [Nahas (1986)]. However none
of the previously cited research works deals with the interactions between delamination and matrix-fiber damage mechanism in laminated composites under any
loading conditions. These interactions can have a relevant role in particular for
delaminated composite plates under impact loading, compression loading or compression after impact loading. Hence, for the simulation of the complex physical
phenomena behind the impact and/or compressive behavior of delaminated plates,
the development of integrated numerical methodologies considering simultaneously the presence of different damage mechanisms in composites becomes mandatory.
The aim of this work is to develop, through a numerical-experimental correlation,
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a modeling and a simulating technique for a Low Velocity Impact event involving
a laminate composite structure.
2

Description of composite failure mechanisms

There are different types of damages interesting composite structure: the breaking
of the fibers, the progressive damage in the matrix (matrix cracking), the interface
damage between fibers and matrix (debonding) and the stress concentration around
a crack [Caputo, Lamanna and Soprano (2006, 2011, 2012-3, 2013-2)]. In this
case the damages are often caused by in-plane layer stresses. Another type of
damage is the delamination between different layers. This damage is caused by the
interlaminar out of plane stress components [Lekhnitskii (1968); Hashin (1980);
Ferencz (1989); Johnson and Cook (1985); Liu (1988)]. The damage mechanisms
can evolve independently, or may interact with each other.
In the present paper, the ply failure is modeled within the Abaqus Explicit Solver®
by considering Progressive Damage of Fiber-Reinforced Composites technique,
while the delamination failure is modeled by using the cohesive elements technique
[Spilker, Verbiese, Orringer, French, Witmer and Harris (1976)]. The following
subsections describe the two different numerical techniques.
2.1

Progressive damage modeling

The progressive Damage technique implemented in the Abaqus® code offers a
general capability of modeling progressive damage and failure in fiber-reinforced
composites.
Four different modes of failure are considered, which are fiber rupture in tension
and compression, and matrix cracking under transverse tension and compression.
In Figure 1 the constitutive law modeling the progressive failure of a finite element
is shown.
The undamaged constitutive behavior is defined as orthotropic elastic. The FiberReinforced Composite damage model combines an initialization phase and a propagation phase. When the element stress exceeds a limit value, the element is considered partially damaged and the damage propagation starts.
The point A in Figure 1 shows the damage initiation followed by the material stiffness degradation. The damage initiation criteria for fiber reinforced composites are
based on Hashin’s theory (Hashin (1980)]. In Table 1, the Hashin’s failure criteria
are summarized.
The path A-B shows the damage evolution that defines the post damage-initiation
material behavior. It describes the rate of degradation of the material stiffness once
the initiation failure criterion is satisfied. For the damage propagation, a linear
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Figure 1: The damage definition of the material

evolution law has been considered. This law is based on the energy dissipated
during the process. A linear material stiffness softening is assumed. In particular,
the damage evolution considers the longitudinal and transverse fracture energies.
By default, an element is removed (deleted) once the damage parameters for all
the failure modes at all material points in the element reach the value “Dmax”
(max degradation). The damage evolution based on fracture energy is also used in
cohesive element modeling approach that is described in the next sub-sections.
Table 1: Hashin’s failure criteria
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2.2

Interlaminar Damage

In order to capture the phenomena of delamination, special finite elements have
been used, the cohesive elements, which aim at reproducing correctly the characteristics of stiffness, strength and fracture toughness of the interface between different
layers.
The main advantage that these elements provide consists in the ability to predict
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both the initiation and the propagation of delamination defect, without any knowledge of the initial position of the crack and of the direction of propagation [Caputo,
Lamanna, Lanzillo and Soprano (2013)].
The cohesive element is an element based on the theory of continuous with reduced
thickness and it is used to simulate situations where the thickness of bonding is
much lower than that of the elements in contact, as happens in composite laminates.
The mechanical response of the cohesive element is described through a constitutive load relating the interlamina stress to the separation displacement between the
nodes linked via cohesive element (Figure 2). With increasing interfacial separation, the traction across the interface reaches a maximum, decreases and eventually
vanishes so that complete decohesion occurs. Hence, the constitutive response in
cohesive elements for delamination modeling is characterized by an initial damage phase, a damage evolution phase and the possibility to remove full damaged
elements.
The cohesive damage evolution is usually based on two types of criteria. The first
one is an energy criterion, the second one is a displacement criterion. Therefore,
the total fracture energy must be specified when the energy criterion is used, while
the post-damage ultimate displacement at failure of the element must be defined
for displacement criterion. The fracture energy is defined as the area under the
constitutive response curve [Puck and Schürmann (2001)].
In this work the damage evolution based on fracture energy has been used.
In the graph of Figure 2, relative to the considered constitutive law, it is possible
to distinguish the two areas in which the element shows different behaviors: in
the first zone, where there is still contact between the surfaces, the tension in the
element increases linearly with the relative displacement the slope of the straight
line is equal to Kp, a penalty stiffness value; in the second zone, that is when the
relative displacement become greater than the displaceement δ0,I , the reaction of
the cohesive decreases with increasing displacement.
The force exerted by the element decreases to zero for a limit value of displacement
δmax,I for the i-th mode of fracture.
3

Validation analysis

The problem used as reference case in order to validate the proposed numerical
methodology consists of a Low Velocity Impact (LVI) on a composite plate specimen according to the ASTM D7136 (American Standard Test Method for Measuring the Damage Resistance of a Fiber –Reinforced Polymer Matrix Composite
to a Drop-Weight Impact) regulations. Generally, LVIs produce interlaminar and
intralaminar damage which can significantly reduce the load capability of the plate.
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Figure 2: Bilinear cohesive constitutive law

According to the above mentioned standard test, the plate is impacted by a rigid
hemispherical body with a fixed kinetic energy value.
3.1

Test case description

The experimental data of the impact test were developed at CIRA (Centro Italiano
Ricerche Aerospaziali) laboratories. The test is a simple LVI on a clamped composite plate specimen made of CFRP composed by 24 plies [(45,-45,0,90)3 ]sym . The
specimen is impacted by a steel hemispherical impactor with a diameter of 20 mm
and a mass of 7.5 Kg. The drop height is chosen in order to obtain the desired impact velocity and impact energy. In this work, impact tests were performed at 50 J
and 100 J. The global plate thickness is 4.3 mm where each ply is 0.179 mm thick.
A comprehensive material characterization test campaign was carried out before
the impact tests. In Table 2 the material properties of the unidirectional lamina are
summarized.
3.2

FE Model

A Global-Local approach has been used to model the composite plate specimen:
a refined mesh in the impact zone has been adopted and a coarser one has been
considered in the rest of the model [Sellitto, Borrelli, Caputo, Riccio, and Scaramuzzino (2012)]. This technique allows reducing the required CPU time. In the
impact zone, each composite ply has been modeled with one layer of finite element.
Furthermore, between two layers, cohesive elements have been placed to simulate
the ply bonding.
Since the plate is composed by 24 plies, 23 layers of cohesive elements have been
used. The thickness of cohesive elements is 0.001 mm.
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Table 2: Material Properties
Longitudinal Young’s Modulus E11
Transverse Young’s Modulus E22
In Plane Shear Modulus G12 = G13
In Plane Shear Modulus G23
Poisson’s ratio v12= v13
Poisson’s ratio v23
Critical ERR-MODE GIC
Longitudinal Tensile Strenght Xt
Longitudinal Compressive Strenght Xc
Transverse Tensile Strenght Yt=Zt
Transverse Compressive Strenght Yc=Zc
Shear Strenght S12 =S13
Shear Strenght S23
Critical ERR-MODE II-III GII−IIIc

156
8.35
4.2
2.52
0.33
0.55
288
2500
1400
75
250
95
108
610

GPa
GPa
GPa
GPa

Jm−2
MPa
MPa
MPa
MPa
MPa
MPa
Jm−2

Figure 3: Boundary conditions

The Shell Continuum (SC8R) and Cohesive (COH3D8) elements have been selected from the Abaqus element library. Algorithms of dynamic explicit analyses have
been used [Gallo and Piccirillo (2012)], by enabling the removal element capability. The tup has been modeled as a rigid body, with mass and velocity values able
to simulate the real test conditions. In Figure 3 the FE boundary conditions are
shown.
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The local zone is linked with the global zone via “tie constraints” elements, chosen
from the ABAQUS elements’ library. This technique allows linking all degrees
of freedom of a geometrical surface to another surface. In this case the node to
surface contact is used improving numerical convergence of results. Two different
methods are available for modelling composites with both continuum shell and
cohesive elements: using a coincident or not coincident mesh (Figure 4).

Figure 4: Different strategies for modelling composites

A coincident mesh between the cohesive and composite layer makes the model
simpler and less computationally expensive (no use of tie constrains), but the necessity to have a very fine mesh in the cohesive layers leads to have too muchsmall
elements in the model.
By using not coincident meshes, the possibility to locally change the elements
sizes allows for optimization of the element’s dimensions and consequently the
dimension of the total model. This technique is more complex and makes the preprocessing phase more laborious, but in some cases it may allow to save computational time. All the FE models presented here have been prepared by using the
coincident mesh strategy.
3.3

FE Results and Numerical-Experimental Correlation

The FE model described above has been used to simulate both impact experimental
tests, at energy value of 50 J and of 100 J. In the Figures 5 and 6 the numerical
results for the test case at 50 J are compared to the experimental ones. In particular
the impactor force (Figure 5a), the absorbed energy (Figure 5b), the impactor displacement (Figure 6a) and the impactor velocity (Figure 6b) are plotted as function
of the time.
As expected, the impact force increases with the increasing of impact energy producing more damage [Ghajari, Sharif-Khodaei, Aliabadi, and Apicella (2013)].
The force increases almost linearly up to about 8000 N where a first sudden force
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drop, indicating the onset of the first damage, can be appreciated. Further force
drops are registered successively due to the damage propagation.
The numerical force curve has been found in a good agreement with the experimental results. As matter of the fact, the first ply failure load, the maximum impact
force and the duration of the impact event are reproduced accurately. Also, the
maximum displacement predicted by the FE model is in agreement with the experimental one. The energy absorbed by the plate is slightly underestimated and
for this reason the numerical impactor final velocity (1.85 m/s) is greater than the
experimental value (0.8 m/s).

Figure 5: Force vs Time (a); Energy vs Time (b)

In the Figure 7 the numerical results of the interlaminar damage associated with the
failed cohesive element are shown.
In Figure 8, the force vs. displacement numerical curve is reported. The envelope
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Figure 6: Displacement Impactor vs Time (a); Velocity vs Time (b)

Figure 7: Envelope Delamination (Energy Impact 50 J)
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Figure 8: Force vs. Displacement Curve (Energy Impact 50J)
Table 3: Comparison between numerical and experimental value
Impact 50J
Delamination
Displacement
Force

Numerical
Values
750 mm2
6.67 mm
12300 N

Average
experim. values
1095,67 mm2
6.69 mm
11603 N

Percentage
change
- 31.54%
- 0.29%
+ 6.0%

Table 4: Comparison between numerical and experimental data for the 100J impact
test
Impact 100J
Numerical
Average
Percentage
Values
experim. values
change
2
2
Delamination
2025 mm
1880,67 mm
+ 7.67%
Displacement
10.6 mm
10.63 mm
- 0.28%
Force
14300
12898
+ 10.86%

of failed cohesive elements is also shown at different time in order to have an idea
about the progression of the intralaminar damage. It can be noted that after reaching
the peak force, the delamination continues to increase and reaches its final shape
close to the point of maximum displacement.
In Table 3 and 4 it is shown the comparison between the numerical and experimental data in terms of delaminated area extension, maximum displacement and peak
value of the impact force respectively for the 50J and 100J tests. The estension
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of the damaged area has been measured experimentally by means of ultrasonic Cscan. As mentioned above, a good agreement has been found for the peak force
and peak displacement. The damaged area is underestimated and this reflects the
underestimation of the absorbed energy.
4

Conclusions

Numerical studies for the structural analysis of a composite plate subjected to low
velocity impact have been carried out. The described methodology is appropriate
for the simultaneous study of the interlaminar and intralaminar damage in the composite structure and has been validated against experimental standard impact test
results.
These numerical studies have provided very interesting results regarding Low Velocity Impact damaging mechanism of a composite plate. The considered numerical techniques allow estimating damages in good agreement with experimental
results.
The failure criteria modeling technique allowed predicting delamination growth
(cohesive element criterion) and fiber and matrix failure (maximum stress criterion). A Global-Local modeling Approach has been used to model the plate specimen, gaining CPU time.
The development and validation of these techniques lead to a significant benefit in
the industry especially in the certification process.
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