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Abstract The prediction of dynamic behavior for composite laminates is very complex, because of many concurrent
phenomena can take place during impact load. Fiber breakage, delaminations, matrix cracking, p lastic deformations due to
contact and large displacements are some effects. Thus, in this work, some mechanisms are simulated by using a new
failure model, which considers five failure modes: two for fiber-failure (FF) and three for inter-fiber-failure (IFF). For FF
modes, the ply fails under longitudinal tension or compression. For IFF modes, the ply fails under shear stress combined to
transverse tension (Mode A) or transverse compression stress (Mode B or C). Each failure mode has a failure criteria and
an associated degradation function, which decreases the engineering material properties, requiring an iterative procedure
for the process of failure analysis. The material model is implemented as sub-routines written in Fortran (UMAT and
VUMAT), which are linked to Abaqus™. First, the material model parameters were identified based on experimental tests.
Second, two parameters were calibrated by using three-point bending tests and implicit numerical simulations with UMAT
sub-routine. A computational program in Matlab was developed in order to control the calibration process and the
post-processing of the results. After calibration procedure, the material model proposal was applied to predict the response
of thin composite disks under impact loads. The finite element analyses via VUMAT were carried out considering the
influence not only of the torque value on the screws of the composite disk fixation device, but also the friction coefficient
between the composite disk and the fixation device. Finally, the finite element results were compared to experimental data
and it was discussed the advantages and limitation of the material model proposal.
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. when a structure made of composite material is impacted by
1. Introduction a foreign object. Therefore, it is very common to find many

o the | teria of aircraft : b research works about this issue at the literature, for example:
During the last years, criteria of aircraft projects have g, ot 4 [2], Ribeiro et al.[3] and Tita et al.[4].
been more and more rigorous for structural components,

which are developed to absorb impact energy. Numerical
and experimental investigations about the development of
structural components with high crashworthiness have been
carried out by the aeronautical industries. In fact, the project
concept for structural components with  high

In this work, each failure mode has a failure criterion and
an associated degradation function, which decreases the
engineering material properties, requiring an iterative
procedure for the process of failure analysis (Progressive
Failure Analyses — PFA). Thus, a material model proposal
was implemented as Fortran sub-routines (UMAT and

crashworthiness depends on the crash resistance concept VUMAT) linked to finite element package Abaqus™ for
described by Kindervater and Georgi[l]. The crash implicit and explicit numerical simulations. First, the

resistz.mce concept s . basefi on the energy absomtion material model parameters were identified based on
capac1t.y and stmcmral mtegnty. However, Fhe prediction of experimental tests described at the literature. Second, two
dynamic behavior for composite laminates is very complex, parameters were calibrated by using three-point bending
becgusg of many cogcurrent phenomena can take pla(?e tests and implicit numerical simulations with UMAT
during impact load. Fiber breakage, delaminations, matrix g b o tine. Therefore, Finite Element (FE) analyses were

cr.acllﬂng, plastic deformaft;ons dulc:tz t}llle c;)ntact anq large performed for a set of parameters. A computational
displacements are some effects, which should be considered program in Matlab was developed in order to control the

) calibration process and the post-processing of the results.
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Lo g After calibration procedure, the material model proposal
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with VUMAT sub-routines. The finite element analyses
were carried out, considering the influence not only of the
torque value on the screws of the composite disk fixation
device, but also the friction coefficient between the
composite disk and the fixation device. Finally, the finite
element results were compared to experimental data and it
was discussed the advantages and limitation of the material
model proposal.

2. Material Model

The material model proposal in this work is a new
combination o fdifferent failure criteria and degradation laws
developed by other researchers. This approach combines the
advantages of different models. For example, Hashin’s
theory[5] has a good performance to identify fiber failure.
On the other hand, Puck and Schiirmann’s model[6-7]
perform good predictions for inter fiber failure. Furthermore,
the Matzenmiller’s degradation law[8] is a good strategy for
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fiber direction. Moreover, there is a new method for
calibration of material model parameters.

2.1. Mathematical For mul ation

The material model proposal considers five failure modes
for the composite material, which can be divided in two
major groups: Fiber Failure (FF) and Inter-Fiber Failure
(TFF). The material model criteria for fiber failure (FF) are
based on Hashin’s Theory[5]. The material model criteria for
inter-fiber failure (IFF) are based on Puck’s Theory[6-7].
Fiber failure criteria are evaluated for tensile loads (FF-T)
and for compressive loads (FF-C) in direction 1. Inter-fiber
failure criteria are evaluated for three failure modes: Mode-A
(IFF-A), Mode-B (IFF-B) and Mode-C (IFF-C). It is
important to highlight that the Puck’s work nomenclature is
used in this paper, i.e. || is related to the direction of the fibers
and L is associated to the transverse direction of the fibers.
The IFF modes consider that the failure occurs in the plane
2-3 as shown by Figure 1. IFF-A mode is caused by shear
and transverse tensile stress. IFF-B and IFF-C modes are
produced by shear and transverse compressive stress.

= A
R,

Figure 1. Failure surfaces for IFF Mode

Table 1 can summarize the equations and parameters associated to the material model proposal. The actuating plane stress
state determined by the constitutive equations is verified by using the failure criteria and the allowable stresses. Each failure
criterion gives a value, and if this value is greater than the unit, then it indicates the material failure. Thus, once it is verified
the failure in a material point, i.e. the failure index fgr > 1 or figr > 1, the material properties of this region of the continuum
needs to be reduced as a consequence of the failure mode. Thus, associated to each failure mode, there are degradation laws
where mechanical properties are decreased based on experimental observations. For FF failure modes, the longitudinal
Young’s Modulus (E;) is reduced according to the parameter o, considering the Matzenmiller’s Theory[8], and the transverse
properties (E,, vi; and Gj,) are assumed to be zero (Table 1). Ifthe ply fails under IFF modes, then the longitudinal properties
are not changed, but the E, and Gj; are decreased according to the parameter 1 established by the Puck and Schiirmann’s
work[6-7] (Table 1). As it is observed, the material properties are reduced when FF or IFF take place. Then, considering a
Progressive Failure Analyses, this reduction can influence the FF or the IFF process in the next step. Thus, it is possible to
mention that there is certain interaction between fiber failure and inter-fiber failure.
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Table 1. Summary of the material model proposal: failure criteria and degradation laws
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FF-T: Fiber failure under tensile stress (743 > 0)
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Figure 2 shows the parameters variation (e and m) for composite specimens made of unidirectional (UD) prepreg M10[4,
9], using the degradation law of FF mode.
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Figure 2. Parameters variation e andm in function of strain: composite specimens made of UD prepreg M10
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As observed in the Figure 2, it was necessary to use experimental data to identify the parameters e and m. After some
calculi based on the experimental results for[0];¢ uniaxial tensile tests of UD prepreg M 10, the parameters e equal 9.5 and m
equal 3.8 showed a good correlation between the fit curve and the experimental results[4, 9] as shown by Figure 3(a). Due to
the difficult to obtain the complete experimental test curves for compression loadings, the material model parameters were
identified using the value of ultimate compression stress, which is equal 930 MPa[4, 9]. Thus, the parameters value of e equal
16.0 and m equal 4.7 have shown to performthe best fit for the compression part of the curve as shown by Figure 3(a).

Figure 3(b) shows the degradation variables related to IFF modes. The parameters 7z and 7 depend on the failure index fipg.
Since the UD prepreg M 10 consist on a composite made of epoxy resin reinforced by unidirectional carbon fiber, it was used
the same values obtained by Puck and Siihrmann for carbon-epoxy composite specimens[7].
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Figure 3. Degradation parameters: (a) fit curves (FF mode); (b) parametersn (IFF modes)[7]

2.2. Computational Implementation and Parameters Calibr ati on

The material model proposal was imp lemented as a Fortran subroutine for imp licit finite element code,using UMAT (User
Material Subroutine), which was linked to software Abaqus™. Figure 4 shows the method used during the parameters
calibration process, where a program in MatLab was developed in order to carry out automatically this procedure.

As flexural loadings are very important during low velocity impact on composite structures, two material model
parameters were calibrated, considering these loadings, before to be used in the explicit finite element analyses. Finally, after
a comp lete degradation the respective elements are retained with almost zero stiffness to avoid numerical issues.
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Figure 4. Methodology used for parameters calibration

3. Finite Element Models

Two groups of Finite Element (FE) models were
developed in this work. The first group simulates three-point
bending tests of[0];p and[0/90/0/90/0], laminates, i.e.
implicit finite element analyses. This group was used not
only to evaluate the material model proposal (implemented
via UMAT), but also to calibrate material model parameters
m and e related to the degradation of material properties due
to fiber failure mode (FF). The second FE models group
simulates impact test on a composite disk, i.e. explicit finite
element analyses. This group was used to evaluate the
limitation and advantages of the material model proposal
(implemented via VUMAT), considering the influence not
only ofthe torque value on the screws of the composite disk
fixation device, but also the friction coefficient between the
composite disk and the fixation device.

3.1. Three Point Bending Finite Element Model

These FE models consist on a flat composite plate (made
of UD prepreg M10) to simulate 3-point bending test. Table
2 shows the material elastic properties and the strength
values used in the implicit numerical simulations.

The flat plate had 80 mm of length, 25 mm of width and
span of 58 mm between supports (Figure 5). The supports
had diameter of 8 mm and were considered rigid. For
boundary conditions, all the degrees of freedom of the two
external rigid surfaces were restricted at the reference points
(Figure 5). A prescribed displacement of 8 mm in z direction
was applied at the reference point of the middle rigid surface
(Figure 5). Hard contact law implemented at AbaqusTM was

used to simulate the normal interactions between the
laminate shell and rigid surfaces of the 3-point bending
device. The step size for initial increment was equal 1% for
maximum increment and, equal 3% of the total prescribed
displacement.

Table 2. Elastic properties and strength values[4,9]

Hlastic Properties Value

Eu (Young modulus in 1-direction) 127 GPa
E» (Young modulus in 2-direction) 10 GPa
E33(Young modulus in 3-direction) 10 GPa
Gi2 (Shear modulus in plane 1-2) 54 GPa
Gi3 (Shear modulus in plane 1-3) 54 GPa
Gy3 Shear modulus in plane 2-3) 3.05GPa
V2 (Poisson’sratio 1-2) 034

V13 (Poisson’sratio 1-3) 034

V3 (Poisson’s ratio 2-3) 0.306
Strength Value

X (Tensile strength in 1-direction) 1400 MPa
Xc(Compression strength in 1-direction) 930 MPa
Y1 (Tensile strength in 2-direction) 47 MPa
Yc(Compression strength in 2-direction) 130 MPa
Zr (Tensile strength in 3-direction) 62.3 MPa
Si2 (Shear strength in plane 1-2) 53 MPa
Si3 (Shear strength in plane 1-3) 53 MPa
$3 (Shear strength in plane 2-3) 89 MPa

The finite element mesh is generated by shell elements
with full integration (S4) and three integration points through
the thickness for each layer. Figure 5 shows the finite
element model, where the equilibrium is considered on
deformed configuration. Also, the finite element analyses are
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performed by the control of the displacement of the load
applicator at the middle-span. Two stacking sequences were

evaluated in order to calibrate the material model parameters.

Laminate 1 had 1.73 mm of total thickness and stacking
sequence equal[0];o. Laminate 2 had 1.77 mm of total
thickness and stacking sequence equal[0/90/0/90/0];.

3.2. Impact Finite Element Model

These FE models consist on a flat composite plate (made
of UD prepreg M 10) under low velocity impact. Table 2
shows the material elastic properties and the strength values
used in the explicit numerical simu lations. In addition, it was
used the parameters calibrated by the three point bending
analyses. It is important to highlight that the impact analyses
follow guidelines provided by standard ASTM D5628-9[11].

The composite specimen was simulated by using shell
elements with full integration (S4) and three integration
points through the thickness for each layer (Figure 6). Also,
it was modelled the whole coupon fixture in order to have
more realistic boundary conditions (Figure 6). For the steel
fixture discs, it was used 8 nodes linear hexahedron ele ments
with full integration (C3D8). All the displacements degrees

B points
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of freedom of the lower metal disc were restricted. The
screws of the device were simulated by using 8 nodes linear
brick elements with reduced integration (C3D8R). Thus, in
order to investigate the influence of the torque on the screw,
a small Uz displacement was applied to simulate the screw
compression forces on the fixture steel disks. For 27 Nmand
50 Nm of torque, the Uz displacement is equal -0.157 mm
and -0.291 mm, respectively. The normal interaction
between the composite plate and fixtures was simulated
using a hard contact law. A penalty contact algorithm with a
specific friction coefficient was applied to simulate the
tangential interaction. Thus, in order to simulate the
influence of this parameter, two reasonable values (0.1 and
0.3) were selected to simulate the friction between composite
plate and steel fixture disks. The same interaction properties
were applied to simulate the contact between the impactor
and composite plate.

The mass of 1.2 Kg, which corresponds to the total of
impact mass, was simulated applying this value at the
impactor reference point. At this point, an initial velocity of
3.130 m/s is also imposed. The impactor was modelled by 4
nodes rigid bilinear quadrilateral element (R3D4).

S4 Shell .
element

Integration points
Reference ]
plane

Figure 5. Three point bending FE model: mesh, boundary conditions and element integration points

Impactor elements:
4-node 3-D bilinear
discrete rigid
quadrilateral - R3D4

Impactor BC's:
U,, U, and U, restri
V,=3.130 m/s;
M =1.2 Kg.

Plate elements:
+ 4-node doubly curved — St

X

Fixture elements:
C3D8R: 8-node linear brick,
reduced integration.

U,, U, and U, restricted

Solid hexahedron
element— C3D8

U, and U, restricted;
27 Nm -Displacement of —0.157 mm for U,
50 Nm -Displacement of —0.291 mm for U,

Figure 6. Impact test FE model: mesh, boundary conditions and initial conditions
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4. Results

4.1. Results for Three Point Bending Analyses

Figure 7(a) shows the FE results for[0];¢ (Laminate 1) and Figure 7(b), for[0/90/0/90/0]; (Laminate 2). The shaded areas
correspond to the experimental test envelop. Also, it is shown the numerical results provided by another material model[4].
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Figure 8. Three point bending tests and numerical simulations: (a)[0]i0; (b)[0/90/0/90/0]s.

After some imp licit simu lations, it is possible to select more adequate values for the parameters via calibration process via
the program in MatLab. For instance, Figure 8 shows a comparison between experimental and FE results provided by the
material model proposal, considering e equal 16.0 and m equal 4.7. It is important to highlight that these values were used in
the impact numerical analyses. As commented earlier, this strategy was applied, because the low impact velocity tests are
driven by flexural loadings. Thus, this is one of the reasons that three-point bending tests were selected to calibrate the
parameters of the material model proposal. There are other reasons for using three point bending tests, such as, it is a simple
test to be carried out and it is not so complicated to manufacture the composite specimens.

4.2. Results for Impact Analyses
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Figure 9. [0/90/0/90/0]; force vs. time impact results for 27 Nm of torque: (a) Experimental, undamaged and damage simulations results; ( b) Friction
coefficient influence on numerical analyses
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Figure 9(a) shows force-time graphics for thin composite
disk with stacking sequence[0/90/0/90/0]s, under 5.91 J
impact energy and 27 Nm of torque on screws of the fixture
device. In the experimental data, there is a region with
oscillations of high frequency (from 0 until 1.2 ms). From
1.8 ms, there are some small oscillations, which show
damage process. Due to the stacking sequence[0/90/0/90/ 0]
(cross-ply laminate), the main failure mechanisms are the
matrix rupture and delaminations, which reduces the global
stiffness of the structure. Therefore, there is not abrupt drop
of the impact force value after the progressive damage
process initiation.

The FE analyses via Abaqus ™ using the material model
proposal (implemented via VUMAT) were able to simulate
the initial oscillations of the impact (from 0 until 0.5 ms). By
the other side, the numerical simulations via Abaqus ™ with
no damage were also capable to simulate those initial
oscillations. However, the maximum peak force is closer to
the experimental maximum value when is used the material
model proposal. The duration of the impact event is around
4.1 ms for the experimental test, 4.2 ms for the damaged
model and 3.9 ms for the undamaged model (Figure

4000
3500

3000

1000

0 0.001

0.002

Time (s)

0.003

3500

3000

0 0.001 0.002 0.003

Time (s)

Figure 10.
coefficient influence on numerical analyses

9(a)).The influence of friction coefficient was also studied.
The results for friction coefficient (i) 0.1 and 0.3 are shown
in Figure 9(b). It is observed that the higher friction
coefficient increases a little the maximum force peak. This
increasing is due to the tangential interaction forces between
the fixture and composite plate, where higher friction
coefficient produces higher tangential reaction forces.

Table 3 shows results for the composite disk with stacking
sequence[0/90/0/90/0]s and 27 Nm of torque on screws, as
well as comparisons between experimental and FE results.

Table 3. Results for torque of 27 Nm -{0/90/0/90/0]

Max Force Error* Time Error*
(N) % (ms) Y%
Experimental 3048 - 4.1 -
Damage p=0.1 3252 6.7 42 24
Damage p=0.3 3329 92 42 24
Undamaged 3691 21.1 39 49

0.004

*Error = |(Experimental — Simulations) / Experimental

Impact - [0/90/0/90/0], - 50 Nm

—— Experimental
——Damage model p=0.1 (a)
——Damage model u=0.3

0.005

Impact - [0/90/0/90/0], - 50 Nm vs. 27 Nm

——Experimental
——Damage model p=0.1 - 27 Nm (b)

——Damage model u=0.1 - 50 Nm

0.004 0.005

[0/90/0/90/0] force vs. time impact results for 27 Nm of torque: (a) Experimental, undamaged and damage simulations results; (b) Friction
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Figure 10(a) shows the results forthin composite disk with stacking sequence[0/90/0/90/ 0], regarding the different friction
coefficients and 50 Nmoftorque on screws. As for the previous case, for lower friction coefficient, the model had the force
peak decreased a little bit. Figure 10(b) shows that there are not any difference between the results for 27 Nm and 50 Nm of
torque. Thus, for the next FE analyses, it is assumed that the torque value is equal 27 Nm, but different values for the friction

coefficient are still considered (0.1 and 0.3).

Figure 11(a) shows force-time graphics for composite disk with stacking sequence[0];o under 5.91 J impact energy. The
experimental data shows high frequency oscillations in the beginning of the impact event, as well as some lower frequency
oscillations (from 0 ms until 0.5 ms), which was not simulated by the FE models.
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Table 4. Results for torque of 27 Nm {0];o

Max Force Error* Time Error*
(N) % (ms) Yo
Experimental 2217 - 58 -
Damage p=0.1 2583 16.5 4.8 20.8
Damage p=0.3 2595 17.0 4.8 20.8
Undamaged 3478 28.1 4.2 38.1

*Error = |(Experimental — Simulations) / Experimental

Despite the others lay-up shown in this work, the 0° lay-up
shows an abrupt drop on the force around 1.8 ms. For this

[0710 force vs.time impact results for 27 Nm of torque: (a) Experimental, undamaged and damage simulations results; (b) Friction coefficient

laminate, failure mechanisms are more severe than for the
previous cases. For example, fiber breakage absorbs much
more energy than matrix damage[10]; so the force peak is
lower and the impact duration is bigger for this laminate.
The friction coefficient had a little effect on the numerical
results for[0];o laminates as shown by Figure 11(b). The
model with 0.3 friction coefficient resulted in a maximum
reaction force, i.e. only 12 N greater than the model with 0.1
friction coefficient (less than 0.5% of the maximum force).
Table 4 shows results for the composite disk with stacking
sequence[0]s and 27 Nm of torque on screws, as well as
comparisons between experimental and FE results. For this
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laminate, the deviations of FE results from the experimental
result are  greater than  for the  cross-ply
laminates[0/90/0/90/0]s regardless the friction coefficient.
However, it is possible to observe that the material model
proposal improves the finite element results, mainly the
prediction of maximum force.

Finally, Figure 12(a) shows force-time graphics for
composite disks with stacking sequence[+45/-45/+45/0/90]
under 591 J impact energy. The quasi-isotropic laminate
behaves rather similar to cross-ply laminates. For the
experimental data, there is a region with oscillations of high
frequency (fromOuntil 1.2 ms). From 1.8 ms, there are some
small oscillations, which show damage process. As for the
cross-ply laminate, the main failure mechanisms are the
matrix rupture and delaminations, which reduce the global
stiffness of the structure. Therefore, there is no abrupt drop
of the impact force value after the progressive damage
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0.004

process initiation. The FE analyses with the proposed
material model were capable to simulate the initial
oscillations of the impact (from 0 until 0.2 ms).

By the other side, the numerical simulations with
undamaged model were also capable to simulate those initial
oscillations. For this laminate, the maximum peak force
provided by the proposed material model as well as
estimated by the model with no damage are not so close to
the experimental maximum value. The duration of the
impact event is around 4.0 ms for the experimental, 3.8 ms
for the damage model and 3.8 ms for the undamaged model
(Figure 12(a)).

For this lay-up as for[0];¢ laminate, the friction coefficient
used to model the tangential behavior by the contact
algorithm did not affect the impact response (Figure 12 (b)).
The difference due to friction coefficient is only 36N, i.e.
less than 1% ofthe maximum simulation force.

Impact - [+45/-45/+45/0/90], - 27 Nm; p=0.1

—Experimental
—Damage model (@)

No damage

0.004 0.005

——Experimental
——Damage model p=0.1

(b)
Damage model p=0.3

0.005

[+45/-45/0/90]s force vs. time impact results for 27 Nm of torque: (a) Experimental, undamaged and damage simulations results; (b) Friction
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Table 5 shows results for the composite disk with stacking
sequence[+45/-45/0/90]s and 27 Nm of torque on screws, as
well as comparisons between experimental and FE results.

Table 5. Results for torque of 27 Nm {+45/-45/0/907;

Max Error* Time Error*
Force (N) % (ms) %
Experimental 3218 - 40 -

Damage 3800 18.1 38 49
u=0.1

Damage 3836 19.2 38 49
u=0.3

Undamaged 3955 24.1 3.6 9.9

*Error = |(Experimental — Simulations) / Experimental |

5. Conclusions

The material model proposal is a new failure model
because consists on a combination o fdifferent failure criteria
and damage evolution law. The parameters associated to the
degradation of the material properties due to fiber failure
were deeply investigated. It can be concluded that the
investigation of these parameters is fundamental to
understand how it affects the structural behavior, as well as
the relevance of one parameter in relation to the others. Ako,
it can be concluded that the calibration process of the
parameters related to the composite material model needs to
be consider for different stacking sequences.

Regardless the difficulties related to three point bending
tests (matrix crushing under the load applier), the material
model performed good numerical predictions for this
quasi-static case. However, the simulation for an impact
event represents a bigger challenge. As it can be observed,
the proposed material model could predict very well the
behavior of cross-ply laminates, determining with accuracy
the maximum force peak and the impact duration. On the
other hand, the model performance for the others lay-up was
not so good with error higher than 16% for force peak. This
can be partially explained through the calibration process,
which is better performed for cross-ply laminate. Another
reason for the poor model accuracy is due to lack of
delamination criteria. The simulation of this phenomenon is
essential for laminates, which presents mainly delaminations
during impact events.

A parametric investigation regarding the applied torque on
the fixture screws has shown that the influence on the results
was low for the applied values. Other parametric study
presented the effect of tangential friction coefficient used on
the Abaqus™ contact algorithm. Based on the FE results, it
is possible to conclude that the friction coefficient has a
small influence on the numerical simulations, considering
the investigated values.

Finite Element Analyses of Low Velocity Impact on Thin Composite Disks
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