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implemented in the software LS-DYNA, which considers different failure
modes in tension, compression, and shear, with a progressive failure model. It

ties using a logarithmic function. This material model is commonly used in the
literature for modeling glass fiber-reinforced composites while only a few stud-
ies related to aramid fiber-reinforced composites can be found. Aramid fibers
are one of the most common fibers used in the manufacturing of ballistic
shields due to their excellent mechanical properties. The scope of this study is
to evaluate the accuracy of the material model MAT 162 in simulating high-
velocity impact on aramid fiber-reinforced composites. An actual .357
Magnum projectile is impacted at different velocities, and therefore, different
scenarios from the arrest of the projectile to the full penetration of the target
are considered. MAT_162 is compared with MAT_058, which is a simpler
material model that needs less input material parameters and is therefore
easier to be implemented. Finally, parametric studies and a mesh convergence
analysis are performed.
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1 | INTRODUCTION

Ballistic shields are used whenever protection from external threats is required. Fiber-reinforced composites are a pre-
ferred choice for the manufacturing of ballistic shields for vehicles, where lightweight solutions are preferred to reduce
fuel consumption or increase payload, because they have a favorable combination of high strength and low density.
Aramid fibers are a common choice when high tensile strength and resistance to impact damage are required,' together
with reduced weight and a reasonable cost. High-velocity impact on aramid fiber-reinforced composites is usually
modeled using a macroscale approach where the material is considered as an equivalent homogenous medium, with no
distinction between the fibers and the matrix, with orthotropic mechanical properties.”**

Composite MSC (MAT_161 and MAT_162) is an enhanced material model for fiber-reinforced composites devel-
oped by Material Science Corporation and implemented in the software LS-DYNA, which considers different failure
modes in tension, compression, and shear with a progressive failure model. It takes into account the strain rate sensitiv-
ity of the strength and moduli properties using a logarithmic function.'? However, 34 input parameters are necessary
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for its implementation.'® Several studies are present in the literature where the material model is implemented for
modeling glass fiber-reinforced composites,"*'” while only few studies related to aramid fiber-reinforced composites
can be found. In some studies,”'® the material model MAT_162 is used for the simulation of high-velocity impact on a
combat helmet, which is manufactured from aramid fiber-reinforced composites, but these studies focus only on the
case of a projectile arrest without partial or full penetration of the target.

The scope of this study is to evaluate the accuracy of the material model MAT_162 in simulating high-velocity
impact on aramid fiber-reinforced composites. MAT 162 is chosen since it is a generalization of MAT 161. A .357 Mag-
num projectile is impacted at different velocities, and therefore, different scenarios from the arrest of the projectile to
the full penetration of the target are considered. MAT_162 is compared with laminated composite fabric (MAT_058),
which is a simpler material model that needs less input materials parameters and is therefore easier to be implemented.
The outcomes of the model simulations are compared with experimental results already obtained by the authors in
Scazzosi et al'® where an innovative analytical model for high-velocity impact on fiber-reinforced composites was devel-
oped. Furthermore, parametric studies and mesh convergence analysis are performed and reported in the present arti-
cle. In Section 2, the numerical models are described while the results of the simulation are discussed in Section 3.
Finally, conclusions are drawn in Section 4.

2 | NUMERICAL MODEL

The numerical models developed are aimed at simulating the high-velocity impact test already performed by the
authors for the validation of a new analytical model.'® In these experimental tests, a. 357 Magnum bullet was shot at
composite panels made of 14 layers of plain weave Kevlar 29 embedded in an epoxy matrix. This material has already
been characterized by the authors by means of tensile tests’: The elastic modulus was 10.06 + 0.65 GPa (calculated in
the strain range between 1.8 and 2.2%), and the tensile strength was 405.24 + 18.03 MPa. The bullet was shot at differ-
ent impact velocities ranging from 700 to 300 m/s to obtain the ballistic curve. For a more detailed description of the
experimental tests, the reader is referred to Scazzosi et al.t’

The two numerical models developed (see Figure 1), laminated composite fabric (MAT_058) and composite MSC
(MAT_162), were identical except for the material model used for the composite and for the mesh of the composite
panel, since the two material models adopted require different element types. The numerical models were three-dimen-
sional, and double symmetry of the problem was exploited to decrease the computational time.>**® This means that
only a quarter of the geometry was modeled and that suitable symmetry conditions were applied. The projectile was a
conical tip soft core bullet with a lead core and a brass jacket. The two components of the bullet were modeled as sepa-
rate entities using constant-stress solid element with complete integration. During the experimental tests, it was noticed
that the jacket was not ripped off during the impact but remained attached to the core. For this reason, a

(A)

FIGURE 1 Numerical model for

A, MAT_058 and B, MAT_162

(composite layers represented with
(B) different colors)
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TIED_SURFACE_TO_SURFACE contact was used to avoid relative motion between the nodes of the contact surfaces
of the two parts. ERODING_SURFACE_TO_SURFACE contact was used between the bullet and the target, and the
friction coefficient was set to 0.27.°° The materials of the bullet were modeled using the material model modified
Johnson-Cook with Cockcroft-Latham failure criterion (MAT_107). The input parameters are reported in Table 1. E
and v are respectively the elastic modulus and the Poisson's ratio; A, B, and n are the Johnson-Cook strain hardening
parameters; C is the strain rate sensitivity parameter; ¢, the reference strain rate; m is the thermal softening parameter;
Ty is the melting temperature; and W, is the Cockcroft-Latham parameter. The parameter C was obtained by fitting
the modified Johnson-Cook equation for strain rate sensitivity with the Johnson-Cook equation used in the original ref-
erence (Gilioli et al*! and Zukas® for lead and brass, respectively). The target was a composite panel, which was
modeled as a quarter of 80 X 80 mm and a thickness of 6.5 mm.'® The mesh is described in Sections 2.1 and 2.2 since it
depends on the material model used. Encastre boundary conditions were applied to the outer edges to model the effect
of the fixing frame.

2.1 | MAT_058: Laminated composite fabrics

Matzenmiller, Lubliner, and Taylor developed a constitutive model for anisotropic damage in fiber-reinforced
composites,?® which is implemented in laminated composite fabrics material model (MAT_058). The material model is
suitable for both unidirectional fiber-reinforced composites and woven fabrics composites. Here, the material model
with a smooth failure surface denoted as material 58b (chosen by selecting FS = 1 in the material card) is described
since it is the one adopted in this study.>* The failure criterion is the same in the 11- and 22-direction as defined in
Equations (1) and (2).

o 7
f = + — 7t =0, 1
U l—one)’X?, (1—01)’S? et )
2 2
o T
fa= 2 ~Tjet =0, (2)

(1—waey) Y2

o (1-wn)’s;
where X, Y., and S, are the material strengths, as described in Table 2, and o is a damage parameter that is different
in tension and in compression for the 11- and 22-direction, in order to account for one-sidedness, which is typical in
many materials, while it does not depend on the shear direction (12-direction). The reader is referred to Schweizerhof
et al** for the description of the damage model. The damage evolution is modified such that the stress does not fall
below a threshold value, which is defined by the parameter called SLIMxx equal to the ratio between the threshold
value (6min) and the strength as defined in Equation (3).%

TABLE 1 MAT 107 input parameters for the lead core and brass jacket

Material Lead Brass

E (MPa) 16 000! 115 000%

v 0.42% 0.31%
A (MPa) 0% 111.69%
B 55.552% 504.69%2
n 0.0987°! 0.42%2
éo (s7H 72.108* 1%

¢ 0.126 0.0085
T (K) 525%! 1189%°

m 1% 1.68%*

W, (MPa) 175% 914%°
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TABLE 2 MAT 058 input parameters for Kevlar29/epoxy

Symbol Property Value
p Density 1025 kg/m3’
E, Elastic modulus 1 10.06 GPa’
E, Elastic modulus 2 10.06 GPa’
E. Elastic modulus 3 6 GPa®
Uba Poisson's ratio 21 0.25°
Y Poisson's ratio 31 0.33°
Veb Poisson's ratio 32 0.33°
Gap Shear modulus 12 0.77 GPa®
Ghe Shear modulus 23 5.43 GPa®
Cles; Shear modulus 31 5.43 GPa®
X, Tensile strength 1 Defined as a function of the strain rate (see Figure 2A)
¥ Tensile strength 2 Defined as a function of the strain rate (see Figure 2A)
X Compressive strength 1 Defined as a function of the strain rate (see Figure 2B)
Y. Compressive strength 2 Defined as a function of the strain rate (see Figure 2B)
Se Shear strength 12 plane 77 MPa®
SLIMT1 Factor to determine the minimum stress limit (tension 1) 0.1
SLIMT?2 Factor to determine the minimum stress limit (tension 2) 0.1
SLIMC1 Factor to determine the minimum stress limit (compression 1) 1
SLIMC2 Factor to determine minimum stress limit (compression 2) 1
SLIMS Factor to determine minimum stress limit (shear) 1
ERODS Maximum effective strain for element erosion 1
Omin = SLIM, - strength (3)

The user can thus define different threshold values for the 11- and 22-direction in tension and compression (respec-
tively SLIMT1, SLIMC1, SLIMT2, and SLIMC2) and in the 12-direction (SLIMS). A small value for tensile failure
(SLIMT1 and SLIMT?) is usually preferred, between 0.05 and 0.1, while a value of 1 is usually preferred in compression
(SLIMC1 and SLIMC2) and shear (SLIMS).*

The values of X,, Y}, X, and Y, were defined as a function of strain rate by means of tabular data. The relation that
describes the value of the strength function of the strain rate is defined in Equation (4) (which is the same function used

in MAT_162).
0 =0y |:1+Cratelln (E ):| , (4)
€0

where o is the strength at the strain rate &, oy is the static strength, Crae1 = 0.0257,° and éy = 1 s™* to be consistent with
MAT_162. In both the 11- and 22-direction, the static strength in tension is 405 MPa’ while the compressive strength is
185 MPa.® The curves obtained by means of Equation (4) and given as an input to the software are shown in Figure 2.

ERODS is the maximum effective strain for element erosion, which is necessary to remove overstrained elements
from the model. This value must be chosen so that it does not affect the failure criterion and that the model is not pol-
luted by overstrained elements.*®

The material input parameters for Kevlar29/epoxy are reported in Table 2.

Since MAT_058 is implemented only for shell and thick shell elements, each layer of the panel is modeled as a sepa-
rate entity. Only one thick shell element trough the thickness of each layer was used (see Figure 1A). The dimensions
of the elements were 1 X 1 X 0445 mm where 0.445 mm is the average thickness of the layers.
AUTOMATIC_SURFACE_TO_SURFACE_TIEBREAK is the contact algorithm used to model the interaction between
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FIGURE 2 Strength-strain rate curve in 11- and 22- direction in A, tension and B, compression

the layers. In this algorithm, the nodes that lie on the faces at the interface between two adjacent layers are tied until
the interface failure criterion is satisfied. This is defined by Equation (5):

(6 +(5) e

where S, is the interfacial normal stress threshold and S; is the interfacial shear stress threshold, which were respec-
tively 34.5 and 9 MPa.®

2.2 | MAT_162: Composite MSC

The material model composite MSC (MAT_161 and MAT_162) is implemented to model either unidirectional or woven
fabric composites. In particular, MAT_162 was used in this study, which is a generalization of MAT_161 and adopts the
damage mechanic approach of Matzenmiller, Lubliner, and Taylor.>® Here, the material model for woven fabrics is
described (chosen by selecting AMODEL = 2 in the material card) since it is the one adopted in this study. The material
model implies seven failure criteria. The tension-shear fiber mode failures are defined in Equations (6) and (7):

Eq(er) ? Guen \’
—r2:< 4 ) + -7, 6
f7 7 SaT SaFS 7 ( )
Ep(e2)\?  [Gheers\’
fomri= () s (G2 g )
bT bES

where E,, E,, Geo, Gpes Sar> Sprs and SFS are the material input parameters as defined in Table 3, S, s = Sgs and
Sprs = SpsxSpr/Sar
The compression fiber mode failures are defined in Equations (8) and (9):

(e)E)]

Ea(—el— €3 E—C>

f9_r§: S _rg’ (8)
aC
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TABLE 3 MAT 162 input parameters for Kevlar29/epoxy

Symbol Property Value

p Density 1025 kg/m3’
E, Elastic modulus 1 10.06 GPa’
E, Elastic modulus 2 10.06 GPa’
E. Elastic modulus 3 6 GPa®

Uba Poisson's ratio 21 0.25°

Y Poisson's ratio 31 0.33°

Vep Poisson's ratio 32 0.33°

Gap Shear modulus 12 0.77 GPa®
Ghe Shear modulus 23 5.43 GPa®
Cles; Shear modulus 31 5.43 GPa®
Sar Tensile strength 1 405 MPa’
Sac Compressive strength 1 185 MPa®
Spr Tensile strength 2 405 MPa’
She Compressive strength 2 185 MPa®
Ser Through thickness tensile strength 34.5 MPa’
Src Crush strength 1200 MPa’®
Srs Fiber mode shear strength 1086 MPa’
SaB Matrix mode shear strength plane 12 77 MPa’
Sge Matrix mode shear strength plane 23 898 MPa’®
Sca Matrix mode shear strength plane 31 898 MPa®
Srrc Scale factor for residual compressive strength 0.3°

¢ Coulomb's friction angle 10°°
E_LIMT Element eroding axial strain 4.5°

S Scale factor for the delamination criterion 1.2°
OMGMX Limit damage parameter for the elastic modulus reduction 0.9975°
ECRSH Limit compressive relative volume for the element eroding 0.001°
EEXPN Limit tensile relative volume for the element eroding 5°

AM1 Coefficient for the strain softening property 0.5°

AM2 Coefficient for the strain softening property 0.5°

AM3 Coefficient for the strain softening property 1°

AM4 Coefficient for the strain softening property 20°

Crate1 Coefficient for the strain rate dependence 0.0257°
Crate2 Coefficient for the strain rate dependence 0.0246°
Crates Coefficient for the strain rate dependence 0.0246°
Chrates Coefficient for the strain rate dependence 0’

2 _
fro=ro=

where E,, S,c, and Sy are the material input parameters as defined in Table 3.
The crush mode failure is defined in Equation (10):
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fu-rn= (B o, (10)

Src

where Sk is a material input parameter as defined in Table 3.
The in-plane matrix mode failure is defined in Equation (11):

Gap(€12) 2
f12_r%2:< aSb _rfz’ (11)
a

where G,p, and S,;, are the material input parameters as defined in Table 3.
The parallel matrix mode failure (delamination) is defined in Equation (12):

E (63))2 ( Gpc€as )2 < Gea€31 )2
5 ) ¢ c ca 2
—ri, =S + + REEE 12
Jiz=r3 { ( S.r Sheo + Ssre Scao + Ssre 13 (12)

where S.1, Speo, and S, are the material input parameters as defined in Table 3. Sgrc is defined as

Ssrc = Ectang(—e3), (13)

where ¢ is the Coulomb's friction angle.

S is a scale factor introduced to provide a better correlation of the delamination area with the experiments.

The reader is referred to Material Science Corporation (MSC) and University of Delaware Center for Composite
Materials'* for a more detailed description of the material model.

MAT_162 also accounts for the effect of the strain rate by a logarithmic function on the strength and moduli proper-
ties, as defined respectively in Equations (14) and (15):

{Skr} ={So} {1+Crmelln({§o})], (14)

where Cpne; IS a material input parameter as defined in Table 3, {S} = {Sur Sac Spr Spc Src Srs} and {€
} = {|€1||81||82||92||€3|(8312 + 8232)1/2}.

(i} = o} 1+ Canahn ({5} )| 1s)

where {E} = {Ea Eb Ec Gab Gbc Gca}’ {E} = {|81||82||83||812||923||831|}, and {Cratel} = {CrateZ Crate2 Crate4 Crate3 Crate3 Crate3}-

The element is eroded when fiber tensile failure is predicted in both directions and the axial tensile strain is greater
than E_LIMIT, or the compressive relative volume in a failed element is smaller than ECRSH, or the tensile relative
volume in a failed element is greater than EEXPN. Also, an additional erosion criterion was added, using the card
MAT_ADD_EROSION, to remove overstrained elements. In particular, the element is removed when the maximum
effective strain is greater than 100% (EFFEPS = 1).

The material input parameters for Kevlar29/Epoxy are reported in Table 3.

MAT_162 is implemented for solid elements; therefore, constant-stress solid elements were used to mesh the panel.
The standard LS-DYNA viscous-type hourglass control (IHQ = 1) was used, and the hourglass coefficient was QM = 0.1.
The panel was modeled as a monolithic part and, by using the meshing technique explained in Material Science Corpo-
ration (MSC) and University of Delaware Center for Composite Materials,'* the material model automatically detects
delamination planes between each layer. In this way, there is a substantial reduction of contact interfaces and therefore
of the computational cost of the simulation. It is preferred that each layer is represented by at least three element
trough the thickness so that delamination, once it has occurred, is assigned to one third of the layer. For this reason,
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the element dimensions were 1 X 1 X 0.148 mm where 0.148 was equal to one third to the average thickness of the
layer. The numerical model implemented for MAT 162 is shown in Figure 1B.

3 | DISCUSSION

The results of the numerical models are compared with the experimental results in terms of the prediction of the ballis-
tic curve, which was calculated fitting the data on the Recht-Ipson model.”” The ballistic limit velocity was calculated
as the intercept of the ballistic curve with the axis of abscissas (axis of impact velocity).

Regarding MAT_058, a parametric study on the value of SLIMT = SLIMT1 = SLIMT?2 is shown in Figure 3A. The
values of SLIMT equal to 0.05 and 0.1, which are at the extremes of the range recommended in the software manual,*
yielded good result in terms of replication of the linear region of the ballistic curve (impact velocity higher than
430 m/s), but the baseline value of 0.1 yielded a better precision of the prediction of the ballistic limit velocity than the
value of 0.05. A value of SLIMT of 0.2 is out of the recommended range and increases the energy absorbed by the com-
posite material. For this reason, the predicted ballistic limit velocity was higher, and therefore, this prediction was more
accurate, but the numerical model failed to replicate the linear region of the ballistic curve. In Figure 3B, the parametric
study on the value of ERODS is reported. As defined in Section 2.1, this is the maximum effective strain for element ero-
sion and must be chosen so that it does not affect the failure criterion and that the model is not polluted by overstrained
elements.”® By increasing this value, the ballistic curve is shifted rightward and downward, meaning that the energy
absorbed by the composite material is increased. The most accurate prediction, considering both higher and lower
impact velocities, was the baseline value of ERODS = 1.0.

The numerical model implemented with MAT_162 satisfied an acceptability limit of about 10% of the ratio of the
hourglass energy over the total energy®® for impact velocities of 430 m/s and higher. This energy check was not satisfied
for lower impact velocities. Other viscous-type hourglass controls (IHQ = 2 and IHQ = 3) were tested, but they yielded
higher hourglass energy than the standard LS-DYNA hourglass control (IHQ = 1). Also, stiffness-type hourglass con-
trols available by the software were tested, but these hourglass controls are usually not recommended for high-velocity
impact, and indeed, they did not lead to realistic deformation of the composite panel. A parametric study on the value
of QM is shown in Figure 4A. By decreasing the baseline value of QM = 0.1 (which is the software standard value), the
hourglass energy was slightly reduced while the accuracy of the prediction of the ballistic curve was also slightly
reduced. Also, for the value of QM = 0.05, the hourglass energy check was not satisfied for impact velocities below
430 m/s. By increasing the value of QM, the hourglass energy was slightly increased, but, also in this case, the accuracy
of the prediction of the ballistic curve was slightly worse. In Figure 4B, the parametric study on the value of EFFEPS is
reported. As noted for Figure 3B, by increasing this value, the ballistic curve is shifted rightward and downward, mean-
ing that the energy absorbed by the composite material is increased. The baseline value of EFFEPS = 1.0 led to better
accuracy of the prediction of the ballistic curve.

700 .357 vs Kevlar29/Epoxy 14 Layers 700 - .357 vs Kevlar29/Epoxy 14 Layers
+ Experimental Data + Experimental Data
Experimental Recth-lpson Curve Experimental Recth-lpson Curve
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FIGURE 3 Parametric study on A, SLIMT = SLIMT1 = SLIMT2 and B, ERODS with MAT_058
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FIGURE 4 Parametric study on A, QM and B, EFFEPS with MAT_162

The baseline models with MAT_058 and MAT_162 are compared in Figure 5. Both numerical models were
extremely accurate in replicating the linear region of the ballistic curve. Accuracy of the models was lower for impact
velocities below 430 m/s approaching the ballistic limit velocity. In particular, MAT_162 was more accurate than
MAT_058 since the error on the prediction of the ballistic limit was 33% for the former and 46% for the latter. The dam-
age morphology of the two material models is compared in Figure 6: MAT_058 predicted more extended damage than
MAT_162, the latter being more accurate in the reproduction of the experimentally observed damage morphology; fur-
thermore, MAT_162 predicted a circular hole both in the front and the back face while MAT_058 predicted a less realis-
tic hole of a rectangular shape. The numerical model with MAT_162 was more efficient due to the absence of all the
contact surfaces between each couple of adjacent layers since the panel was modeled as one part. Consequently, the
computational time was lower even if the number of elements was higher. In particular, the computational time for
MAT_058 is around 2 hours, while it is around 1 hour for MAT_162 (using 4 MPP processors).

In conclusion, a mesh convergence analysis was performed as reported in Figure 7. Regarding MAT_058, the dimen-
sion through the thickness was kept always equal to 0.445 mm in order to always have only one element trough the
thickness of each layer since it is not recommended to stack thick shell elements. Regarding MAT_162, the dimension
through the thickness direction was kept always equal to 0.148 in order to always have three elements through the
thickness of each layer. The other two dimensions were changed in a range between 2 and 0.25 mm. As shown in Fig-
ures 8 and 9, by decreasing the element size, the deformation of the panel decreases, and therefore, the energy absorbed
decreases (especially considering MAT_162). This means that the ballistic curve is shifted upwards and leftwards as
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FIGURE 5 Comparison of MAT_058 and MAT_162 baseline 100 200 300 400 500 600 700
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FIGURE 6 Comparison between
experimentally observed and predicted
damage morphology for A, front face

and B, back face
(A) (B)
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FIGURE 7 Mesh convergence analysis performed with A, MAT_058 and B, MAT_162
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L :

FIGURE 8 Effect of element size on the predicted deformation of the target with MAT_058
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Element size: 2 x 2 x 0.445 mm Element size: 1 x 1 x 0.445 mm

Element size: 0.5 x 0.5 x 0.445 mm Element size: 0.25 x 0.25 x 0.445 mm

FIGURE 9 Effect of element size on the predicted deformation of the target with MAT_162

shown in Figure 7. Regarding MAT 058, while it seems that convergence is reached for the value of the ballistic
limit velocity for an element dimension of 0.5 mm and smaller, at lower impact velocities, convergence of the
residual velocity is not reached. Indeed, for an impact velocity of 180 m/s, the residual velocity is 42 m/s for
0.5-mm element dimension while it is 77 m/s for 0.25-mm element dimension. Regarding MAT 162, it seems that
convergence is reached in the linear region of the ballistic curve for an element dimension of 0.5 mm and
smaller, but this is not the case for the ballistic limit velocity, which decreases as the element dimension decreases
without reaching a convergence value. The baseline element dimension of 1 mm led to better accuracy of the pre-
diction of the ballistic curve.

4 | CONCLUSION

High-velocity impact on fiber-reinforced composites was simulated using the finite element method and using two dif-
ferent material models for the target: laminated composite fabrics (MAT_058) and composite MSC (in particular
MAT_162). A parametric study of the parameters SLIMT1 and SLIMT2 and ERODS with MAT_058 and of the parame-
ters QM and EFFEPS with MAT_162 was performed. MAT_162 showed more accuracy in the prediction of the ballistic
limited velocity and lower computational time. Indeed, MAT_162 allowed to model delamination without the need of
modeling each layer as a separate entity. This led to a lower number of contact interfaces and therefore a lower compu-
tational cost. MAT 162 was also more accurate in the reproduction of the damage morphology. Finally, mesh conver-
gence analysis was performed. It was found that by decreasing the element size, the deformation of the panel decreases,
and therefore, the energy absorbed decreases.
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