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ABSTRACT

A computational constitutive model has been developed to characterize the progressive failure be-
haviors of composite laminates under high velocity ballistic impact conditions. The composite
failure model has been implemented within LS-DY NA as a regular material subroutine. The inte-
grated code was successfully utilized to predict the damage and ballistic behavior of composite
laminates subjected to various ballistic impact conditions. The availability of this design tool will
greatly facilitate the development of composite structures with enhanced ballistic survivahility.
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INTRODUCTION

Failure modeling of composite materials under impact loading has been the subject of numerous studies, e.g., Abrate
(1994), Richarson and Wisheart (1996), Choi and Chang (1990) and Davies and Zhang (1995). However, few studies
have been reported on modeling progressive failure in composites under high strain rate ballistic loading. In this
work, a rate dependent progressive failure model has been developed to account for the nonlinear and rate dependent
behavior commonly observed for fiber reinforced composite materials under high strain rate conditions.

The composite failure model adopted within LS-DYNA is the Chang-Change (1987) model (MAT 22), which pro-
vides various fiber and matrix failure modes solely due to in-plane stresses in unidirectional lamina. In this 2D fail-
ure model, the failure mode due to out-of-plane shear and normal stresses are neglected. While this may be suffi-
cient for composite structures under in-plane loading, this model may be unable to capture transverse impact failures
for which all six stress components are known to contribute to damage development.

To enhance the modeling capability of the progressive failure behavior of composite laminates due to transverse im-
pact, a composite lamina model based on the 3D stress field has been developed by Materials Sciences Corporation
(MSC). It has been implemented into LS-DY NA as MAT 161. This failure model can be used to effectively simulate
fiber failure, matrix damage, and delamination behavior under al conditions - opening, closure, and sliding of failure
surfaces. Furthermore, this progressive failure modeling approach is advantageous as it enables one to predict de-
lamination when locations of delamination sites cannot be anticipated; i.e., locations of potential delamination initia-
tion is calculated without a-priori definition of an interlaminar crack surface. This failure model has been success-
fully utilized to characterize the impact damage in composite structures for awide range of impact problems (Yen, et
al., 1998a, 1998b, 1999).

In this work, the MSC lamina failure model for fabric composites has been extended to model the progressive post-
failure behavior by adopting the continuum damage mechanics approach, which characterizes the growth of damage
by decreasing the materia stiffness. A continuum damage mechanics (CDM) model for unidirectional composite
layers based on plane-stress state was reported by Matzenmiller, et al., (1995). Recent studies reported by William
and Vaziri (1995) and VAN HOOF, et al., (1998) have shown that post-failure models of CDM can significantly im-
prove the prediction of impact damage of composite structures. Note that non-interactive failure criteria (based on
maximum strain assumption) due to tension, punch shear and crush loading are provided by VAN HOOF, et a.,
(1998) to account for the major failure modes of ballistic impact of composite materials. This model, however, ne-
glects the rate dependent effect.

High strain rate and high pressure loading conditions generally occur in the impact area when a composite material is
subjected to high velocity ballistic impact. Experimental characterization of the mechanical behavior of composite
materials under high strain rate conditions has been reported in literature (e.g., Harding and Ruiz 1998 and Al-
Hassani and Kaddour 1998). It has been shown that some armor materials such as woven glass and aramid compos-
ites exhibit significant rate sensitivity (Harding 1979 and Welsh and Harding 1985). In order to account for the ex-
perimentally observed nonlinear and rate dependent behavior, a general rate dependent progressive failure model for
a fabric lamina has been developed using the CDM approach provided by Matzenmiller, et al., (1995). The failure
criteria and the associated property degradation models are described as follows.

COMPOSITE PROGRESSIVE FAILURE MODEL

Failure models based on the 3D strains in a composite layer with improved progressive failure modeling capability
are established for a plain weave fabric layer. 1t can be used to effectively simulate the fiber failure and delamination
behavior under high strain-rate and high pressure ballistic impact conditions. This 3D composite failure model has
been successfully integrated into LS-DY NA.

The fabric failure criteria are expressed in terms of ply level engineering strains (e‘x 1€y, €2, Exy1Ey7, Exx ) with x, y
and z denoting the in-plane fill, in-plane warp and out-of-plane directions, respectively. The associated elastic
moduli are (Ey,Ey,E,,Gyy,Gy,,Gpx ).

Lamina Damage Functions
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The fiber failure criteria of Hashin for a unidirectiona layer are generalized to characterize the fiber damage in terms of
strain components for a plain weave layer. The fill and warp fiber tensile/shear damage are given by the quadratic inter-
action between the associated axial and through the thickness shear strains, i.e.,
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where < > are Macaulay brackets, S, and S),T are the axia tendle strengths in the fill and warp directions, respec-

tively, and S,rg and Sypgare the layer shear strengths due to fiber shear failure in the fill and warp directions. These

failure criteria are applicable when the associated €, or £y is poditive. In equation (1), r; and r, are the damage thresh-
olds which are equa to 1 without damage.

When &, or &y is compressive, it is assumed that the in-plane compressive damage in the fill and warp directions are
given by the maximum strain criterion, i.e.,
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where S, and SyC are the axial compressive strengths in the fill and warp directions, respectively, and r; and r, are
the corresponding damage thresholds. Note that the effect of through the thickness compressive strain on the in-plane
compressive damage is taken into account in equation (2).

When a composite material subjected to transverse impact by a projectile, high compressive stresses will generally occur
in the impact area with high shear stresses in the surrounding area between the projectile and the target material. While
the fiber shear punch damage due to the high shear stresses can be accounted for by equation (1), the crush damage due
to the high through the thickness compressive pressure is model ed using the following criterion:

2
fo—r2 = (%) -12=0 €)

C

where S isthefiber crush strengths and rs is the associated damage thresholds.

A plain weave layer can be damaged under in-plane shear stressing without occurrence of fiber breakage. Thisin-plane
matrix damage mode is given by
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2
G
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where Sxy isthe layer shear strength due to matrix shear failure and rg is the damage threshold.

Another failure mode, which is due to the quadratic interaction between the thickness stresses, is expected to be mainly a
matrix failure. Thisthrough the thickness matrix failure criterion is assumed to have the following form:

2 2 2
f7 _ r72 — SZ ( EZ <€Z>] +£ Gyzgyz ] +( szgzx j _ r72 — O (5)
S S0+ S S0t Sx

where r7 is the damage threshold, S, is the through the thickness tensile strength, and S, and S, are the shear

strengths for tensile e,. The damage surface due to equation (5) is parallel to the composite layering plane. Under com-
pressive through the thickness gtrain, €, < 0, the damaged surface (delamination) is considered to be “closed”, and the
damage strengths are assumed to depend on the compressive normal strain €, similar to the Coulomb-Mohr theory, i.e.,

Ssr =E, tang(-¢;) (6)
where ¢ isthe Coulomb’sfriction angle.

When damage predicted by this criterion occurs within elements that are adjacent to the ply interface, the failure planeis
expected to be parald to the layering planes, and, thus, can be referred to as the delamination mode. Note that a scale
factor S is introduced to provide better correlation of delamination area with experiments. The scale factor S can be
determined by fitting the analytical prediction to experimental datafor the delamination area.

Damage Progression Criteria
A st of damage variables oy with i =1, ...6, are introduced to relate the onset and growth of damage to stiffness losses
in the material. The compliance matrix Sisrelated to the damage variables as (Matzenmiiller, et al., 1995):

! “yx “Vax 0 0 0
(1— wl) E, Ey E,
My 1 "oy 0 0 0
E, (1— o} ) Ey E,
Vyz _VYZ 1
0 0 0
9. & E, (-@)E, @)
0 0 0 1 0 0
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The stiffness matrix C is obtained by inverting the compliance matrix, [C| = [S]f1 .
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As suggested in Matzenmiller, et al., (1995), the growth rate of damage variables, &@; , is governed by the damage rule
of theform

o= 0,0 ®
J

where the scalar functions ¢; (i=1,...6) control the amount of growth and the vector-valued functions g (i=1,...6,
j=1,...7) provide the coupling between the individual damage variables (i) in the various damage modes (j). The dam-
age criteriaf;— r;? = 0 of equations (1 — 5) provide the damage surfaces in strain space. Damage growth, ¢; > 0, will oc-
cur when the strain path crosses the updated damage surface f; — ;2 = 0 and the strain increment has a non-zero compo-

of. .
nent in the direction of the normal to the damage surface, i.e., Z —& > 0. Combined with a damage growth func-

T 0g,
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where ZUi' is the damage variable associated with the ith failure mode, and mis amateria constant.

For the fiber tensile/shear and compressive damage of modes 1 to 4, the damage coupling vector qy; , Oy, Gs and g4 are
chosen such that the fiber damage in either the fill and warp direction results in gtiffness reduction in the loading direc-
tion and in the related shear directions. For the fiber crush damage of mode 5, the damage coupling vector gs; is chosen
such that dl the stiffness values are reduced as an element is failed under the crush mode. For the in-plane matrix shear
failure of mode 6, the stiffness reduction due to gg; is limited to in-plane shear modulus, while the through the thickness
matrix damage (delamination) of mode 7, the coupling vector g is chosen for the through thickness tensile modulus and
shear moduli. The damage coupling functions g; are then

1010100
0101100
q=|@ 0002100 -
1111110
0011101
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Utilizing the damage coupling functions of equation (13) and the growth function of equation (12), a damage variable @;
can be obtained from equation (8) for an individual failure mode|j as
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(1)

o, =1-e" , 21 (14)

Note that the damage thresholds r; given in the damage criteria of equations (1 — 5) are continuously increasing functions
with increasing damage. The damage thresholds have an initial value of one, which results in a zero value for the asso-
ciated damage variable @; from equation (14). This provides an initial elastic region bounded by the damage functions
in strain space. The nonlinear response is modeled by loading on the damage surfaces to cause damage growth with
increasing damage thresholds and the vaues of damage variables ;. After damage initiated, the progressive damage
model assumes linear elagtic response within the part of strain space bounded by the updated damage thresholds. The
elagtic response is governed by the reduced stiffness matrix associated with the updated damage variables @; given in

equation (7).

When fiber tensile/shear damage is predicted in alayer by equation (1), the load carrying capacity of that layer in the
associated direction is reduced to zero according to damage variable equation (14). For compressive fiber damage
due to equation (2), the layer is assumed to carry aresidual axia load in the damaged direction. The damage vari-

ables of equation (14) for the compressive modes have been modified to account for the residual strengths of S,

and SyCR in the fill and warp directions, respectively, as reported in Yen and Caiazzo (2001).

Figure 1 shows typical axial tensile and compressive stress-strain curves obtained from the damage model. Under
monotonic loading, Figure 1a shows that the model provides an initial elastic region up to the strength values (85 ksi
for tension and 50 ks for compression) and a softening region after damage initiated (using a damage parameter
m=4). Note that the compressive stress reduces to a residual strength of 15 ksi and remains constant for continuous
compressive loading. Figure 1b shows stress-strain curves due to cyclic loading along the axia direction x. It dem-
onstrates the effect of damage history on the stress-strain response. Note that the unloading and reloading stress-
strain curves within the damage surface follow the reduced elastic modulus, which is given by the updated damage
parameter for the axial fiber damage mode.
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Figure1. Axia Stress-Strain Curves for Damage Model Under
(a) Monotonic and (b) Cyclic Loading Conditions

For through the thickness matrix (delamination) failure given by equation (5), the in-plane load carrying capacity
within the element is assumed to be elastic (i.e., no in-plane damage). The load carrying behavior in the through the
thickness direction is assumed to depend on the opening or closing of the matrix damage surface. For tensile mode,
€, >0, the through the thickness stress components are softened and reduced to zero due to the damage criteria described
above. For compressive mode, €, <0, the damage surface is considered to be closed, and thus, 6, is assumed to be elas-
tic, while 7, and 1 are alowed to reduce to a diding friction stress of equation (6). Accordingly, for the through the
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thickness matrix failure of mode 7 under compressive mode, the damage variable equation is further modified to account
for theresidual diding strength Ss in Yen and Caiazzo (2001).,

Figure 2 shows typical axial shear stress-strain curves obtained from the damage model. Shown in Figure 2a are the
shear stress-strain curves for 1, with tensile through the thickness normal loads (opening delamination). Figure 2b
shows the effect of the compressive through the thickness normal stress (closing delamination), 6, on the 1, stress-
strain response for a Coulomb’sfriction angle ¢ =20°.

—*—szx, open delm, —*—s7X, close delm,
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Figure 2. Shear Stress-Strain Curves for Damage Model under the Effect of Through the
Thickness Normal Load, (a) Opening Delamination and (b) Closing Delamination

The effect of strain rate on the layer strength values of the fiber failure modes is modeled by multiplying the associ-
ated strength values { Sgr} by a scale factor as

{z]
{Se}={S} 1+Crae|né—0
S |SX|
Sir ‘gy‘
Sec & (1)
{Sw}={Sc ; and {e}=1|g|
Sec |€Z|
S el
W e

where C is the strain rate constant, and {S,} are the available strength values of {S;; | at the reference strain

rate &g = 1s. The effect of strain rate on the axial stress-strain response is shown in Figure 3 for C,4=0.02.
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Figure3.  Axial Tensle Stress-Strain Curves for Damage Model Under Various Constant Strain
Rate Loading

The functionality of eroding elements is available within the material subroutine by passing in and out some erosion
variables. The erosion criterion is formulated by using the fiber tensile failure criterion, equation (1). When fiber
tensile failure in both axial directionsis predicted in an element, the erosion variables are properly set and passed to
LS-DYNA for eliminating the element. The element erosion is necessary in order to avoid the excess distortion of a
failed element.

BALLISTIC IMPACT SIMULATION

Simulations of the ballistic impact of two S2-Glass/Epoxy composite panels were conducted by taking account for
the strain-rate sensitivity properties. The analyzed ballistic problems were: (1) a7 psf composite plate subjected to
0.50 caliber FSP impact (Yen and Caiazzo, 2001), and (2) a 4.55 psf composite plate subjected to 0.22 caliber FSP
impact. The ballistic analyses were conducted using LS-DY NA integrated with the proposed composite progressive
failure model.

The finite element models for the 4.55 psf composite panel and the 0.22 FSP are shown in Figure 4. Only one quad-
rant of the impact system was modeled due to the geometric and material symmetry. Both the plate and the projectile
were modeled with 8-node brick elements with single integration point. There were 24 layers of elements through
the thickness.

@ (b)

Figure 4. Finite Element Model for a Composite Panel and a FSP Impactor, (a) Full View, and
(b) Close-up of Impact Area
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The panel was placed over a rigid ring with a rigid body contact surface assumed between the plate and the ring.
Initial velocity was provided to the impactor to start the analysis, the projectile metals were assumed to behave as
elastoplastic materials. An eroding contact algorithm provided within LS-DY NA together with the integrated failure
model were used to simulate the contact and penetration between the projectile and the impact area of the plate. The
element erosion criterion was given by the fiber failure. All failed elements were deleted and the contact surfaces
were automatically updated to the next layer of material.

The material properties for an S2-Glass/Epoxy plain weave composite layer and the steel FSP listed in Table 1 were
used to perform the simulation. The elastic composite materia properties were estimated from the quasi-static prop-
erties of the unidirectional S2-glass/Epoxy composite reported in MIL-HDBK-17-3E. Note that the composite layer
strengths related to the fiber failure, which include the in-plane tensile and compressive strengths as well as the out-
of-plane punch shear and crush strengths, have strong effects on the composite ballistic behavior. Test data for these
strength properties of the plain weave S2-glass/epoxy are currently not available. Due to the lack of test data, the
strain rate constant C = 0.1 obtained for a fine weave glass/epoxy woven material reported by Harding (1979) and
Welsh and Harding (1985) was used for the current analysis. While the quasi-static tensile strength of 85 ks and
compressive strength of 50 ks were estimated from those of the unidirectional composite, the quasi-static punch
shear strength and compressive crush strength were taken to be 80 ksi and 100 ksi, respectively. The punch shear
strength and the crush strength were chosen to provide the best fit to the V50 value of the 7 psf plate subjected to
0.50 FSPimpact. This set of material properties were then used to predict the V50 of the 4.55 psf plate subjected to
0.22 FSP impact.

Figure 5 shows the time histories of projectile velocity for three values of initial impact velocity. Note that the initial
velocity is negative (downward) and the rebounding velocity is positive (upward). It is seen from Figure 5 that the
predicted V50 of the second panel is about 2400 fps, which is about 13% lower than the experimental value of 2775
fps. Figure 6 shows the comparison of the damaged mesh plots and the cross sections of tested panels for the initial
impact velocities of 2125 fps and 2924 fps. Figure 6 clearly demonstrates the eroding failure of the composite panel
due to the combination of fiber failure modes of punch shear, crush and tension. These results show good correlation
of ballistic fiber damage between the computed and tested results.

Table 1. Materia Properties Used for Dynamic Analysis

S2-glassEpoxy Plain Weave Layer

E,=E, =241GPa(35Ms) E,=10.4 GPa(1.51 Msi)
Vg = 012 Vig =V, = 040
G, =G,, =G,, = 59GPa(0.85 Ms)
Sq =S;r = 0.59 GPa(85ks) Sc =S,c = 0.35GPa(50ksi)
S, = 69MPa(10ks) S.c' = 0.69 GPa (100 ksi)
T

S’ = 0.55 GPa (80 ksi) Scr =Scr = 0.10GPa(i5ks)
S, =S,, =S, = 483MPa(7ks)
S= 14 C=o01
' =40° m =4
p  =1783Kg/m*(1.668x10™ Ibs-sec’/in’)
Steel 4340
E =207 GPa(30 Ms) v =033

,* =1.03GPa(150 Ksi) E'** = 6.9 GPa (1.0 Ms))
£, ***=12 p =7877 Kg/m®(7.37x10™ Ibs-sec?/in®)

" Estimated values * Yield stress ** Plastic tangent modulus *** Failure strain
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Figure5. Computed Time Histories of Projectile Velocity for an S2-Glass/Epoxy Composite
Subjected to 0.22 Caliber FSP Impact

(b)

Figure 6. Comparison of the Finite Element and Experimental Results of Damage 0.55 psf
Composite Panel Subjected to 0.22 Cal. FSP Impact at (a) 2125 fps and (b) 2924 fps
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CONCLUSIONS

A strain rate dependent lamina model based on CDM has been successfully developed and implemented within LS
DY NA for modeling the progressive failure behavior of plain weave composite layers. It can be used to effectively
simulate the fiber failure and delamination behavior under high strain-rate and high-pressure ballistic impact condi-
tions. The integrated code was successfully utilized to predict the ballistic limit velocity of composite laminates sub-
jected to high velocity ballistic impact conditions. Simulations of ballistic impact of composite panels have been
conducted by taking account for the strain-rate sensitivity properties. The strain rate effect will need further investi-
gation by experimentally characterizing the rate dependent behavior of various composite materials. Correlation for
impact damage such as delamination areawill also need to be conducted when the test data is available in the future.
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