Modeling the Effects of Structural Ribs in Kevlar Laminates
for Personnel Protection

Devon Downesl, Manouchehr Nejad Ensanl, James M. Sands’, Kevin Williams3, Amal
Bouamoul®

!Institute for Aerospace Research, National Research Council, Ottawa, ON, Canada

?United States Army Research Laboratory, Adelphi, MD, USA
IDefence Research & Development Canada—Valcartier, Quebec City, OC, Canada



ABSTRACT

The need for advanced protection for individual soldiers and the desire to
reduce the physiological burden on the protective system is driving the requirement
for increasingly lighter weight solutions. Some protective system requirements,
facial protection, for example involve mitigating blunt impacts as well as
fragments. This leads to compromise in design with the structural requirement for
impact often driving the overall weight of the solution. In an effort to explore
alternate design approaches for light weight impact and ballistic protection an
experimental and modeling study was performed to evaluate the effectiveness of
structural features, such as ribs and hat stiffeners, on the bending stiffness of a
protection system made of Kevlar laminates. This paper presents the results of
simulation of the response of laminated Kevlar coupons containing varying rib
features to external impact loading, using LS-DYNA nonlinear finite element
analysis software. Details of the model and simulation approach and the results
obtained from that analysis are included in this paper. The numerical results
compared the simulated deflection to values obtained experimentally from drop
tower testing. Parametric studies of material properties were also conducted to
better evaluate which properties have the greatest influence on deflection for a
given design. The results demonstrate the value of structural design approaches to
improve performance for light weight composites. This paper will discuss the
technical approach and outcomes from the study and the implication to future
soldier protection solutions.

INTRODUCTION

One of the applications of composite materials is in armor which is used to save
lives and protect property by absorbing the energy of projectiles, impacts, and
crashes. Design of armor systems and the selection of materials currently rely to a
great extent on experience, empiricism and intuition. The analytical and numerical
modeling tools available are not yet able to fully identify optimum properties of
fibers, fabric and structures to provide an armor system best tailored to meet a
specific threat. The lack of adequate modeling of the ballistic behavior of composite
materials is currently a major constraint in their application [1]. Therefore a range
of analytical and numerical efforts have been directed to this field involving mainly
the analyses of ballistic and low-speed impact of armors [2].

A project has been initiated to develop a helmet protection system with
improved blast, ballistic and impact protection which provides modular and
scalable coverage for mounted and dismounted operations. In this concept of the
head protection system, some modular components like a mandible guard impact
shell will provide protection to multiple threats such as: (1) Ballistic penetration of
various projectiles at high speed; (2) Low-speed impact as happens in normal
service such as during transportation; especially for the secondary impact of the
wearer inside a vehicle caused by an explosion outside the vehicle; (3) Blast effect
of ammunitions in the battle field as characterized by overpressure. To this end and
considering the weight limitations, the design of these mandible shells employed
novel Kevlar composite material which are composed of complex fiber



architectures such as hybridization of more than two types of fibers or 3D fiber
reinforcement configurations. These Kevlar composites were found to be lacking in
structural stiffness after being struck by projectiles.

This paper presents a numerical simulation methodology used to optimize rib
structural features in Kevlar composite specimens, in an effort to increase the
bending stiffness against blunt force impact. Simulation of composite
laminate/structure required a full understanding of the mechanical behavior at both
laminate and structural levels. As such a parametric analysis of the Kevlar material
properties was conducted to gain insight into the material property and, their effect
on deflection. In all the stages of the composite laminate/structure design,
experimental and numerical approaches were adopted to support and verify the
simulation design.

EXPERIMENTAL TESTS

Drop weight tests were conducted to measure the deflection of 8 rectangular
specimens of Kevlar/Carbon under impact loading. The specimens were 254.0mm
x 80.0mm x 4.5mm in dimensions and were labeled “A” through “F” each
identifying a specific feature of the rib. The objective of the drop weight tests was
to measure the amount of deflection experienced by the specimens when impacted
by a 10J blunt striker. The amount of deflection was analyzed in an effort to
determine the effectiveness of reinforcing the coupons with rib structural features.

The coupons were tested using the Instron Dynatup® Model 8200 drop weight
impact machine equipped with the Dynatup Impulse™ data acquisition system. The
striker was composed of a crosshead weight and a striker and is instrumented with a
strain gauge type tup (load cell) specifically designed for use in the rapid impact
tests. A photograph of the impact tower in National Research Council — Institute for
Aerospace Research in which all the impact tests reported in this paper are
conducted is shown in Figure 1.

Figure 1. Drop-Weight Impact Tower (Instron Dynatup 8200)



Specimens

The challenge of the study was to increase the bending stiffness of a Kevlar
specimen without adding extra weight. To this end rib structural features were
added to the flat Kevlar specimen as a means of improving the area moment of
inertia to gain an improvement in bending stiffness using equation (1).

Bending Stiffness = Young’s Modulus x Area Moment of Inertia (D)

Six ribbed specimens listed in Table I were designed based on the dimensions
shown in Figure 2, where:
h: Represented the height of the rib above the plate surface
tk: Represented the thickness of the specimen
te: Represented the thickness of the rib feature
tc: Represented the thickness of the carbon layer

TABLE I. RIB DIMENSIONS

SPECIMEN ID h Te Te Tk Mass

[mm] [mm] [mm] [mm] [g]
A 0 0 0 4.50 100
B 3 4.50 0 4.50 115
C 4 4.50 0 4.50 117
D 4 5.50 0 4.50 125
E 3 4.50 0.35 4.15 117
F 3 4.50 0.70 3.80 119
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Figure 2. Dimension of Kevlar Specimens



SPECIMEN A

Specimen A was a flat plate and represented the Kevlar specimen without any
structural features. It was the baseline for comparison of all other specimen and is
represented schematically in Figure 3a.

SPECIMEN B & C

Specimen B and C both contained the rib feature as shown in Figure 3b, with
the rib height (h) of specimen C being 1.0mm more than that of specimen B.

SPECIMEN D

Specimen D similar to specimen C as it consisted of the same height (h) above
the flat portion of the rib; however, it differed in the thickness of the rib (Te). This
design determined the effectiveness of the rib thickness on the bending stiffness.

SPECIMEN E & F

Specimens E & F contained a single ply of Carbon Fiber (top) bonded to the
Kevlar (bottom) structure shown in Figure 3c and 3d. This layer of Carbon Fiber
was meant to increase the bending stiffness in the structure through an increase in
Young’s Modulus. Two carbon thickness layers were tested at 0.35mm and 0.70mm
for coupons E & F respectively.

Figure 3a. Specimen A Figure 3b. Coupon B & C



Figure 3c. Coupon E & F

Kevlar Layer

Figure 3d. Carbon (Top), Kevlar Layer (Bottom)

NUMERICAL SIMULATION

LS-DYNA is a finite element software, which is very effective in nonlinear
transient dynamic analysis [3]. It was chosen to carry out the analysis because of its
capability to analyze impacts occurring with very short duration (on the order of
milliseconds in this simulation). LS-DYNA also contain an array of material
models, varying from models which require over twenty parameters to capture the
material behavior to models which only require three parameters. This allows for a
wide range of analysis from very detailed parametric analysis to single parameter
studies.

The numerical simulation in this paper sought to replicate the experimental drop
weight tests performed on the 6 specimens of Kevlar. Success of the simulation was
based on reproducing the deflections, a 10% tolerance between experimental and
simulation was considered an acceptable result.

An overview of the simulation is shown in Figure 4. The specimen rested on
two simple support at its edges and the striker impacted the specimen at the rib
center. Rigidwall constraints were used to simulate a non-penetrable plate on which



the specimen rested. The contact between the striker and the specimens used the

“contact automatic surface to surface” option. This type of contact definition

prevents the penetration of one part into another, by permitting only the surfaces of

each part to contact. Material Orthotropic Elastic was used to model the Kevlar

laminates. This material model was chosen because of its simplicity and minimal
number of parameters required (Table II).

STRIKER

SPECIMEN

CONSTRAINT/

RIGIDWALL
Figure 4. Simulation Overview
TABLE II. MAT OTRHTROPIC ELASTIC KEYWORD
o Exx Eyy Ezz vyx Vzx vzy ny Gyz sz
[kg/m®] | [GPa] [GPa] [GPa] [-] [-] [-] [GPa] [GPa] [GPa]
1200 5.82 1.46 5.82 0.027 | 0.033 | 041 0.53 0.53 1.82




Analysis Method

To determine the deflection experienced by each rib, approximately thirty-six
nodes at the striker impact location on the specimens shown in Figure 5 were
considered to form a node set. The node set covered an area of approximately 0.145
mm?” and focused on the surface area where striker impacted the specimens. The
average displacement of the node set was taken as the deflection for that particular
specimen.

Mode Set Examined

Node Set Examined

Figure 5. Location of Node Set Examined



CALIBRATION OF KEVLAR MATERIAL PROPERTIES

Due to the material model used, the dynamic material properties were needed to
create an accurate and predicative model. To this end a parametric analysis was
performed to determine which material property most influenced the deflection and
to derive its equivalent dynamic value which would produce an accurate simulation.
To determine which material property most influenced the deflection, one material
property was selected and its value was scaled over a range of 10% to 150% of its
static value. The simulation was computed at each of the scaled values and the
resulting deflections were compared to the static deflection value to indicate if that
specific property influenced the specimen’s deflection. If the difference between
static and any of the scaled valued deflections varied more than 5%, that particular
material property played an important role in the deflection and its dynamic value
was determined. Specimen A was chosen to carry out the parametric analysis.

Young’s Modulus

The Young’s Modulus was scaled by the factors of 0.1, 0.25, 0.5, 1.25 and 1.5
of its static value, this range provided a wide possibility to determine the influence
of Young’s modulus on deflection.

The results of the parametric analysis for the Young’s Modulus are listed in
Table III. As expected, there is a large variation in deflection ranging from 7.1mm
to 22.5mm.

This large variation in Young’s Modulus showed that to calibrate the numerical
model to experimental results, the dynamic equivalent of the Young’s Modulus was
needed. To determine the dynamic value which would provide the same deflection
values as seen in the experimental testing, the deflection was plotted versus the
bending stiffness as shown in Figure 6. The equation of the best fit line was derived
as follows y = 2x10™x” — 0.0005x> + 0.0053x - 0.0266. Which gave a Young’s
Modulus of 5.89GPa corresponding to a deflection of 0.0154m (from experimental
results).

TABLE III. YOUNG’S MODULUS AND DEFLECTION

SPECIMEN|  YOUNG’S YOUNG’S SCALE |DEFLECTION
ID MODULUS MODULUS Eyy FACTOR [mm]
Exx & Ezz [GPa] [GPa] []
E, 224 1.46 - 8.6
E, 2.24 0.146 0.1 225
E, 5.60 0.365 0.25 15.8
E, 11.2 0.730 0.5 11.8
E, 28.0 1.83 1.25 7.7
E; 33.6 2.19 1.5 7.1
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Figure 6. Deflection versus Bending Stiffness

Orthotropic materials have a different value of Young’s Modulus in each of the
orthogonal directions. In the case of the Kevlar composite, the Young’s Modulus in
the thickness direction (the y-direction) corresponds to the Young’s Modulus of the
resin. This modulus plays no important role in the stiffness of the coupons, since the
resin is not a structural material and does not affect the stiffness. The E,y modulus
can therefore be decoupled from the other modului to justify this decoupling,
another parametric analysis was carried out. In this analysis the objective was to
determine the effect of Eyy on the deflection of the coupon. This was done by
holding the moduli of Exx and Ezz at the constant 5.89GPa, while only Eyy was
scaled by the following factors 0.1, 0.25, 0.5, 1.25 and 1.5. The results in Table IV
shows that for each of the scaled Eyy Young’s Modului the deflection remained the
same (15.0mm), indicating that the Young’s Modulus in that direction played no
important role in reducing the deflection. Therefore the only Young’s Moduli
values which needed to be manipulated by the conversion factor were Exx and Ezz.

TABLE IV. EYY DEFLECTION VALUES

SPECIMEN ID YOUNG’S YOUNG’S SCALE DEFLECTION
MODULUS MODULUS FACTOR
Exx & Ezz [GPa] Eyy [GPa] [-1 [mm]
Eyy 5.89 0.146 0.1 15.0
Eyy» 5.89 0.365 0.25 15.0
E,y; 5.89 0.730 0.5 15.0
Eyys 5.89 1.83 1.25 15.0




Eyys 5.89 2.19 1.5 15.0

Density parametric analysis

An analysis of the density was of Kevlar also carried out, the density was scaled
by the following factors 0.1, 0.25, 0.5, 1.25, 1.5 and all other material property were
held constant. Table V shows that the change in density did not affect deflection.
Normally an increase in density usually follows an increase in Young’s Modulus,
but this was not the case in the simulation, since the Young’s Modulus was held
constant for the parametric analysis while the densities changed.

TABLE V. DENSITY DEFLECTION VALUES

COUPONID| YOUNG’S YOUNG’S | DENSITY | SCALE |[DEFLECTION
MODULUS MODULUS FACTOR

Exx & Ezz [GPa] | Eyy [GPa] [km/m’] ] [mm]
D, 5.82 1.46 122 10 15.0
D, 5.82 1.46 305 0.25 15.0
D, 5.82 1.46 610 0.5 15.0
D, 5.82 1.46 1530 1.25 15.0
Ds 5.82 1.46 1830 1.5 15.0

PARAMETRIC ANALYSIS RESULTS

The parametric analysis showed that the only material property which
influences the deflection in the orthotropic elastic was the Young’s Modulus in the
Eyx and Eyy direction. To ensure the derived Young’s Modulus produced similar
result as the experimental testing, a graph for the Deflection versus Time was
plotted for both the experimental and simulated coupon A. The deflection results of
the simulated specimen A in LS-DYNA with the experimental results are compared
in Figure 7. The two graphs show on average a 4% difference between simulation
and experimental values, validating the accuracy of the simulated results..
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Figure 7. Deflection versus time of Simulation and experimental results for specimen A using
recalibrated Young’s Modulus

RESULTS

The calibrated material properties produced excellent results when compared to
the experimental results. The normalized simulation results (grey bars) and the
normalized experimental results (dark bars) are show in Figure 8. Normalization
was needed because the specimens varied in mass, as the denser carbon layer was
added to specimens E and F. Normalization was done by dividing the deflection
value of each specimen by its respective areal density (kg/m?).

Despite the minimal discrepancies in deflection results the trends predicted by
the numerical model were similar to that of the experimental results. The most
effective rib design was specimen D followed by specimen E then C, this differs
slightly from the experimental results which had specimen E as the most effective
rib design followed by D and C. The difference is attributed to the fact that the
simulation dimension for specimen D differed from the experimental dimensions by
approximately 1mm, due to the limitations on manufacturing on specimen D.

An interesting fact is related to specimen F which performed worse than
specimen E in both the experimental and simulation, which is unexpected because
coupon F contained a 0.7mm carbon layer on top of the Kevlar structure, 0.35mm
thicker than the carbon layer on specimen E. The reason was that the carbon layer
fractured on impact as a means to relieve the stress and provided no improvement to
the bending stiffness. This in turn meant all of the coupon stiffness was based on
the Kevlar structure, of which specimen E had the larger thickness (tk).
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Figure 8. Normalized Deflection versus Design
CONCLUSION

A numerical model and methodology has been developed for the
characterization of Kevlar composite in LS-DYNA. The methodology uses a
parametric analysis to determine the Young’s Modulus in the length and traverse
(Exx and E,,) as the material properties which greatly influence the stiffness of the
composite. The model also derived the dynamic value for of these parameters to use
in the orthotropic elastic material model. The simulation accurately replicates the
results of experimental testing, by predicting similar deflection values and trends as
similar to those in the experimental results.
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