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1. Introduction

High-strength fiber materials such as ultra high molecular weight polyethylene
(UHMWPE) are used as the load-bearing component of many ballistic defense
systems such as woven fabrics and composite plates due to their superior
performance and relatively low weight. Experiments have been performed to
quantify material properties such as tensile modulus and various failure
characteristics such as strength and ultimate tensile strain at various length scales
and strain rates, ranging from quasi-static (QS) to high strain rate (HSR) (Russell
et al. 2013; Sanborn et al. 2015). Other experiments have observed the effects of
transverse loading on various aspects of failure such as residual tensile strength and
strain concentration due to loading geometry (Hudspeth et al. 2015; Thomas et al.
2019). However, the interactions between these properties at HSRs are poorly
understood due to a lack of repeatable methodology. Efforts have been made to test
the performance of yarns under ballistic impact, but single-filament tests at such
strain rates have not been performed (Song et al. 2011; Golovin and Phoenix 2016;
Hudspeth et al. 2017; Phoenix et al. 2017).

When a yarn or fiber under tension is impacted with a velocity V, axial and
transverse waves propagate from the impact site at speeds ¢ and cs, respectively
(Cole et al. 1953; Smith et al. 1960). A schematic of this behavior can be seen in
Fig. 1. Transverse waves are visible in the form of angular deflection, where the
initial deflection angle is y. Based on the works of Smith and Cole, approximations
of ¢, ¢, and y can be calculated using Eqs. 1-3. For Dyneema SK76, with an
approximate QS modulus of 120 GPa and density of 970 kg/m?, the axial wave
speed is approximately 11,123 m/s (DSM 2010).

Transverse

wave front
1 1
: : Longitudinal
!Cs(trtol! wave front

N\

Fig. 1 Smith theory of transverse fiber impact



c= 15 (1)
eo= () 0y @
y =tan™! (%)1/3 (3)

This study demonstrates a repeatable method for characterizing the effects of
impacting geometry on single fiber failure strain and strength through HSR
transverse impact onto Dyneema SK76 single fibers at intermediate velocities using
a modified small-diameter Hopkinson bar. The experiments are then replicated as
finite-element models in LS-DYNA using a user material model (UMAT;
Sockalingam et al. 2015, 2018) to develop insights into the multiaxial strain
components and mechanisms contributing to failure. These components are then
used to predict the average strain at which failure initiates using a failure criterion
previously demonstrated in literature.

2. Approach and Methodology
The experimental method is developed for transversely impacting microscale
individual single fibers, and finite-element models are developed to replicate the

experimental method, outputting strain component data for more detailed analysis.

2.1 Experimental Setup

The single fiber transverse impact experiment is performed using a
6.35-mm-diameter Al 7075 Hopkinson compression bar with a 1.8288-m-long
incident bar and a 0.6096-m-long striker bar. Figure 2 shows a schematic of the
setup as well as a detailed image of the fiber mount. As this test is intended to
produce fiber failure based on loading geometry, the transmission bar has been
removed, and a method for mounting variable geometry on the end of the incident
bar has been developed. Direct gripping is used on single filaments extracted from
Dyneema SK76 yarn spool, where the clamps are attached to load cells on a
U-frame. Cardboard frames are used for fiber handling and loading. The outer
length of the frame is 50 mm with a 41.6-mm-gage length (Lo). Specific fiber
diameters are measured at the site of impact for use in strength calculations. The
average fiber diameter is measured to be 17.0 um. Once the fiber is clamped, the
sides of the frame are removed to allow for direct fiber impact. The load cells record
average forces in the fiber, and the high-speed camera records deformation at the
point of impact at 100,000 frames per second.
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Fig.2  Schematic of experimental apparatus for single fiber transverse impact (top) and

image of experimental fiber U-frame mount (bottom)

The mobile nylon sleeve is designed to launch off the end of the incident bar at a
relatively constant velocity, as the loading duration induced by the bar (less than
0.24 ms) is shorter than the time to failure in many experiments (up to 0.45 ms).
Dimensions of the sleeve can be seen in Fig. 3, along with the results of a
finite-element simulation demonstrating the desired launching behavior. Side 1 has
a 5-mm-deep hole bored at a sub-1-mm diameter to press fit loading geometries,
and Side 2 has a 25.4-mm-deep hole with a 6.35-mm diameter to match the incident

bar.
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Fig.3  a) Nylon sleeve with indenter. b) Model output for sleeve displacement compared
to displacement of incident bar end and strain pulse over the course of a standard test.
Striker bar impacts at t = 0 ms and fiber failure occurs at approximately t = 0.7 ms.
Compressive strain is shown as negative and is measured from the middle of the incident
bar.

Loading geometries are all circular at the impact face, with radius increasing by
order of magnitude. Stock pins are 1.0 mm in diameter, and custom loading
geometries are produced via electrical discharge machining and verified under
calibrated confocal laser microscope. Images of indenters and some examples of
microscope verification can be seen in Fig. 4. Razor blade segments, which have
radii of less than 2 um, are isolated from unused blades and secured to stock pins
with cyanoacrylate-based glue. Sharp and blunt indenters, custom designed for
these experiments, have radii of 20 and 200 pum, respectively. The intermediate
radius of 20 um has been chosen as it is on the same order of magnitude as the fiber
diameter (~17.0 um on average).



Fig. 4  a) Photograph of indenter geometries and microscope images of b) blunt, c¢) sharp,
and d) razor indenter tips

2.2 Modeling Setup

Meshes are produced of the fiber using a 17.0-um diameter and each indenter.
Selective refinement is performed to ensure strain concentrations are accurately
captured at the impact site and prevent contact-based instability. Images of each
model can be seen in Fig. 5. Models are run slightly longer than the average test
duration for each group to ensure the full displacement is captured. Direction 1 is
normal to the plane of motion, direction 2 is along the line of motion for the
indenter, and direction 3 is parallel to the length of the fiber. Input properties for
the model can be seen in Table 1. Due to rate-dependent modulus increase, Es3 is
increased to 180 GPa based on experimental estimations. A G32/G3z1 value of
3.0 GPa is used based on a sensitivity study that eliminated nonphysical behavior
at other values.



Fig.5  Front and side view of mesh for each model. From top to bottom: blunt, sharp,
and razor

Table 1 Model input properties

p d Eu/Exz Ess Gz G3/Gan
(g/ecm®) (um) (GPa) (GPa) (GPa) (GPa)

1.00 17.0 1.0 180.0  0.357 3.0 04 06

Va1 Vat/vaz

Due to the tendency of UHMWPE to exhibit nonlinear inelastic behavior under
transverse compressive loading, a UMAT was necessary to prevent instability at
higher displacement levels. Transverse compressive behavior follows the curve in
Fig. 6. This UMAT has successfully been applied to similar models for Dyneema
SK76 (Sockalingam et al. 2018).
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Fig. 6 UMAT behavior under transverse compression (Sockalingam et al. 2018)

3. Analysis

3.1 Data Analysis

This study examines the HSR behavior, so the strain rate is important to define. In
this situation, the outward propagation of the “V” shape at impact appears to
significantly influence the multiaxial strain state in the fiber, so the strain rate is
based on the transverse wave speed as defined in Eq. 2, being equal to that value
divided by half of Lo (20.8 mm). This can be seen in Eq. 4. Using an approximate
modulus of 120 GPa (as this value is itself is rate-dependent) and nominal impact
velocities of 10 and 20 m/s, the strain rate values for the experimental groups
correspond to 4000 s™' and 6300 s7".

€ =cs/(Lo/2) (4)

Data are obtained from load cell recordings and high-speed imaging. Figure 7
contains load cell data from representative tests used in calculating stress and
corresponding strain.
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Fig. 7  Representative load cell traces for a) 10-m/s impact velocity (3920-4180 s!

approximate strain rate range) and b) 20-m/s impact velocity (62506400 s~ approximate
strain rate range)

Figure 8 contains images used in analysis. Tests are verified to have failed under
the indenter to be counted as successful results. Locations po and pi1 are marked in
the image series, the difference between which is scaled by the indenter diameter
scale factor (SF), which is visible in frame for all tests and known to be 1.0 mm, to
obtain displacement. Displacement duration Aty is obtained based on the time

between frames 0 and 1, and these values are used to calculate impact velocity
according to Eq. 5.



Fig.8 Experimental image analysis. Indenter diameter in each image is 1.0 mm.
Examples are from 10-m/s impact velocity with blunt indenter. a) Progressive loading of
single fiber. Images range from undeformed state (far left) to final ultimate tensile strain
before failure (far right). b) Angle measurement in final frame before failure. c¢) Fiber
motion post-failure.

_ SF(p1—po)
V=0 (5)

Impact velocities are calculated and compiled for all test groups and can be seen in
Fig. 9. Velocities are close enough to nominal values such that minor differences
between groups are negligible. Stress (o) is calculated according to Eq. 6, where
Favg 1s the average force reported by both load cells for a given test and D is the
measured specific fiber diameter, with strength using the maximum value reported
by each load cell. Strain (gavg) is calculated according to Eq. 7, using a time to
failure (Atr) based on load cell data and the velocity to calculate the total
displacement under the indenter and a Pythagorean relationship to determine the
analytical average strain for the entire fiber.
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Fig.9  Experimental velocity comparison. Error bars indicate standard deviation.

— Favg (6)

J(VxAtf)2+(0.5L0)2
avg = 0.5Lg -1

(7

3.2 Model Analysis

Completed models are imported into LS-PrePost for examination of strain contours.
Strain values are output for analysis from time—history plots of relevant elements
in each model. Axial loads are recorded through a cross-sectional plane near the
clamped edge of the fiber and compared to representative experimental curves in

Fig. 10.
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Fig.1  Load-time curve comparison

Maximum axial tensile and transverse shear strains are obtained from elements
demonstrating concentrations in each, as is the maximum transverse compression.
Average axial strain is obtained from locations distant from the impact location.
The failure criteria are calculated based on maximum axial tensile strain (€3,max)
according to Eq. 8. Axial tensile failure strain €3(Lc) is calculated based on Weibull
parameters found in literature, where the effective gage length L. is based on
contact length with the indenter as measured from the model. The reduction due to
transverse compression (TC; 0.132) and strain rate (SR; —0.26) have been observed
in literature (Sanborn et al. 2015; Thomas et al. 2019). Reduction due to transverse
shear is calculated according to a stress-based failure envelope described in
literature (Hudspeth et al. 2012).

€3,max =1 (8)

€3 fail

where

€3 fail = €3(L¢, ACr, TCr, TSr)

€3 fail = 83(LC) X (1 - TC) X (1 — TS) X (1 + SR)

11



4. Results and Discussion

4.1 Experimental Results

Effective tensile strength for each group is compared to uniaxial tensile strength
values from literature in Fig. 11, and strain values are compared in Fig. 12 (Sanborn
et al. 2015).

Transverse Loading, 6300 1/s
[ ] Transverse Loading, 4000 1/s
Uniaxial Loading

I e

(o]
J

=
=

N
|

Tensile Strength (GPa)
- w

O 1 T 1 v 1 T I v I T I v I I | T I '
Blung Blung Shary, Shag,Rezo,%zo,” 75 7/973 /s 7456 7%0(27 s,
B -7 O0=> L0~
Experimental Group O iy i 7 i, 0 iy,

Fig. 11 Average strength comparison. Error bars indicate 1 standard deviation. Uniaxial
tension data are from Sanborn et al. (2015)

0.05 4
Transverse Loading, 6300 1/s
0.04 Transverse Loading, 4000 1/s
' Uniaxial Loading + %

£ 0037 % o {»
(0] J
D oozl

0.01 4

OOO 1 1 1 I 1 I 1 1 1

Bluny Bluny ShapyShap,Raze, 20,775 7/972?07/ 7L56 70/300 74 % .
=7 Ox,

Experimental Group Om Mim 50

Fig. 12 Comparison of average strain (Eavg). Error bars indicate one standard deviation.
Uniaxial loading data from Sanborn et al. (2015).
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Compared to HSR uniaxial tensile loading, an increase can be seen in the sharp and
blunt indenters by 3.5%—6.0% at the lower strain rate and reduction by 2.4%—8.0%
is visible at the higher strain rate. Razor loading resulted in an apparent strength
reduction by 28.0%—41.5% over uniaxial tensile as a function of increasing strain
rate. Based on loading geometry, the results show the strength decreases by about
10% with increase in strain rate for transverse loading with all indenters. Sharp
indenters appear to have slightly reduced strength compared to blunt, with a 5.82%
reduction at 20 m/s and 2.24% reduction at 10 m/s, and the razor indenters have
considerably reduced strength compared to blunt, with a 40% reduction at 20 m/s
and 32% reduction at 10 m/s. Most differences are not statistically significant due
to relatively high variance, but the reductions due to the razor loading are
significant (p < 0.05 for ANOVA and post hoc test).

Failure strain at 10 m/s in the blunt and sharp indenters approaches the HSR
uniaxial tensile failure strain for the 5-mm-gage length, while the razor is
considerably lower compared to the blunt indenter. Failure strain decreases by
about 10% with increase in strain rate for all indenters. Compared to uniaxial tensile
failure strain for 7-mm-gage length at 1156 s™!, blunt indenters demonstrate a 28%-—
34% reduction, sharp indenters show a 32%—-39% reduction, and razor indenters
have failure strain reduced by 58%—61%. Trends in significance of differences are
identical to those observed with strength.

Analytical stress—strain curves of representative tests for each group can be seen in
Fig. 13, and numerical results from experiments are included in Table 2.

13
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Fig. 13 a) Stress—strain curves corresponding to transverse indentation experiments
depicted in Fig. 7. b) Representative high-rate stress—strain curves from uniaxial tensile
tests in Sanborn et al. (2015).
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Table 1 Experimental data summary

Transverse impact (current study)

Impa.ct Strain rate . o Strength
Geometry Speed Saslirzlgle VEL‘:/csl)ty M Strain (£qvg, ") (GPa)
Avg. S.D. Avg. Avg. S.D. Avg. S.D.
Blunt Fast 10 21.14 0.79 6510.7 233 037 415 0.70
Slow 14 10.52 0.40 4089.9 2.54 046 450 0.75
Sharp Fast 21 20.27 0.99 6330.4 2.15 0.50 391 0.63
Slow 15 10.12  0.50 3985.1 2.38 036 440 0.60
Razor Fast 10 20.24 0.69 6325.1 1.36 025 248 040
Slow 16 9.86 0.41 39154 1.48 0.50 3.06 0.83
Uniaxial tensile loading®
Gage length Strain rate Strain Strength
(mm) ) (%) (GPa)
Avg. Avg. Avg. S.D. Avg. S.D.
10 775 3.00 024 408 0.17
5 913 2.58 031 454 039
7 1156 3.51 0.57 425 0.21
50 0.001 3.96 036 3.69 0.17

Notes: S.D. = Standard deviation.

4 Sanborn B, DiLeonardi AM, Weerasooriya T. Tensile properties of Dyneema SK76 single fibers at multiple
loading rates using a direct gripping method. Journal of Dynamic Behavior of Materials. 2015;1(1):4-14.
https://doi.org/10.1007/s40870-014-0001-3.

Maximum angle of deflection just before fiber failure is also recorded from the
experimental images as seen in Fig. 8b, ranging from 6.7° to 13.7°. Figure 14
compares failure strain between the high-rate transverse loading of the current study
to values reported in the literature for both QS transverse loading and uniaxial
tensile loading (Hudspeth et al. 2015; Sanborn et al. 2015). The starting angle is 0°
for all high-rate transverse impact tests in the current study, whereas the QS
transverse loading experiments had selected starting angles resulting in various
failure angles (Hudspeth et al. 2015). Based on the comparison shown in Fig. 14,
the failure strain induced by the round indenter in QS transverse loading
corresponds well to the QS uniaxial tensile failure strain, and the blunt indenter
under dynamic transverse impact correlates with observed HSR uniaxial tensile
failure strain. Reductions in the QS fragment simulating projectile (FSP) (which
corresponds to the sharp indenter) failure strain increase with failure angle, whereas
the sharp indenter appears to induce a small reduction compared to the blunt
indenter, when controlling for strain rate. QS razor loading results in significant
reductions relative to QS tensile strength and other geometries, and this trend can
be seen in the razor dynamic transverse impact results as well.
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Fig. 14 Strain as a function of failure angle. Uniaxial loading (horizontal lines) is from
Sanborn et al. (2015) and QS transverse loading is from Hudspeth et al. (2015). Values in
box are from high-rate transverse impact (current study).

Analytical data based on impact velocity such as transverse wave speed and initial
wave angle are calculated more precisely based on experimental values and
included in Table 3 with other experimental measurements. Effective modulus is
calculated as strength divided by failure strain, as any error in early analytical strain
data can yield considerable variability in stiffness approximation, and increased
linearity at HSRs indicates the strength and strain endpoint yield a reasonable
estimate. Axial and transverse wave times, the amounts of time required for a single
axial and transverse wave to propagate from the impact site to the edge of the fiber
are calculated according to Egs. 9 and 10. Based on the calculated values, many
axial waves travel over the course of a single test, while fewer but multiple
transverse waves should be observed. This is the case, as transverse waves result in
in-plane fiber oscillation over the course of an experiment. This phenomenon can
be observed in Fig. 8a, where the measured angle sometimes becomes shallower at
higher levels of displacement. Multiple oscillations are observed in every test, more
than expected for a static transverse wave speed, indicating that transverse wave
speed evolves, increasing over the course of the test. This is in line with
observations in literature as well (Smith et al. 1962).
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Table 3

Average and analytically determined properties. Transverse wave speeds are
based on a nominal axial wave speed of 11,123 m/s.

G ¢ Blunt Sharp Razor
metr
cometry Fast Slow Fast Slow Fast Slow
Impact velocity (m/s) 21.14 10.52 20.27 10.12 20.24 9.86
Transverse wave speed (m/s) 135.42 85.07 131.67 82.89 131.56 81.44
Strain rate (s™) 6510.7 40899 63304 3985.1 6325.1 39154
Calculated initial wave angle 332 6.61 316 6.48 316 6.28
(degrees)
Axial wave time (ms) 0.00153 0.00153 0.00151 0.00150 0.00151 0.00140
Transverse wave time (ms) 0.144 0.229 0.147 0.233 0.147 0.232
Time to failure (ms) 0.213 0.447 0.212 0.451 0.169 0.359
Effective modulus (GPa) 180.1 180.7 186.1 186.1 185.0 215.7
Estimated axial wave speed 13581 13594 13811 13835 13780 14851
(m/s)
Lo/2
TWT =22 9)
Cs
Lo/2
AWT = /2 (10)

Microscope images of failed fiber ends are observed as well. Figure 15 provides
examples for each experimental condition. Elongation and fibrillation indicative of
tensile failure are most common in blunt loading, while fibril shearing is more
common in razor loading. These failure modes are commonly observed in literature
with similar QS transverse loading experiments (Hudspeth et al. 2015). Sharp
loading appears to be a mix of the two modes even though performance was not
significantly different compared to the blunt loading results.
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Fig. 15 Broken fiber ends for each experimental case: a) blunt, 6951 s!; b) blunt,
4369 s7!; ¢) sharp, 6797 s7'; d) sharp, 4285 s7!; e) razor, 6789 s7'; and f) razor, 4307 s~

4.2 Modeling Results

Based on high-precision model output, axial strain has been processed under the
contact and at far field to obtain strain rates at short time scales. Strain rates are
generally higher under the contact where failure occurs, and some peaks in excess
of 5 x 10* are seen, mostly likely due to transverse wave reflections. Importantly,
strain rates under the contact appear to reach the nominal strain rate of 6300 s
while not usually exceeding 10*. Far-field strain rates are generally lower but still
on the order of 10° s,

Axial strain contours at time of failure can be seen for sharp indenters at 6300 s
in Fig. 16, and transverse compressive and shear strain contours can be seen for the
same model in Fig. 17. Results for other indenters at 6300 s™' can be seen in the
Appendix. Contours for models at 4000 s! are qualitatively similar, where a small
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axial strain concentration is visible opposite the impact face and strain is distributed
relatively evenly away from the impact location. Compression is always seen
directly under the indenter, and shear is observed at the edge of the contact.

(a)

Z-strain
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(b)

83102 _
2.535e-02
2.238e-02
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Fig. 16  Axial strain contours for a) front and b) back surfaces of fiber impacted by sharp
projectile at 6300 s
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Fig. 17 Contours of a) transverse compressive and b) transverse shear strain of fiber
impacted by sharp projectile at 6300 s

Various input components to the failure criterion as a function of applied strain
from the model for the sharp indenter at 6300 s™' can be seen as a function of time
in Fig. 18. Results for other geometries at both strain rates are qualitatively similar,
with razors demonstrating more shear strain.
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Fig. 18 Failure criterion components for the sharp indenter at 6300 s™. a) Maximum axial
strain and strain concentration factor. b) Transverse compressive and shear strains.

Failure criterion progression for all groups can be seen in Fig. 19. Razor indenters
demonstrate a considerable increase in shear strain, resulting in much earlier failure,
but blunt and sharp indenters fail at similar points. Discrete increases in strain are
largely due to transverse wave reflections discussed in the experimental section.
Input components at failure for all groups are listed in Table 4. Based on these
results, transverse compression and high-rate loading contribute to some reduction
in strength, but failure in the blunt loading is tension-dominated, and failure in razor
loading is shear-dominated. Shear loading is a greater contributor to failure in sharp
loading, but tension still seems to drive the fiber failure. All models demonstrate
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the greatest axial strain concentration under the indenter, where failure is predicted
to occur. These results appear to correlate well with the observed experimental

failure surfaces.
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Average Axial Strain
Blunt, 4000 1/s Sharp, 4000 1/s =——Razor, 4000 1/s
—— Blunt, 6300 1/s Sharp, 6300 1/s ——Razor, 6300 1/s
Fig. 19 Failure criterion plots for all test groups
Table 4 Failure criterion inputs
Geometry Blunt Sharp Razor
Strain rate (s!) 6300 4000 6300 4000 6300 4000
Average axial strain 0.0200 0.0206  0.0220 0.0185 0.0079 0.0081
Maximum axial strain 0.0349 0.0347 0.0357 0.0353 0.0247 0.0232
Strain concentration factor 1.74 1.68 1.63 1.90 3.11 2.86
Maximum transverse shear strain 0.0427 0.0432 0.141 0.122 0.343 0.317
Lc (mm) 0.33 0.28 0.09 0.15 0.13 0.11
&(Lo) 0.0512 0.0518 0.0566 0.0543 0.0550 0.0556
TC 0.132 0.132 0.132 0.132 0.132 0.132
TS 0.002 0.002 0.020 0.007 0.924 0.692
SR -0.259 -0.259 -0.259 -0.259 -0.259 -0.259
Output 1.04 1.04 0.99 1.02 9.17 2.11

Notes: Lc = effective gage length; TC = transverse compression; TS = transverse shear; SR = strain rate
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Failure criterion predictions for failure strain initiation are compared to failure
strain values in Fig. 20. Predictions are generally slightly lower than experimental
values. However, the failure criterion does not account for progressive failure.
Therefore, rather than indicating failure strain, it is closer to approximating the
point at which progressive failure initiates. Therefore, a lower prediction is

reasonable.
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< 003
&
) 0.025
3
‘s 0.02
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©
2 0.015
<
& 0.01
o
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= 0.005
0
Blunt, Blunt, Sharp, Sharp, Razor, Razor,
6300 4000 6300 4000 6300 4000
1/s 1/s 1/s 1/s 1/s 1/s

M Experiment ® Model

Fig. 20  Axial failure strain compared to model prediction

5. Conclusions

In order to measure the effects of transverse impact on single ballistic fibers, a
small-diameter Hopkinson compression bar is modified to launch custom indenting
geometries onto transversely mounted UHWMPE Dyneema SK76 single fibers.
Semicircular indenters of varying radius (200, 20, and 2 um) are used at nominal
strain rates of 4000 and 6300 s™' and impact velocities of 10 and 20 m/s. Loads are
recorded with high-speed images of deformation. These experiments are also
modeled in LS-DYNA to identify strain components and predict failure initiation
with an established strain-based single fiber multiaxial failure criterion.

Test results are compared to established uniaxial tensile values, where apparent
strength for blunt and sharp indenters is increased by 3.5%—6.0% at the lower strain
rate and reduced by 2.4%—8.0% at the higher strain rate, with blunt having higher
strength compared to sharp. Razor indenters reduced apparent strength over HSR
tensile by 28.0%41.5% as a function of increasing strain rate. With increasing
strain rate, blunt indenters demonstrate a 28%—34% reduction in failure strain

23



relative to the uniaxial tests with 7-mm-gage length at 1156 s™'. Sharp indenters
have a 32%—-39% reduction as strain rate increases. Razor indenters demonstrate a
58%—61% reduction as strain rate increases. Imaging of failure surfaces is
indicative of tensile and shear failure modes for blunt and razor loading,
respectively. Sharp loading appears to a combination of the two, though the effects
on strength and strain appear to be small.

Models demonstrate agreement with experimental results, with strain components
corresponding well with expected behavior based on indenter geometry.
Furthermore, the multiaxial strain states correspond well to experimental failure
surfaces. The failure criterion indicates failure initiation for all models at lower
average axial strain compared to experimental results.
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Appendix. Strain Contours at Time of Failure for Simulations of
Dyneema Fiber Transversely Impacted at 6300s™!
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Fig. A-1 Axial strain contours for a) front and b) back surfaces of fiber impacted by blunt
projectile at 6300 s!
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Fig. A-2 Axial strain contours for a) front and b) back surfaces of fiber impacted by razor
projectile at 6300 s!
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Fig. A-3 Transverse compressive strain contours for a) blunt, b) sharp, and c¢) razor
indenters at 6300 s!
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Fig. A-4 Transverse shear strain contours for a) blunt, b) sharp, and c) razor indenters at
6300 5!
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List of Symbols, Abbreviations, and Acronyms

ANOVA
c

Cs

FSP
HSR

Lo

QS

SF

SR

TC
UHMWPE
UMAT
v

Y

Atg

Aty

Eavg

analysis of variance

axial wave speed

transverse wave speed
fragment simulating projectile
high strain rate

gage length

quasi-static

scale factor

strain rate

transverse compression

ultra high molecular weight polyethylene
user material model

impact velocity

initial transverse wave angle
time to failure

displacement duration

strain rate

analytical strain

stress
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