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I. FINITE ELEMENT MODELING

1. BACEGROUND

=~ Blast waves are known to cause injuries to internal organs, e.g., lung,
gastrointestinal tract, ear, and larynx. To explore the possibility of using
body covering as a neans of protection, Clemedson and JYnsson [1] covered
cabbits with rigid and soft materia. and exposed the animals to blast waves in
shock tube and free field explosion experiments. They found that the rigid
material protected the animal from lung injury. The soft coverings, however,
were found to produce increased loading and aggravate the lung injury. Both
peak pressure and rate of pressure rise in the thorax were found to be consid-
erably higher 1in their experiments. Nevertheless the underlying mechanisn

causing such phenomena was not explained.

Volunteer experiments conducted by WRAIR showed increased peak {intra-
thoracic preasure (ITP) on subjects wearing Kevlar vests. A set of data is
shown i{in Table l. For a 1 psig free field blast wave the peak ITP response
increased from 0.394 to 0.440 psig, 11.7X, for subjects wearing a Kevlar vest.
No noticeable change in d(ITP)/dt was observed.

From these results it appears that material coverings can increase the
blast loading at the body surface, which, in turn, can cause increased ITP and
hizher risk of blast injury. Since ITP has been correlated with the severity
of blast injury, ndetatandiﬁg of the effect of vest material on blast wave
transmission, reflection, and absorption is an 1important step toward the

s

design of a protecting device. -~ . . : S Cem o

b
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Table 1. Clothing CEffects from WRAIR Volunteer Experiments
(from Ref. 3)
Clothing
1 psi, face-on, arms down
ITP Max d(1ITP)/dx
Max I1T? Increase d(ITP)/dt Increase
Clothing Subject (psig) (%) (psi/ms) (%)
Fatigues Volunteers 0.394 : 0.129 0.158 z 0.033
Victor 0.273 0.198
Fatigue Volunteers 0.447 ¢ G.099 12.2 0.157 % 0.076 ~)
Jacket Victor 0.277 1.4 0.189 5.1
Kevlar vest Volunteers 0.440 £ 0.099 1.7 0.154 % 0.042 ~0
Victor 0.280 2.6 0.180 -9.1
2

L &



2. FINITE ELEMENT MODELING

A finite e2lement model for a sheep torso was developed to study the body
response to external blast wave loadings [?}. It was siown to he an effective
approach to the study of blast biology. This model 1is adopted in the current
investigation to study the effect of coverings on the body's response to

external blast.

A layer of 20 elements representing a covering vest is added to the outer
surface of the sheep torso model and its effect on the model ITP response is
examined, see Figure 1. The total model is defined by 153 nodal points and 142

elements. Effective mechanical properties of a Kevlar vest are unot fully

‘understood at this time; a parametric approach is used. Mechanical properties

of the covering vest are varied and the changer in the ITP response are
examined. A blast wave after an 8 1b TNT explosion at 21.3 ft is applied on

the model for these comparisons. The results are summarized in the following:

Effect of Bulk Modulus, XK . The shear modulus G, is fixed at 1.0 x 104
dyne/cmz. The bulk modulus K, is varied to investigate its effect on the model
ITP response. The result is shown on Figure 2. When K, is equal to or larger
than 1.0 x 106 dyne/cm2 there is little change in the ITP response from the
case without covering vest. As we reduce K, to 1.0 x 105 dyne/cm2 the peak ITP
increases approximately 20%. The peak ITP response increases up to 432 when
the K, is 1.0 x 104 dyne/cmz. Further decrease of K, to 1.0 x .103 dyne/cmz,
however, does not increase peak ITP. Also note that the rarefaction becomes

pronounced as K, is of the order of 10° or less.

Corresponding to the reduction in Kb thare is a delay in the 1TP rise
time. It is due to the longer time needed for the incident compression wave to
travel across the covering layer. The rate of ITP increase, however, did not

seem to show a distinct difference.

Effect of Shew  Modulus, G_.. The bulk modulus of the covering vest is

fixed a2t 1.0 x 10! dyne/cm2 and the shear modulus G° is varied to understand

its effect on the model ITP response. The results are shown in Figure 3. When
the G, is equal to or larger than 1.0 x 106 dyne/cmz, 1ittle difference in the
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ITP response can be seen from the case without covering vest., The peak ITP
increases approximately 15 as we reduce the shear modulus Go to 1.0 x 10°
dyne/cnz. The peak ITP increase reaches 43% as the G, is reduced to 1.0 x 104
dyne/cnz. Further reduction in G, to 1.0 x 104 dyne/cn2 does not lead to
further change in peak ITP response.

The above studies also show that both bulk and shear moduli need to be of

the order of 10° dyne/cn2

or smaller to produce increased peak ITP response.
From experience and observation, the shear modulus is a small number, It
reflects th. flexibility of the vest material. The effective bulk modulus of
the vest appears to be the crucial one. The vest material is essentially a
composite of woven Kevlar fibers and air. During the blast transient, part of
the air can escape due to rapid compression. The above parametric study shows
that if the effective bulk modulus of this material is 1.0 x 105 dyne/cmz, it
produces a 20% increase in peak ITP. Density measurement on the Kevlar swatch
shows an average density of 0.6-0.75 g/cm3. This suggests a low compression
wave speed of approximately c = (l(/p)l/2 =~ 4 m/sec. The low wave speed and the
material impedance from the neighboring materials, air and skcletal muscle,
may lead to the redistribution of wave energy and increased loading on the

body surface. Further investigation of this 1is needed.

Clothing Effect at Various Blast Loadings. For a given blast wave, ITP

is found to increase when the subject wears a spongy covering vest or cloth-
ing. The peak ITP percentage increase from the case without covering 1s used
as an index to account for the clothing effect. Previous isoimpulse studies
demonstrated that a higher peak blast wave can result in higher ITP response
and thereby more severe injury. One would like to know 1if clothing effect
becomes amplified at higher blast loading.

Loadings of Friedlander wave at different peak overpressures are applicd
on the model and their ITP responses are predigcted. Three different peak
blasts - 1, 8, and 45 pai -~ are applied on the model with and without cover-
ings. Effective bulk and shear moduli of the covering vest are assumed to be
1.0 x 105 and 1.0 x 104 dyne/cnz, respectively., Table 2 1lists the model maxi-
mum ITP prediction and the maximum d(ITP)/dt for all three loading cases. It
eppears that both the percentage increases of the maximum ITP and the maximum
d(ITP)/dt are insensitive to the variation of peak blast loadings delivered.



Table 2. Model ITP Prediction on the Clothing Effect

ITP Max d(1ITP)/dt
Loading Max ITP Increase d(ITP)/dt Increase
(psi) Model Description (psig) (%) (psi/ms) (%)
1 Without jacket 0.52 0.21
With jacket 0.63 21.2 0.27 29.0
8. Without jacket 4.40 1.74
With jacket 5.38 22.0 2.31 32.0
45 Without jacket 23.4 9.2
With JaCket 28, 16 20.3 12.1 31.4




[u——"

For the assumed vest material, the percentages of ITP increase fall in the
neighborhood of 20X and those of the d(ITP)/dt 1increase are of the order of
30X when the peak blast overpressure varies from 1 to 45 peil.
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Various experiments demonstrate that a spongy covering can incresse the
body ITP response to external bdlast wave loading. A finite element model is

used to study the clothing effect of various covering materials.

A parametric approach is used. The peak ITP increase percentage is used
as an index to quantify the altered IT? response. For a 1 psi blast loading it
is shown that a vest with effective bulk modulus of 2.0 x 105 clyne/t:ll2 can
produce 10X ITP increase from the case without covering on a sheep. This can
be compared to the WRAIR volunteer experiment results of 11.7X increase on

subjects wearing a Kevlar vest.

Loadings of Friediander wave at different peak overpressure are applied
on the model to see if the clothing effect depends on the magnitude of blast
overpressure. The bulk and shear moduli of the vest are aszsumed to be
1.0 x 10° and 1.0 x 10% dyne/cnz, respectively. The result shows that the
clothing effect 18 rather insensitive to the magnitude of peak blast over-
pressure within 45 psi.

11
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II. EXPERIMENTAL STUDY

1. INTRODUCTION

Previous field testa on volunteers wearing Xevlar vests and animal tests
with thick coverings showed statistically higher i{ntrathoracic pressure. The

mechanisms that led to such results arc unknown.

A series of experiments was carried out to study the phenomena. Sample
Kevlar fabric was acquired from a vendor to determine its physical properties.
For a stack of 30 layers of fabric under static loading, the bulk modulus was
found to be about 1 psi or 6.89 x 104 dynes/cnz. Depending on the amount of
compression applied, the mass density of the sample was found to vary from an

initial value of 0.6 to an asymptotic value of 0.747 gn/cn’.

The dynamic response of the Kevlar fabric was tested by exposing sample
Kevlar swatches to blast overpressure generated by a 4 inch shock tube. The
samples were prepared by inserting various layers of fabric in cotton bags to
simulate the construction of a Kevlar vest. There was a systematic trend of
pressure increase under the test sample versus number of layers until a cer-
tain limit after which the peak pressure would decrease. Similar tests were
conducted for the PASGT vest by mounting it over the flar target plate. 1t was
found that the preasure response agreed quite well with the general trend of
the swatch tests, A similar pressure-versus—-layer trend was found for regular
cotton swatches. Such results led us to believe that the layered structure, in
addition to material compressibility, could be the primary cause of blast

pressure amplification.

Two special materials, a closed-cell double skin neoprene and a hard
rubber, were found to have wave speeds similar to those of the lung and inter-
costal muscle, respectively. A physical model using these materials was fabri-
cated to study the possible ITP response under blast loading. Under this model
the blast signal was highly damped, unlike the biological system, so that no
noticeable difference was detected for the conditions of with and without

Kevlar swatch coverings.

13
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2. KEVLAR JACKET MATERIAL PROPERTIES

According to MIL-C-44050, the ballistic aramid cloth used for the PASGT
vests are made of Kevlar 29 fabric. A medium size PASGT vest (Fig. 1) was
purchased from Gentex Corporation of Carbondale, Pennsylvania, to be used for

later dynamic loading tests.

Material properties of the Kevlar 29 fiber were given by Du Pont Corpora-
tion. The tensile strength and the stress-strain relationship of the Kevlar 29
as compared to other material and yarns is shown in Figures 2 and 3. Some

basic information with regard to the Kevlar fiber is summarized in Table 1.

For the swatch test, samples of Kevlar 29 plain weave fabrics were
purchased from Hexcel Corporation of Dublin, California. Material properties
provided by the vendor are listed below:

Fabric style 710
Yarn 1500 denier
Count 24 x 24
Thickness 0,017 1inch
Weight 9.5 oz/sq yd
Tensile strength
Warp 1100 1b/in.
Filiing 1100 1b/in.

Density and a p~V relationship for the Kevliar 29 fabric were measured by
using a stack of 30 layers of 2" x 2" Hexcel fabrics. The experimental setup

is shown in Figure 4.

The height variation of the test sample was measured against the applied
load. Since the areas of the test samples under static loading could be
agsumed constant, the height variation was used as the indicator of the volume

change. Furthermore, since the height change is most pronounced at the initial

loading stage, a graduated cylinder was used for small load increments by

adding water to it.

17




Figure 1.

PASGT vest. There are 13 layers of plain
weave Kevler 29 fabric under the canvas
cover.

18




L3ysuadp £q PIPIATP sninpom 10 YiBuaz3s IS[JeuILy

EY€ZG WISY - 3993 pusils pajvuSaidu; ujsai iad pIINIYL

si2qFj Bujdaojui’da
JO SnINpom ITFsUI] ¥O13309ds pus yisuaalys ITFsuN »2F3Fo9dg 7 IandYy

*u} Ol ‘SnInpoy I[FSUIL dFFIIdg

o4 9 S y £ z 1 ‘ 0
j T T I | | T
- - -—-—Eﬂlﬂ.—d‘
osh— r4
)
U 19935 @

seel8-_1. O
001} 1 -
#OJuedig IO

] (0,9 { o -19
L mw .
@237ydead yisduails 4374
00zl- 14 y g
11,94 o 6y IvIAN@ ® Iﬁca

67 1RTAI) 3 IVTA

—

1 { L | { | L
St 01 . S 0

*ut 401 ¢yaBusalg 9TFsUL] O}3Id0de

19




Tenacity, g/den (dAN/tex)

201
(17.7)

16—

(14.1)

| P g

(10.6)

8
(7.1)

(3.5)

AST™ D88S
Kevlar & Yevlar 29
e Kevisr 49
Dacron™ Du Pont
polyester uylon 8
Type 68\ Type 72

30X AT
5 g/den

Nomex™ Avamidg’
< by

(‘t‘ d“/t.‘)

——

=

ﬂ

Pigure 3.

Elongation, percent

Stress-gtrain behavior of varns (expressed in
textile units)

20




Table 1. Comparative Properties

Tensile Elonga-

Sttengih Tenacity Modulu’ tion at Densitg

1b/in, g/den 1b/1in, Break, lb/ina

Material (MPa)* (dN/tex) (MPa) ¢3) _(g/cm”)

Yarn - tested per textile test (ASTM D885)

Kevlar 29 400,000 22 9,000,000 3.6 0,052
(2,760) (19.4) (62,000) (1.44)

Kevlar 49 400,000 22 17,000,000 2.5 0.052
(2,760) (19.4) (117,000) (1.44)

Du Pont Nylon 143,000 9.8 800,000 18.3 0,041
(Type 728) (985) (8.6) (5,520) (1.14)
Dacron** polyester 162,500 9,2 2,000,000 14,5 0.050
(Type 68) (1,120) &.1) (13,800) (1.38)
Stainless steel 250,000 2.5 29,000,000 2.0 0.283
(1,720) (2.2) (200,900) (7.83)

Reinforcing Fibers - tested per resin impregnated strand test (ASTM D2343)

Kevlar 29

Kevlar 49

High strength

graphite

"E"=-Glass

Asbestos

525,000 12,000,000 4.4 0.052
(3,620) (83,000) (1.44)
525,000 18,000,000 2.9 0.052
(3,620) (124,000) (1.44)
450,000 32,000,000 1.25 0.063
(3,100) (221,000) (1.75)
350,000 10,000,000 3.5 0.092
100,000-400,000 23,200,0 0.4-1.7 0.090
(690-2,760) (160,000) (2.50)

*MPa = MN/m? = 1b/in.2 x 6.895 x 1073
**Dacron is DuPont's registered trademark for its polyester fiber.
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Figure 4. Kevlar 29 fabric static loading test setup.
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The experimental result {s shown in Figure 5. Notice the two markedly
different slopes of the pressure volume curves: an initial high rate of volume
change followed by a slow variation when |Av/v°| > 0.16 at a loading of about
0.5 psi. Also shown 1is the strong hysteresis during the unloading process. The
linear portion of the calibration curve shows that the bulk modulus, K, of the
Kevlar swatch is about 1 psi or 6.89 x 10% dynes/cnz.

Using the unit weight of 9.5 oz/sq yd given by the vendor, density of the
fabric calculated based on the measured thickness at both zero loading and
asymptotic thickness at final loading (roughly the same thickness as given by

the vendor) are:
(9.5/16)/(3 x 3 x 0,021/12) = 37.7 1b/cu ft

The equivalent specific gravities based on the unit weights are then 0.604 and
0.747, respectively.
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Ap (pei)

¢ Lloading

{ Unloading

Figure 5. Pressure-volume relationship of 30 layers of 2~ x 2%
Kevlar 29 swatch
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3. DYRANIC EESPONSE OF KEVLAR FARRIC

The static properties found in Section 2 can be used in modeling of the
jacket. In this section the satup, loading technique, and results of dynaamic

tests are described.

3.1 EXPERIMENTAL FACILITY

There were two considerations in the blast loading tests: the method of
loading, and the approach of pressure measurement. A fast response pressure
transducer installed on a target plate under the test sample was used for
pressure measurement. Ample silicone grease was applied over the pressure
transducer to ensure full pressure transfer from the test sample to the

transducet.

Originally, a water jet impactor was to be used to provide the blast
loading, but it was learned that when the Kevlar fabric was exposed to
moisture its physical properties could be altered. The validity of the test
results obtained with a water jet impactor would be questionable. To alleviate
such uncertainty, an alternative loading approach using a powder actuated

impactor was selected.

Since the impactor used gunpowder as propellant for its power 1loads,
blast signals were generated at the muzzle. In principle, a large diameter
pipe attached to the end of the muzzle would allow the blast signal to expand
and provide us a uniform blast field for the Kevlar test. Preliminary tests,
however, showed that the blast signal had the following defects: irregular and
gshort in duration (see Fig. 6), pressure councentration around the center of
the shock tube, and presence of ignition flame and blast debris at the shock
tube exit.

To overcome these defects, the following approaches were taken. To in-
crease the duration of the blast signal, a signal conditioning chamber was

designed and installed immediately downstream of the muzzle. Since the dura-

tion of a pressure puise depended on how faat the exhaust gas was released, a
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(a) Pressure transducer covered by a single
layer of cloth

““(S) Pressure transducer covered with two
layers of cloth

P{gure 6. Blast pressure signals from a powder actuated
impector as measured at the end of a 6 in. pipe
' without signal conditioning chamber
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baffle plate with a reletively low opening ratio was installed. To avoid the
blast concentration on the muzzle axis, a center piece blockage was installed

on the baffle plate.

The blockage at the baffle plate would cause the pressure wave to reflect
back toward the muzzle., A circular plate was installed on the plane cf the
muzzle to redirect the reflected pressure toward the baffle plate again. The
reflections between the bHaffle plate and the muzzle plate would continue until
all the exhaust gas generated by the blast was released downstream. The size
of the conditioning chamber, distance between the baffle plate and the muzzle
plate, and the opening ratio of the baffle plate dictate the uniforuity and
duration of the pressure signal at the exit. Figure 7 is a photograph of the

internal construction of the conditioning chamber.

The power loads were filled with gunpowder and plugged with waxed paper
waas. During blasts these paper wads would be expelled from the shock tube
together with the ignition residues. Furthermore, ignition flames also accom—
pany the gun blast. To prevent the burning of the test sample and the spread-
ing of the debris over the target, stainless steel catcher screens were
installed. One was directly in front of the baffle plate and three others at a
station six inches further downstream. This arrangement was found to trap most
of the blast residue and arrest the blast flame. The added flow restriction
due to the catcher screens also made the pressure distribution at the shock
tube exit more uniform. Pressure measurements traversed across the shock tube
showed a very even pressure distribution. Figure 8(a) shows the final arrange-

ment of the shock tube and Figure 8(b) is a typical face-on pressure signal.

The signals generated by this arrangement had longer durations and
cleaner pressure traces than those obtained without the conditioning chamber.
However, . . pressure signals had very sharp pressure fronts. These sharp
pressure fronts were caused by the thin shock layer ahead of the blast waves.
Their values tended to vary significantly from shot to shot. A single layer of
cloth installed over the pressure transducer absorbed most of the spurious and
relatively small energy in the initial peaks. The result was a more repeatable
signal that retains the bulk of the energy (Fig. 9).
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Figure 7. Internal construction of the shock tube
crnditioning chamber
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Signal Conditioning Chamber

(a) JAYCOR & inch shock tube

PMgure 8 (b). Pace-on pressure signal with transducer
directly exposed to the blast
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Mgure 9. Face~on BOP signal. Rise tiwe = 10
pressue = 22 psi; A-durstion = 3.3 ms

WAL TET

Side-on pressure signal. The pressure
transducer wvas wmounted on the shock tube
wall 0.6 inch from the end cover plate.
The value at the knee is the input blast
pressure, and the peak is the reflected
signal.
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Since most blast-related work in the literature used side-on pressure as
the reference, a pressure transducer was installed or the shock tube side wall
(0.5 inch from the exit) tc measure the input blast signal. Because the diame-
ter of the pressure transducer 1s much larger than the thickness of the shock,
the side-on transducer represented the actual integrated pressure during the
passage of the blast wave. The result was a more uniform and consistent value.
It was used as the reference for all subseqnent tests. Figure 11 illustrates

the effect of different layers of cloth coverage on the face-on pressure.

In free field tests, the pressure transducer measures the passage of the
blast signal without reflected waves. In this series nf tests, since the end
of the test chamber was closed to increase the blast pressure, the side wall
transducer would also measure the passage of the reflected pressure with its
"doubling effect.” Figure 10 shows a typical pressure signal measured by a

side wall transducer.

3.2 SWATCH SAMPLE TESTS

3.2.1 Test Sample Preparation

To test the dynamicz response of the Kevlar fabric, samples of 2" x 2"
swatches were prepared. To simulate the construction of the PASGT vest, the
test saimples were prepared individually by inserting different numbers of

layers into cotton fabric bags as shown in Figure 12.

These test samples were mounted on the target plate over the pressure
transducer. To prevent blast pressure from coming directly from the gap
between the test sample and the plate, the test samples were sealed around the
periphery with tape (Fig. 13). As described earlier, ample silicone grease was
applied over the pressure transducer to ensure full blast pressure transfer

from the test sample to the pressure transducer.

Initial test results showed that such arrangeseant would trap alr under
the test specimen. During blast testsa, the trapped air was not able to escape
and the pressure signal represented the compression cycle of the trapped air
rather than the true signal due to compression of the Kevlar specinen.
Furthermore, without relief holes the trapped air uuder compression wouvld

occasionally cause the test samples to lose contact with the transducer and
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Face-On Pressure (psi)

60—

s0f-

! L T ! 1 Ll !
. A Bare transducer -
®
O Transducer covered with one layer of blue fabric -

0 Transducer covered with two layers of blue fabric

1 .| L L

I~

1 2 3 4 5
Reference Side-On Pressure (psi)

Figure 11. Effect of fabric coverage on face-on pressure signals

32




Figure 12. Kevlar swatch test samples. The test fabric
was enclosed in the cotton fabric bags.
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Figure 13. Test sample mounting arrangement

Pigure 14. Target plate with relief holes surrounding
the transducer




result in vastly different signals. To slleviate this problem, the target
mounting plate was drilled with relief holes to allow air escape during blast
(Fig. 14). This arrangement simulated more closely the condition of the vest
where the air enclosed would escape around the periphery durirg blast. The

test results obtained under these conditions were more consistent.

In order to 1identify the unique features associated with the Kevlar
fabric, similarly constructed samples were prepared with regular blue cotton
fabric. Identical test conditions were used to measure the pressure response

for these samples and were compared with the Kevlar swatch test results.

3.2.2 Swatch Test Results

Figures 15 through 18 are the results of the swatch tests. P, 1s the
input side-on pressure, and P 1s the peak pressure under the swatch.
Designations of 1T, 3T, etc. represent the number of test fabric layers in the
bag, K stands for Kevlar and B for the (blue) cotton fabric. The results are
summarized in Figures 19 and 20. They are replotted in Figures 21 and 22 in

terms of number of layers for four different reference pressures.

These results clearly show that the pressure signals under multilayer
fabrics tend to have much higher values. The pressure increase is in direct
proportion to the number of layers until certain thicknesses were reached,

after which the peak pressure decreased.

Though the effect was not as great as that of the Kevlar fabric, the
cotton fabric exhibited similar layer versus pressure trends. When the PASGT
vest was clamped to the target plate and exposed to the blast, a similar
pressure result was obtained (Fig. 23). This result was in fair agreement with
the general rrend of swatch tests. The results were included in Figure 19 for

comparison,

In order to verify that the observed signal’ enhancement was not a local
anomaly of pressure measurement, a force transducer was acquired to measure
the force under the whole test sample. In this case a 2 in. square target
plate was used. A 25 TK test sample was then mounted on the target and the
total force under blast was measured. Figure 24 shows the results for the test

conditions with and without the Kevlar swatch. Again, when the target was
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"a 5.5 psi, P

() 1 X, PO = 4.9 psi, P. e 16.4 psi

scale double

P

(2) 3 TK, P, = 5.5 psi, B = 32.2 psi  (6) 25 TK, B, = 5.2 psi, By = 37.4 psi

(3) 10 TK, P, = 5.2 psi, P, = 34.5 pst  (7) 30 TX, P

= 5.2 p‘i. Pm = 31.5 psi

(] o

(4) 15 TK, P, = 4.9 psi, P, = 38.6 psi

Figure 15. Pressure variation under different layers of Kevlar swatch
for a given blast loading
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= 28,7 psi

(3) 3718, Py = 4.38 psi, Py ™ 22.5 psi (8) 40 TB, P, = 4.93 psi, Pp ™ 23.3 psi

(4) 10 T8, P, = 4.93 pet, P, = 25.3 psi  (9) 50 TB, P, = 4.66 psi, P, = 18.2 pst

(5) 20 TB, P, = 5.21 psi, P, = 28.2 psi

Figure 16. Pressure variation under different .ayers of cloth swatch
for a given blast loa%gng




(1) P, = 1.4 psi, P,

= 14,1 psi (4) P, = Ak psi, P, = 43.0 psi
(Sertical scale”doubled)

(2) P, = 2.2 psi, Py, = 22.3 psi (5) P, = 4.9 psi, P, = 46.1 psi
(Vertical scale doubled)

(3) P, = 3.0 psi, P = 29.9 psi (6) P, = 8.8 psi, P, = 71.7 psi
(Vertical scale doubled)

Figure 17. Pressure variation versus blast pressure for a 20 layer
Kevlar swatch
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(2) P, = 1.54 pei, 8.61 psi (6) P

(3) B, = 1.75

(4) P, = 2.55

Figure 18,

(5) P_ = 3,29 pei, P_ = 17.7 psi
(Qorttcal scale aoublod)

= 4,66 psi, P_ = 28,7 psi
(vcrtieal scale zoublod)

psi, P. = 10.2 psi (7) P_ = 6,03 psi, P_ = 36.9 psi
(eerticnl scale aoubled)

= 13.8 psi

pei, P‘

Pra2ssure variation versus input blast prassure for a 30 layer
cloth swatch .
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Pressure under Kevlar Swatch (psi)

'20'1'!( ' L

A Jacket (13TKN
over plate

Figure 19.

15TK
% 10TK
A @) -
Y g o 3TK
S 30TK
7. i
1TK
OTK
A TS D R R S
S 6 7

Reference Side-On Pressure (psi)

Pressure variation under Kevlar swatch as a function
of number of layers
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Pressure Under layered Cloth Swatch (psi)

Yigure 20.

1 2 3 4 ; 6 *-

Reference Side-On Pressure (psi)

Pressure variation under layered cloth swatch vs side-on
pressure as a function of number of layers
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Figure 21. Pressure variation under Kavlar swatch vs number of layers
for diffarent pressure lavels




Pressure Under Cloth Swatch (pei)

i | d 1 A 1 |

1

Pigure 22,

1
5 10 15 20 a5 b V) 35 &0 45 50
Number of lLayers

Pressure variation under cloth swatch vs number of layers
for different pressure levels
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(3) P, = A4 poi, Py = 39.4 pui

(l) PO w l.l p.t. ’- a 7,1 P.i
vcrttenl ocalo quintupled

(6) P, = 4.9 pai, P, = 44.5 pal

(2) PO = 1,3 P.i. Pﬂ = 9,0 p.i
(8.::1c.1 scale guintupled)

= 6.0 psi{, P, = 54.3 psi

(3) Po - 2.2 psi, P‘ = 15.5 psi (7) p
(eertical scale quintupled)

(4) PO = 2,5 pai, P‘ = 18,0 psi
Pressure variation versus input blast pressure as measured
under a Kevlar jacket over a flat plate
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(a) Without Kevlar swatch

{(b) With 25 layer Kevlar swatch

Flgure 24,

Force measurement results
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covered with Kevlar fabric a much higher force was meagsured. As a matter of
fact, the pressure calculated based on the total force and the exposed area
resulted in the same pressure as that of pressure transducer measurement. The
impulses evaluated based on the pressure and force transducer outputs also

agreed within 10Z of each other,

3.3 MANNEQUIN TEST

A major concern with respect to the swatch test was whether it could be
used to represent the "whole body"” effect. To study the phenomenon related to
this effect, a mannequin was borrowed from the Los Alamos Laboratory at Kirt-

land Air Force Base.

3.3.1 Model Preparation

The mannequin was seated in an upright position and secured in a chair. A
machinist's level was installed on top of the mannequin's head to serve as a
reference for upright position. A bushing threaded into the chest plate was
used for mounting the pressure transducer. The extra length of the bushing
allowed the mounted transducer to be flush with the torso model surface,
Figure 25 shows the location of the pressure transducer and the bare mannequin

test setup.

The Kevlar jacket came with a Velcro flap in the front. This provision
allowed the jacket to be fitted snugly over the mannequin. During the test,
ample silicone grease was applied over the transducer surface to ensure proper
pressure transfer from the jacket to the transducer. Figure 26 shows the test

arrangement with the mannequin covered with the PASGT vest.

To test the effect of clothing, a T-shirt and a lab coat were worn under

the Kevlar jacket as shown in Figure 27.

3.3.2 Mannequin Test Results

Figures 28 through 31 show the results of the mannequin tests under the
above mentioned test conditions. For convenience of comparison, all signals

used the same pressure scales.



il Il

Pressure
transducer

Figure 25.

Pressure measurement on bare mannequin
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Figure 26. Pressure msasurement on mannequin with Kevlar jacket
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Pressure measurement on wmannequin.
are shown under the Kevlar jacket.
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A ladb coat and a T-shirt



(1) Py = 2.19 psi, P_ = 9.21 poi

(2) PO - 3,29 pei, P- = 13.3 psi

(4) P, = 6.03 pei, P_ = 27.1 pei

Figure 28. Pressure variation messured on bare mannequin
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(1) p, = 4,67 psi, P_ = 35.8 nsi

(2) P, = 5.21 psi, P = 47.1 psi

(4) P, = 6.03 psi, P, = 57.3 psi

Figure 29. Pressure variation measured under Kevlar jacket
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(1) Py, = 4,39 pei, P, = 25.1 psi

(2) P, = 4.93 psi, P, = 30.2 psi (5) P, = 7.68 pei, P, = 56.8 psi

(3) PO = 5,48 p.’., Pﬂ = 34,3 pli

Figure 30. Pressure variation measured on a mannequin; a lab coat and a
T-shirt were worn under the Kevlar jacket (time scale was
doubled)
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(a) Bare

(b) Under Kevlar jacket

. 90032.0~8%

(¢) Under Kevlar jacket, lab
coat and t-shirt

Figure 31. Pressure measurement on mannequin
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As shown in PFigure 28, the bare mannequin test results show the familiar
face-on pressure signals, The measured pressure (p.) increases with the

reference input blast cignal (po).

Figure 29 shows the result measured under the PASGT vest. The measured
pressures show that they were significantly amplified and delayed as compared
to the bare mannequin tests. Furthermore, the pressure signals had much longer
durations,

Figure 30 shows the result for the case when a T-ghirt and a lab coat
were worn under the PASGT vest. The signals were not amplified as much as in
the case when the jacket had perfect contact with the chest wall. We believe
that the decrease in magnitude was probably due to the relatively poor
coupling between the different types of fabrics. Thus, instead of enhancing

the pressure, these added layers appear to dissipate part of the energy.

Figure 31 compares the pressure signals for the three different kinds of
test conditions. The results of this series of tests is summarized in Figure
32, The consistently lower values for the case when additional clothing was
worn under the vest implies that coupling among different fabrics may not be

as effective as a single sewn layered material.
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4. ONE DIMENSIORAL MODEL OF THE LUNG AND
CHEST WALL COMPOSITE STRUCTURR

4.1 INTRODUCTION

The high pressure observed under the Kevlar swatches may account for the
higher ITP seen when layered clothing was worn. A more direct test of this
observation would be to measure the net effect in a model. A key element in
this approach was the selection of the modeling material. In this section,
approaches to material selection and the findings from pertinent experiments
are presented. The one dimensional model was then fabricated from the selected

materials and used for both pressure and accelerometer measurements.

4.2 LUNG AND CHEST WALL MODEL MATERIAL SELECTION

In order to achieve a realistic representation of the lung and chest wall
model, the selected material must have properties similar to real tissue.
There are many physical and biological properties for each tissue. It is
unlikely that all the properties can be represented simultaneously by a single
model material without resorting to the exact tissue itself., On the other
hand, among all tissue properties the most important were the wave transfer
characteristics. This argument was born out of analytical results and field
observation experience that wave motion was the fundamental mechanism of lung
injury. The material selection was therefore based solely on wave propagation

speed.

A number of candidate materials were screened and selected based on their
texture and construction. These materials were then measured accurately to
determine their respective wave speeds. Based on the findings of Yen and Fung,
the wave speed of lung tissue is in the range 25-70 m/sec while that of the
chest wall was greater than 1000 m/sec (See Table 2 and Fig. 33). Preliminary
tests 1indicated that certain types of spongy material and hard rubber had

properties close to these values. They were used for subsequent tests,
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Table 2. Velccity of Sound in Various Tissues, Air and Watert®

Velocity
of Sound Densisy
Tissue (m/sec) (g/cm”) Reference
Muscle 1580 1 Ludwig (1950), Frucht (1953)
(1953), von Gierke (1964)
Fat 1450 1 Ludwig (1950), Frucht (1953)
Bone 3500 2.0 Clemedson & J8nsson (1961)
Ribs and intercostal <1000 Clemedson & JBnsson (1961)
muscle
Collapsed lung 650 0.4 Dunn & Fry (1961)
(ultrasound)
Collapsed lung, 320 0.8 Dunn & Fry (1961)
pneumonitis (ultrasound)
Lung, air filled, horse 25 0.6 Rice (1983)
Lung, air filled, horse 70 0.125 Rice (1983)
Lung, air filled, calf 24-30 Clemedson & J¥nsson (1962)
Air 340 Dunn & Fry (1961)
Water, distilled, 0°C 1407 Kaye & Laby (1960)
Air bubbles (45X by vol.) 20 Campbell & Pitcher (1958)

in glycerol and water

*From "Speed of Stress Wave Propagation in the Lung,"” by M. R. Yen, Y. C. Fung,

H. H. Ho, and G. Butterman.
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Wave Speed (m/sec)
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Figure 33. Velocity of wave in lung as measured by Fung and Yen
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Initially, the wave speed was measured directly by exposing the test
material to the blast signal and measuring the time delay between the rise
times of two pressure signals. These pressure signals were obtained from two
pressure transducers: one directly under the test material, and the other
installed next to the material but flush with its surface. In this way the
extra time required for the pressure to reach the second transducer would
represent the time required to travel through the test sample. Since the test
material thickness was known, the wave speed of the test material could be

calculated.

The signals obtained by exposing the test sample directly to the whole
shock were found to be noisy and inconsistent. They also varied with the
magnitude of the blast signal - a stronger shock tends to have a higher wave
speed than that of a weaker shock. A modified approach was therefore adopted.
In this case, two 1/8 in. holes were drilled in an end plate on the shock
tube: one hole directly facing the test sample and the other facing the
reference pressure transducer. Since the blast signals coming through these
holes were significantly restricted, relatively weak signals impinged on the
target. The measured pressures under this arrangement were found to be much

cleaner and the measured time delays were more consistent.

An alternative approach of wave speed measurement was to mount the test
material on a small, water-filled chamber. One transducer was mounted at the
opposite end of the chamber and a reference transducer was mounted flush with
the sample surface adjacent to the test sample (see Fig. 34). Since the wave
speed in water was well known, the wave speed through the material covering
the front face of the water chamber could then be calculated once the total
travel time was known. Again, the start time was provided by the reference

pressure transducer.

Typical pressure time historles using each approach are shown in Figures
35 and 36. The latter has slightly better defined start points in the time

traces, but the results agree well.

Based on this series of tests, two materials - namely the closed-cell,
double-skin neoprene and the hard rubber sheet - were found to have wave

speeds of 50 and 1065 m/sec, respectively. The values were close to those of
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Figure 34. Water chamber used for wave speed measurement.
The material to be tested is shown directly
over the water surface.

61



(a) Pressure traces for wave speed
measurements

ooTareNMY

At
(b) Signals greatly expanded in time

for better resolution

Figure 35, Pressure traces for wave speed measurements
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At

(a) Time delay measured between reference
surface transducer and that directly
under test material

At

(b) Time delay measurement when a water
chamber is used

Figure 36. Wave speed measurements with and uithout
auxiliary water chamber

63



actual 1lung tissue and chest wall. They were chosen for subsequent one

dimensional ITP and acceleration tests.

The test sample was constructed with 0.75 inch hard rubber "muscle” and
2.25 inch neoprene foam "lung” to simulate the dimensions of a typical cross

section of the upper torso.

4.3 INTRATHORACIC PRESSURE MEASUREMENTS

The one dimensional lung and chest wall model described above was mounted
on the target plate for blast tests. The results for both Kevlar covered and

uncovered conditions were measured as in the swatch tests.

Since the test model protruded 3 inches from the mounting plate, it would
interfere with the side wall pressure measurement when the same mounting
arrangement as the swatch tests was used. For this series of tests, therefore,
an end plate with a 2 inch diameter hole at the middle was used to allow the
passage of the blast pressure. The 1-D model was then mounted on a support

with its surface flush with the end plate and directly facing the exit hole.

Figure 37 shows examples of measured pressures with and without Kevlar
swatch coverages. These signals were taken using the same reference pressures.
Note that, instead of higher values, the pressures under the test model for
both cases are smaller than the reference pressures. The Kevlar swatch does
not appear to have any noticeable effect. Results for various input blasts are
summarized in Figure 38 for both taped and untaped test conditions. As shown,
when the model was taped around 1ts sides and secured to the target plate, the
reinforcing effect of the tape would cause further reduction in the measured

pressures, perhaps due to the stiffening effect of the tape.

The reduced magnitudes obtained under the test sample indicated that
there was a strong dissipative effect of the thick composite material. The
overwhelming dissipative effect of the torso wall model was probably the
reason why there was no noticeable difference between the results with and

without Kevlar swatch coverage.
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(a) Without Kevlar swatch covering

(b) With covering

Figure 37. Pressure trace under a one-dimensional
lung and chest wall model
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4.4 ACCELERATION MEASUREMENT

In addition to the pressure measurements, acceleration at the composite
model surface was measured with an accelerometer. Because of its small mass
and direct blast exposure, initial tests showed that the acceleration signal
would be significantly masked by the blast noise. Subsequent tests were
therefore conducted with the accelerometer covered with a small shell to
shield the blast noise.

Figure 39 shows the arrangements of the accelerometer installation for
the test conditions with and without Kevlar swatch. The peak accelerations for
both cases were plotted against the reference wall pressure as shown in Figure
40. Note that the chest wall peak acceleration was substantially reduced when
it was covered with the Kevlar swatch. Since the Kevlar swatch was well bonded
to the model surface, the reduced peak acceleration when the Kevlar swatch was

present showed that it slowed down the accelerometer response.

Figure 41 shows an example of the signals of the pressure and the accel-
eration when the Kevlar swatch was mounted directly against a target plate
without the one dimensional torso wall model. The pressure transducer was
mounted on the target plate directly under the swatch and the accelerometer
over the swatch. The figure shows that the measured pressure corresponds

directly with the movement of the Kevlar swatch.
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Flgure 39.

Accelerometer measurement installations
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