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This Technical Note was prepared in order to present the results of an
analytical investigation and experimental verification of the dependency of
the impact tolerance oC tension members on their geometrical and material
chatacteristics. In addition, tests were also conducted to determine the
impact tolernnce of those tension members which promised superior performance.
The work presented herein is part of a program dealing with the problems of
aircraft arrestment at high landing velocities.

In general all tests showed good correlation with predicted values.
These correlations verify the use of the developed analytical methods In
establishing an expected impact tolerance \for materials whose mechanical
properties are known.

The tests indicated that the highest transverse impact tolerances were
exhibited by nylon and Fortisan specimens in that order, with Fiberglass a
probable choice for third position.

It was not considered necessary for the purposes of this report to test
the longitudinal impact tolerance of nylon. However, the strong correlation
encountered between the predicted and the test data values for the longitudinal
impact tolerance properties of the specimens tested indicate that again the
highest longitudinal impact tolerance belongs to nylon as predicted. Of the two
textile materials tested, Fortisan exhibits the highest value at 234-281 knots.
All of the materials tested show superior impact tolerances, both longitudlial
and transverse, over that of the improved plow steel rope as presently employed
in tension members for the arreatment of aircraft when landing.
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NOTATION

A Element area, normal to the longitudinal axis, inches
2

AM Tension member elastic modulus. Equivalent to the slope of the
member's tension-strain relationship, pounds

c Strain-wave velocity (convex-up stress-strain curve), feet/second

c Strain-wave velocity at point of zero strain, feet/second

c* Velocity of kink, feet/second

ce Velocity of kink at point where c = c* feet/second

Strain-wave velocity in direction of loading (concave-up stress-
strain curve), feet/second

D Diameter of the helix between the centerlines of the coiled
element, inches

d Element diameter, inches

E, G Moduli of elasticity (linear), pounds/inch
2

I Moment of inertia of element area about bending axis, in
4

J Polar moment of inertia of element, in
4

KK t Material parameters for longitudinal or transverse excitation
respectively, feet/second

L Length of the tension member, inches

m Ratio of helix diameter to element diameter, dimensionless

n Number of turns of an element in a helix

s Length of helix element, inches

T Tensile force, pounds

To Tensile force, pounds at point where c = c*

u Longitudinal impact velocity, feet/second

u9 Longitudinal impact velocity of cable at point where c = c*,
feet/second

u 1  Component of u under lower convex-up section of stress-strain
curve, feet/second
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NOTATION (continued)

u2  Component of u under secant across concave-up section of stress-
strain curve, feet/second

u Component of u under upper convex-up section of stress-strain
3 curve, feet/second

'vt Longitudinal or transverse excitation velocity, respectively,vfeet/second

v e,v Longitudinal or transverse excitation velocity, respectively, at
point where c = c*, feet/second

OC Lay angle of an element in a strand, angular degrees

S Helix angle (complement of the lay angle), angular degrees

SElongation of a helical spring along the spring axis, inches

E Strain, inches/inch or percent (5)

Ei Maximum strain produced by the impact, inches/inch or percent (5)

Strain at point where c * c*, inches/inch or percent ()

E eff Effective strain of rope, inched/inch

/U Mass density per lineal inch of coil axis, slugs/inch

._W Mass density per lineal inch of elongated specimen

VI Poisson's ratio

p Mass density per unit volume of a material, lb.sec2 /in

Normal stress due to bending, pounds/inch2

o, g Maximum noramal combined stress, longitudinal & transverse respe-

tively, psi

C Normal stress due to direct tension, pounds/inch 2

V " Shearing stress due to torsion, pounds/inch2

Acute angle between aircraft path and cable

Kink angle

Kink angle at point where c - a*
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SECTION 1

IINTOIXCTION

1.0 Purpose and Scope

Conventional aircraft-arresting gear employ wire rope to exert the

desired decelerating force on the aircraft during landing, in order to

r duce the length of runway below that which would be required for an

unassisted landing. Present practical limitations on the impact toler-

ance of wire rope to less than 200 knots restrict the maximum stalling

velocity to a relatively low value and as a consequence impose a

compromise of aircraft performance at altitude.

The purpose of the study of the geometrical and material parameters

which determine the impact tolerance of tension members is to define the

areas of possible improvement and to develop new tension members capable

of resisting impacts of 400 knots. Initial effort along these lines was

presented in WADC Technical Report 59-495 which described studies of aircraft-

arresting gear cables (Reference 1). This present work continuTs that theo-

retical analysis, and it includes experimental verification of the results

of the investigation presented herein. Methods are developed for selecting

materials possessing outstanding impact properties and the impact performances

predicted are presented in this technical note.

The test phase of the program was conducted for the purpose of

testing those materials which were indicated by the methods of analysis

presented herein to possess superior impact tolerance and to verify the

predicted values of impact tolerance for various linear and non-linear

1enusuript releasd by authwe J a y 196 for publiestlem as B AD
Thn ios Not*.t~ A hSW 62m



materials. To accomplish this purpose static tests were conducted to

establish impact tolerance predictions, followed by a series of dynamic

tests to demonstrate experimentally the correlation between the predicted

and the actual impact tolerances. The dynamic tests consist of both

longitudinal and transverse impact tests and are included in this technical

note presentation.

1.1 The Analytical Approach

In the following sections the dependency of the impact behavior of

tension members on their geometric and material parameters is discussed

and independently developed. This presumption that no mutual influences

exist between variations in the material and geometrical parameters was

later found to be justified except for negligible effects displayed by

ranges of Poisson's ratio.

In the beginning of the program, the degree of improvement in impact

tolerance that could be achieved by geometrical variation alone was un-

known. The determination of the upper bound of possible improvement in

the impact tolerance was initially intended since, if it could be shown

that even in a configuration most sensitive to geometrical changes little

improvement is possible as a result of these changes, then further effort

on this phase of the program could be concluded. On the other hand, if

the theoretical improvement possible was demonstrated to be large, then

the effort would be continued in order to determine the specific geometri-

cal characteristics which could be incorporated in the design of new

tension members.
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In order to evaluate the upper bounds of possible improvement as a

result of geometrical variation, a tension member was developed possessing

the practical advantages of a wire rope, of a configuration which would

permit mathematical analysis, yet would still retain a sensitivity to

changes of geometry similar to that of the wire rope. Since the problem

involves several geometrical parameters, a simple physical representation

was desired which would include these parameters in such a way that an

appropriate combination of changes in these parameters would lead to the

greatest theoretical increase possible in the impact tolerance of the

tension member.

The studies treating with the influence of material characteristics

on the impact tolerance of tension members include linear and nonlinear

materials. WADC Technical Report 58-217, (Reference 2), which is concerned

with an analytical approach to the problem of alleviating dynamic tensions

in aircraft arresting gear cables, develops analytical techniques for

dealing with linear materials. Procedures for analyzing nonlinear Mterials

are developed in this present work.

In Reference 2, no restriction was placed on the tension-strain

characteristics Qf the material in developing the expressions dealing with

longitudinal and transverse impacts. However, in Reference 1 only specific

cases were analyzed on the basis of linear characteristics. This present

work extends the analysis to nonlinear materials as well.

1.2 Test Technique

The static test requirements for the testing phase of the program

required no special equipment and the necessary data was procured through the

use of an Instron Tensile Testing Instrument as reported herein in Section 4.0.2.
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For the dynamic testing phase, the critical test conditions and the

high velocities anticipated at the outset of the program to be required

for establishing longitudinal and transverse impact tolerances necessitated

an economical and dependable method for producing suitable impact conditions.

The longitudinal impact test required the design and use of a testing

facility consisting of a track mounted missile propelled by an explosive

charge whose composition determined the resulting velocity of the missile.

In addition techniques were developed to insure pure longitudinal impact

of the specimen and provisions had to be made to stop the missile within a

reasonable dist-,,ce after impacting the specimen.

The transverse impact test was found to be amenable to the use of

velocity controlledssolid, 12-gauge shot gun slugs. The velocity control

and adequate impact accuracy of this method was established by a pre-

liminary test series which are part of the data presented in this technical

note. The success of this early test series justified the development of

the technique around which the transverse tests were planned. This method

could not be used for the longitudinal impact tests because it would not

produce pure longitudinal impact under the available conditions.
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SECTION 2

STUDY OF GEOMETRICAL PARMETERS

2.0 The Analytical Model

In order to perform an analysis of the effects of geometrical modifi-

cations on the impact tolerance of a tension member, a mathematical model

must be established which preserves the basic parameters throughout the

range of their variation. In addition, the model selected had to have the

practical advantages of wire rope, principally flexibility, and since the

method of approach should establish the upper bound of possible theoretical

improvement, the model configuration selected was that which would permit

the maximum increase in impact tolerance. The selection was made from

several suitable geometrical configurations including the cylindrical and

conical helix, the chain, and the braid.

The model chosen consists of a single circular solid element, wound

into a cylindrical helical coil. This simplified configuration has its

usefulness in that its analysis provides knowledge of the behavior of an

elastic tension member having a geometry of basic interest and, to a large

extent, having the general configuration of a conventional wire rope.

Also, as the helix angle is allowed to vary from 00 to 900, configura-

tions ranging from a solid bar to a tight spring are available for analysis

as well as any ratio of coil diameter to wire diameter.

It is to be noted that the model described above does not incorporate

radial support. The effect of radial support can be qualitatively evaluated
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from the outset; radial support tends to make the member less elastic and

to behave more as a solid bar. Analytically, radial support can be intro-

duced to represent a more realistic situation such as that existing in a

conventional wire rope. The helical model will be analyzed first without,

and then with, the radial support.

The generalized model configuration to be analyzed in the following

sections embraces all practical geometries and variations of interest.

However, any deviation from the selected helical model being analyzed

would not lead to a superior impact tolerance. While no rigorous analysis

is presented, it can be intuitively demonstrated that the radially

supported helix configuration previously described is superior to other

geometries to which the model generally applies. Some of these geometries

are as follows:

1. Multiple circular elements wound into a cylindrical helical

strand

2. Multiple strands of Case I wound into a cylindrical helical

coil

3. Multiple annular layers of strands would into a cylindrical

helical coil

4. Plaited or braided tension member

5. Non-circular elements wound into a cylindrical helical strand

Cases 1, 2 and 3 above can be dismissed immediately from further con-

sideration as possible methods of improvement because they have, in

essence, the same geometry as the radially supported model analyzed,
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except that their multiplicity of elements introduces contact stresses

which tend to decrease their impact tolerance.

It would appear that the inter-element contact stresses would pre-

clude any advantage of Case 4 as well, because in plaited or braided

geometry the element cross-over angle is extreme and contact stresses high.

If non-circular elements wound into a cylindrical helical strand are

considered as a possible geometrical modification, it does not appear that

any advantage will be acquired because the stresses induced under impact

are derived from direct tension, torsion and bending. If element bending

is prevented by radial support, the element is subject to the same tensile

load regardless of element cross-sectional shape. However, torsional

stresses are dependent upon the element's cross-sectional geometry. Any

cross-section other than circular would lead to higher torsional stresses

for equal cross-sectional area.

While contact stresses might be minimized by an element cross-

sectiona geometry providing large contact areas, its usefulness is

significant only where fatigue life or gross bending is of greater

significance than maximum impact tolerance.

From the foregoing considerations, the analysis of geometrical in-

fluences in tension members is believed comprehensive and to be applicable

to all practical geometries.



2.1 Mathematical Analysis

2.1.1 Helical Spring Model

Figure I shows the helical spring model with the significant geo-

metric parameters necessary to define the mathematical model.

In Timoshenko's Strength of Materials (Reference 3), the elongation of
1

a helical spring due to a longitudinally tensile force is given as,

g T l . (c ~~ + si 2 ~,(2.1)

where the two terms on the right are due to torsion and bending of the wire

respectively. In order that this equation apply for any I' between zero

and r-, (i.e. ranging from the tightest coil to a straight wire), a term

must be added which takes into account the elongation due to the strain

caused by the component of the tension along the axis of the wire. From

the free-body diagram of Figure 2a, this component is seen to be T sin V

Adding the corresponding term to Equation (2.1),

D2  s i n ) T s sin2  (2.2)
T G J + E I EA

1 If the diameter of the wire is not small in comparison with the coil

diameter, the torsional rigidity (GJ) should be modified by the correction

factor, as indicated in Reference 3,
3 (d ) 2

Id
K=l+

16 [l+D~

However, it will be seen that this correction factor can only decrease the

impact capabilities of the model and hence lessen the improvement which

would otherwise be found.
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If Equation (2.2) is divided by L (the axial length of the helix segmey.t

being considered), then that equation gives an effective "strain" for the

coil spring, reducing to the usual strain, - -E for a straight wire in
E

tension. Geometrically, I can now be seen to be equal to csc Z(Figure 3).
L

WIRE

AS

L . Col- AXIS

Figure 3

LENGTH OF WIRE UNWRAPED FROM THE HELIX

Rewriting Equation (2.2) after division by L, and grouping the common

factors, it becomes,

csc D2  2 2 s sin2
eff sin EA (2.3)

eff= T sc '( 4G J4 E 11



It is now possible to write an analytical relationship for JE, which, in

Reference 1 was indicated to be an important parameter.

T sin Y

Eeff D 2 cos 2 6 D2 sin 2 sin 2 (2.4)+ + EA
TG J 4ElI E A

Taking a wire of a circular cross-section, as was already implied in foot-

note 1, page 5, and defining m =-P Equation (2.4) after simplification

becomes,

A E sin
sin2  A2 ( s2 (2.5)sin X + 4m (1 + Cos -)

E

where G has been replaced by 2(1 + V ) ' and I and J have been written in

terms of the wire diameter, d, and the cross-sectional area, A.

Also, having an expression for the length of wire per unit length of

coil, , the following relationship for the linear mass density of the

coil, /, can be written

Volume of Wire A p Acsc (2.6)

unit length L

The basic equations developed by F. 0. Rirgleb in an investigation of cable

dynamics (Reference 5) can be written in a form convenient to the present analysis:

T = v E  (2.7)

Tt=

However, the equation for T can be further simplified when r is negligibly small
Tt E

compared with unity ( < 10%) as is the case for the materials presented in

Table I, page 31,of this Technical Note. The resulting approximation is as follows:

T-t =v 4 /3 (2.8)
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Substituting Equations (2.5) and (2.6) into (2.7) and (2.8), it is found that

T4 v A 2 + 4m2 (i 1/2  (2.9)

.+ 12 /3

Tt  () A[ 2 2 csc 1 (2.10)S Lsn 2 Y + 4m2 (l- cos 2 ' )

Equations (2.9) and (2.10), however, can not be used to calculate the

stresses, and in particular the combined stress which is produced in the wire

by the tension T, or Tt . Therefore, unless the ultimate tension for a

particular geometrical configuration is known, it is not possible to predict

the velocity at which the member will break.

The maximum allowable combined normal stress induced at the most critical

point in the wire cross-section will define the maximum impact velocity.

As a matter of completeness of the analysis performed on the basis of the

combined maximum normal stress, it is necessary to demonstrate the needlessness

of a maximum combined shearing stress criterion for determining the optimum

geometry. Clearly, the shear criterion would be the index necessary to evaluate

the impact tolerance at large lay angles where torsion and possible bending

predominate.

The curves of Figures 5, 6, 9 and 10 show the velocities at which a failure

will occur due to the combined normal stress. The maximum impact tolerance

shown on these curves is the straight tension element case (cX = 0) during trans-

verse impact. Torsion and bending are completely absent in this case and are

negligible also at small lay angles. Since the shear criterion will therefore

not apply at or near C = 0 for the optimum case, its applicability at other

13



points along the curves has little significance because, irrespective of the

impact velocity determined by the normal stress criterion, the element will be

limited to lower velocities on the basis of the shear stress criterion. Hence,

the normal stress criterion leads to a relative conservatism at CK = 0 in

comparison with C = IT/2.

CID (T---

ILJ d- NEUTRAL. AXIS

Figure 4

LOCATION AND STATE OF STRESS AT THE CRITICAL POINT
IN THE CROSS-SECTION OF A HELICAL SPRIIG

In Figure 4, the critical point b as determined on inspection is

subject to direct tension, bending, and torsional stresses as defined by,

T- sin ¥ (2.11)
D A

_= 4m T sin (2.12)
B A

-" = T2 m T Cos (2.13)

14



Adding Equations (2.11), (2.12) and (2.13) by means of the classical

equation for the maximum normal combined stress yields,

T [0l +4m) sin 1+ V(i + 8m) sin2 ?+l6m2] (2.14)

By substituting Tt , Equation (2.7), and Tt, Equation (2.8), for the tensile

force, T, in Equation (2.14) and solving for vy and v respectively,

2 t [Sin 2 Y + 4m2  (1 + cos2  )

t =[E ] 1 2 sin ] (1+ + + sin 2 Y + ) +l

[2oa c3/4 4sin ' [Sin 2 ' + 4m2 (1 + ) cs 2  1 (2.16)Vt -2 1/4 2 /21-37 (.6[Ep~jl P {(i + 4m) sin Y + 1i1 + 8m) sin2 e + i 41jJ

Equations (2.15) and (2.16) are the expressions of the mathematical model

by which the impact tolerances of a helical configuration may be determined

depending upon the two shape parameters If and m, and the four material

parameters E, P, a" and 9 . These equations are restricted to materials

having linear stress-strain relationships.

In order to give the model a more explicit meaning, the graphs of

limiting longitudinal and transverse impact velocities are shown in Figures

5 and 6 respectively. These curves were arbitrarily plotted for C0= 200,000 psi,

E= 30 x l06 psi, p= 7.32 x lo 4 slugs/in3, 9=0.3 and var ing I for

four representative values of m.

It can be seen from Figures 5 and 6 that the transverse impact

tolerances for the same helix are everywhere better than the longitudinal

15



impact capabilities, except for lay angles over approximately 800. How-

ever, as m increases, the longitudinal impact levels will increase while

the transverse levels will decrease. Further, it appears from Figure 5

that for large values of m, the longitudinal impact velocity is increased

very little by increasing m. For this reason, and since the transverse

case is considerably superior, there is no purpose in exploiting the

slight improvement in the longitudinal tolerance by using large values

of m because the coil diameter will rapidly become impractical for reason-

able values of the wire diameter.

In Equations (2.15) and (2.16) the impact tolerances vt and vt are

determined by both material characteristics and geometrical characteristics.

It is possible to isolate these influences as follows, where K, and Kt are

the longitudinal and transverse impact tolerance parameters, respectively,

and are functions of material characteristics alone:

K - (2.17)F-
21/2 a- 3/4

K t (Ep 2 ) 1/4 (2.18)

Equation (2.18) is an approximation obtained by neglecting the strain

(T) produced by impact and is to be used only for relatively small strains

(!< 10%). The exact solution is

21/2 o- 3/4 1/2

t 2 1[4 1/2
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Equations (2.17) and (2.18) will be recognized later to be the limit-

ing impact velocities for a straight wire and therefore can serve as

selective criteria for materials.

Dividing Equations (2.15) and (2.16) by Kt and Kt, the geometrical

parameters are isolated as follows:

2 fsin2 + 4m2 (1 + Y cos 2 )1 1/2L _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _(2.19)

KZ (l + 4m) sin e + (l + 8m) sin2 7S+ 16m2

v {8 sin KSin2 2 + 4m2 (l+ Vcos 2

Kt (l + 4m) sin + (1 8m) sin2  + 16m2 1/2 3/4

While V can vary from 0 to 0.5 in its theoretical limitations and

for most materials is about 0.3, it has restricted influence in Equations

(2.19) and (2.20). Therefore, the curves of Figures 7 and 8 are plotted

for a constant value of 0.3 for Y and represent essentially geometrical

effects.

The normalized ordinates of Figures (7) and (8), together with the

material parameters defined in Equations (2.17) and (2.18), will yield

the impact tolerances of any helical configuration.

It is to be further noted in Figures 5, 6, 7 and 8, that while the

curves terminate at discrete points on the ordinate, they are actually

discontinuous at 0(- 0 and instead have a common point of intersection.

This point can be immediately found frrm Equations (2.17) and (2.18), to
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which Equations (2.15) and (2.16)are reduced when o( - 0. Therefore, at

- 0,

e K, and (2.21)

vt  = Kt  (2.22)

It is emphasized, then, that the curves of Figures 5, 6, 7 and 8 are un-

defined by Equations (2.15) and (2.16) foro< = 0; it is further noted that,

geometrically, o( can be zero only when m is zero, which is the case of a

straight wire. (The caseo( - 0 with m 0 would present an eccentrically

loaded straight wire.)

2.1.2 Radially-Supported Helical Model

A study of the impact tolerances theoretically obtainable from the

curves of Figures 5, 6, 7 and 8 reveals that the simple coil model has,

under the most favorable selection of variables, impact tolerances much

less than those of conventional wire ropes, except when the helix de-

generates to a straight wire (oc4- 0) or, under longitudinal impact only,

a helix angle greater than 800. (Even then, combined shear stresses may

preclude the higher longitudinal impacts.) Consequently, modifications

were incorporated into the model to represent radial support such as that

manifested in a conventional rope.

Presuming a massless core providing only radial support to the helix,

but making no contribution to relieving the tensile load, it is clear that

the equations of the previous section must be altered in order to account

for the difference in loading. Bending will no longer occur since the

20
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helical wire is now restrained radially. TTpon drawing a free body diagram,

Figure 2b, page 10, of an element Ls of the wire, the component of direct

tension is found to be considerably different than in Figure 2a.

Rewriting the equation for the effective strain, e eff' by dropping

the term due to bending and changing the component of direct tension from

(T sin ') to (T csc ), Equation (2.3) is then3

2 2
E T cc D cos T+ ) (2.23)

and At is therefore

T =2 = A E sin 2 (2.24)
eff 4m cos Y+ 4 m2 008 +i1

Tt and Tt are then

T1 = t A 2 (2.25)

1C 2o c'( c 1/3

Tt = (vt) 4/3 A E [ 2  cs 1 (2.26)

Because there is no bending, the maximum combined normal stress will

now be located at any point on the circumference of the cross-section of

the wire. The shearing stress due to torsion remains unchanged and is

given by Equation (2.13), but the stress due to direct tension on the wire

will now be

3 The radial forces on wire ropes are discussed in a paper by F. H.

Hruska (Reference 4). This resolution of the forces merely approximates

the effect of radial deformation due to contact stresses.
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a: = T csc (2.27)
D A

and the equation for the maximum combined normal stress is then

= sc Y + (csc2 Y + 16m2 cos 2 6 (2.28)

Replacing T in Equation (2.28) by Equation (2.25) for T, and Equation

(2.26) for Tt and solving the same for vt and vt respectively, it is found that

O-'cl 2 [ 1+ 14. 2(l + V) cos2  1l/2(

vcc + (csc + 16m2 cos2  )1/2 (2.29)

21/2(0t )3/4 { 8 sin i[ +4m2 cos2 ' (1 +

Vt 1(p2)l/4 [csc + (ca 2 < + 2 2' 1/12 3/4 (2.30)

Plotting Equations (2.29) and (2.30), using the same material parameters

as the previous section, produces considerably different curves, as shown

by Figures 9 and 10, than the corresponding ones for the unsupported

helical spring. Both the ordinate and abcissa intercepts are the same for

any value of m in the transverse or in the longitudinal cases. As opposed

to the previous curves for the unsupported helical spring, the ordinate

intercepts are not points of discontinuity. The continuity of the curves

of Figures 9 and 10 follows from the occurrence of the cos2 ( in each term

in which m occurs. Hence, when ( equals 900 (o. equals 00) the terms

containing cos 2Y become zero irrespective of the value of m.
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For convenience the ratios of the velocities to the material factors

are once more plotted as a function of 0( as was done for the unsupported

helical spring model. Figures 11 and 12 show these curves which are, as

in the previous case, based on the presumption that because the material

parameter, V, does not possess a wide enough range of possible variations,

it will not significantly affect the ratio figures plotted for V 0.3.
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SECTION 3

STUDY OF MATERIAL PARAMETERS

3.0 General Considerations

Methods of analysis for linear materials were presented in Reference

1 and specific cases were analyzed for transverse and longitudinal impacts.

For linear materials, the longitudinal impact is given by,

v = c6
max

and for transverse impacts is, from Equation 2.2.1 in Reference 2.

vt cf c max(+ max)- xmax(+ ax) -  max- ° }1/2

where o is the strain of the material at maximum tension.

max

The following sections develop similar analytical procedures for deter-

mining the impact tolerance for nonlinear materials. The general procedure

is presented and the results of several materials are given; sample calcu-

lations are included in Appendix B.

The maximum longitudinal and transverse impact tolerances for several

linear materials are presented in Table I. These values were calculated

using manufactuer's data and other information of a general nature for the

particular material being investigated. These predicted impact tolerances

were evaluated for the purpose of comparison so as to select the materials

indicating outstanding impact tolerance properties. It will be noticed
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that Fiberglas and Fortisan showed properties superior to the metallic

materials for both longitudinal and transverse impacts.

3.1 Analysis of Nonlinear Materials

As pointed out in Reference 2, Appendix A, Page 101, the velocity of

propagation of a singularity in a cable depends on the slope of a line

Joining two points on its ension-strain curve. If this curve is nonlinear,

then a second singularity might either overtake the first or fall further

behind it, depending on their relative velocities. In general, a longi-

tudinal wave would not propagate undistorted if the tension-strain relation

is nonlinear. It is the purpose of the present investigation to study the

effects of this nonlinearity on the ability of a cable to tolerate impact

velocities.

The fundamental relationships to be employed in the treatment of non-

linear materials were developed in Reference 2 which, except for specific

cases, were not restricted to linear materials. The present analysis

requires that a technique for treating the variation in the propagation

velocity of a longitudinal singularity, which characterizes a nonlinear

material, be formulated. This technique is then applied to a study of

several materials exhibiting nonlinear properties. The materials involved

in this presentation are as follows:

1. Stainless Steel (7 x 19 B.A. Cable) 5. Cotton 12/1

2. Nylon 300 6. Polyethylene

3. Silk 7. Wool

4. Cotton 50/1 8. Fbrtisan 36
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3.1.1 Longitudinal Impact Velocity

This phase of the present study is concerned with the longitudinal

impact velocity tolerance of a tension member constructed from material

exhibiting nonlinear stress-strain properties. Because the preliminary

studies of Section 2 relate the geometrical configurations with correspond-

ing impact tolerances, the tension members now considered are treated with-

out regard to configuration. Starting with an available tension-strain or

stress-strain diagram, or a tenacity (strength per unit weight or Tl)

versus strain diagram for fibrous materials, the procedure begins with a

tabulation of the data presented by the curve, using suitable strain incre-

ments. The equations for evaluating the velocity of propagation of a longi-

tudinal singularity, as derived in Reference 2, are presented to illustrate

their application.

2 1 T2 1 1 dT lda (3.1)

d 1/2 d61/2

u dE =E JfC o ) d (3.2)

Since u is equal to the longitudinal velocity of impact, the maximum velo-

city u is the longitudinal impact tolerance of the member.

As is indicated by the expression for determining c in Equation (3.1),

the slope along the tension-strain curve between two points must be measured

or calculated. In order to facilitate this operation, the curves are

approximated, where practical, by analytic expressions with the aid of a

log-log or semi-log plot. This process is illustrated in Figures 14, 20,
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and 61. The equations obtained are then differentiated to obtain their

slopes. Where this method is not practical to apply, methods of graphical

differentiation can be used to determine the slopes. The value of c at

each desired value of strain is then calculated with Equation (3.1) and

the data tabulated for each strain value, using convenient intervals of

strain.

The value of u (cable velocity) as indicated in Equation (3.2), is

equal to the summation of the products of c and LE , which is the area

under the c versus 6 curve. In the case where the stress-strain curve is

an explicit equation, the value of u is obtained by integrating the equation

resulting from the solution for c of the explicit stress-strain equation.

In the case where graphical methods of differentiation are used to determine

c at each increment point, the value of u is obtained by an accumulative

summation of the individual areas, as measured or approximated for each

increment of strain. The maximum value of u for a tension member as found

and tabulated above will represent the longitudinal impact tolerance of the

particular material.

There is, however, a special condition which arises whenever the stress-

strain curve is, or becomes, concave upwards (see Figure 21, page 48, for

example of curves which are concave upwards). If the slope at each incre-

ment of such a curve is used in Equation (3.1), the procedure leads to the

anomalous condition that during the loading process the points of higher

strain are moving faster than those of lower strain; a point would have both

high and low strains simultaneously since the higher velocity wave would

overtake the slower. The physical impossiblity of two strain levels existing
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at the same point at the same time precludes the use of the slope at each

point along the original curve. The effective slope at any point along

the curve cannot exceed the value of the slope of the secant which is

drawn so as to linearize the concave section of the curve up to the point

in question as shown in Figure 21, page 48. The values of the slope of

these secant lines are then used in Equation (3.1) for finding the values

of c at each of the points.

It is tacit in the above analysis that the stress-strain curve of the

material is predicated upon dynamic conditions if high-order accuracy of

the results is required. However, if static moduli are used, as was always

the case in this report, then lower impact tolerance predictions are likely

to result because static test conditions usually indicate a lower ultimate

stress than dynamic tests, which, from the standpoint of material selection,

is conservative.

3.1.2 Transverse Impact Velocity

This section of the investigation is concerned with the determination

of the transverse impact tolerance in a nonlinear tension member. Since

the transverse impact conditions generate an additional transverse wave dis-

turbance or kink, both the longitudinal impact velocity (u) and the velocity

(c*) of the kink must be determined in order to evaluate the transverse

impact velocity. Equation(3.2)of Section 3.1.1 and Equation(A.20)of Reference

2 are used in this investigation and are listed now for convenience.

u = cF d6

2 T
-(c*) 4 J U +Cl+6) (3.3)
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where 6 can assume any value within the limitations of a particular material.

When the strain 4E in equation 3.3 is the maximum strain (Ei) produced

by the impact, two cases can occur in the evaluation of the kink velocity

c*(Ei). One case is that when c* < c and the other case is where c* > c.

The value of the strain g which satisfies the relationship c* = c is defined

as 6*. The value of c* and c at strain4@ is defined as cO and the value

of u at straine 0 is defined as u9.

Under the initial impact conditions the kink velocity c*(Ei) for any

strain 6 i (even Ei >e') cannot exceed c*, so that the value of c* in terms

of Ei is given by the following bounded relationship:

= (1 + i) = (l + re when Ei <:4

(cI)2 when Ei >e

From Equation (2.2.) in Reference 2, the following equation for the

transverse impact velocity vt was developed for the case c* < c:

2 2 _ rc Cos - (c
(c*) - c* cos " + arccos (c* )s } (3.5)

When c* > c, in which case c*(Ei) = c* (see Equation 3.4), the value

of vt is given by the equation

2  = (a*+u-UP)2 -  ce+ u e cos~' + arccos c + u-us

(j.6)

For = lr/2, Equation (3.5) and Equation (3.6) become
2 2=

v = (c*) 2 - (c* - u) 2 and
2 2=

v2 (co + u - U) 2 - u)2 respectively.
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The procedure outlined under Section 3..1 will be used to evaluate u

and uO, which are needed to arrive at an evaluation of vt, the transverse

impact velocity, as indicated in the equations listed above. Having found

u and uG it remains only to find c* ant cS from Equation (3.4). This value

of c* or c* is then used to determine the value of c* - u or c* - uS and

c* + u - uO and these calculated items are substituted in Equation (3.5)

or Equation (3.6) to give values for vt for corresponding values of E i .

Similar to the determination of u, the longitudinal impact velocity, the

v t at the maximum Ei which the material can sustain is the transverse impact

tolerance of the member. Again, the qualification regarding the dynamic

stress-strain curve, as pointed out in Section 3.1.1, applies to this present

analysis as well.

The choice of Equation (3.5) or Equation (3.6) is predicated on the

determination of the value of the strain EO. Since the kink velocity c*

equals the longitudinal wave velocity c at this particular strain C*, then

the kink will precede the part of the longitudinal wave front corresponding

to strains higher than4E* and this part accordingly will be on the oblique

segment of the cable immediately behind the kink. To determine the value

of cO the relationship c*(E@) = c(6@) where c* and c are given by Equations

(3.3) and(3.1), must be solved forE0, either by setting Equation (3.1)

equal to Equation (3.3) or graphically by the intersection of the c and c*

curves, depending on the initial method of evaluating the slopes of the

stress-strain curve. It might be also noted here 6hat the value of uO is

found by supstituting E* in Equation (3.2) or by a graphical method, which-

ever applies.
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In order to illustrate the procedure and to compare the impact toler-

ance of several materials, a series of graphs are drawn of the following

relationships in Figures 13 through 66, for p = "r/2 (perpendicular impact):

1. T/u (tenacity or strength per unit weight), T, or a-versus 6,
Natural Scale (Also Logarithmic Scale if usable)

2. c and c* versus 9 5. vt versus T//4, T, or o

3. u versus 6 6. 0 versus

4. v t versus 6

The curves presented in Figures 67 and 68, pages 94 and 95 respectively,

provide further useful comparative information. Impact tolerances are listed

in Table II, page 96.

3.2 Criteria for Selecting Superior Materials

Criteria can be established for determining the impact tolerance of

linear and nonlinear materials for both longitudinal and transverse impacts.

These criteria are now presented.

3.2.1 Linear Materials

For transverse impacts, the relationships developed in Section 2 demon-

strate that for optimum configuration of a straight bar, the maximum trans-

verse impact tolerance reduces to a combination of Equation (2.18) and

Equation (2.22) which, it will be observed) includes only material properties,

as follows:

21/23/4 (3.7)
t 2 1/4
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Equation (3.7) can be used as the criterion for determining the

transverse impact tolerance for a linear material when max. e < 10%.

For longitudinal impacts a combination of Equation (2.17) and Equation

(2.21), each developed in Section 2, was used for comparative purposes. It

also involves only material properties as follows:

= (3.8)-P

The above equation does not produce the maximum longitudinal impact

tolerance because the straight bar configuration which it represents is

not the optimum configuration for longitudinal impact conditions. However,

it can be used for purposes of comparison because geometrical parameters

are independent of material and affect all materials equally. Consequently,

the optimum configuration would be the same for all materials, and a compar-

ison between different materials of the same configuration other than optimum

would reflect exactly the corresponding comparison between the same materials

in their optimum configuration, i.e., a comparison between their maximum

longitudinal impact tolerances.

3.2.2 Nonlinear Materials

For both longitudinal and transverse impacts with nonlinear materials,

relative superiority can be found by comparing vt or u by means of the

analytical methods discussed in Section 3.1.2. Unfortunately, no simple

analytical criterion is available for determining the relative impact

tolerances for nonlinear materials, and the numerical procedures described

in Section 3.1 must be employed.
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SECTION 4

STATIC TESTS

4.0 Tensile Tests

The testing phase of the program was initiated with a series of tensile

tests on selected specimens because the mechanical properties of a specimen

are necessary to predict its impact tolerance from which the dynamic testing

velocity can be programmed. The mechanical properties required are as

follows:

1. Modulus of Elasticity (JE) or (E)

2. Ultimate Tensio- (T) or Stress (Owu)

3. Maximum Strain (Emax)

The values of these parameters listed above were determined by per-

forming a static tension-strain test on prepared sections of the selected

specimens that were to be used in the dynamic tests. The results of these

static tests were represented by tension-strain curves which were then used

to predict the impact velocities as outlined in Section 3 of this note.

4.0.1 Test Specimens

In preparation for the static tension tests, specimens of tension

members representing various geometrical configurations and materials were

selected. Thene selections were based on the analytical predictions derived

from the methods of Section 3.2,which are listed in Tables I and II. The

most promising of the materials analyzed were selected for the test program.
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In addition, materials in present use on arresting gear systqns were also

analytically investigated and included in the test program for purposes

of comparison and for verification of their known present performance in

actual full scale use.

The following is a list of the materials which were selected to be

tested:

1.. 1/8-inch diameter, 6 x 19, improved plow steel wire rope

2. 1/16-inch diameter, improved plow steel, single wire

3. 1/16-inch diameter, plow steel, single wire

4. 0.010-inch diameter, (0.85-0.90 carbon) steel, single wire
(500,000 psi)

5. 7/32-inch diameter, 7 x 19, E.A. stainless steel wire rope

6. 1/16-inch diameter, E.A. stainless steel, single wire

7. 1/16-inch diameter, titanium alloy (13V-U1Cr-3A1), single wire

8. 1/8-inch diameter, 3-strand Fiberglas cord, untreated,
approximately 450 lay angle

9. 1/8-inch diameter, 3-strand Fiberglas cord, neoprene treated,
approximately k5o lay angle

10. 0.052-inch diameter, 3-strand Fiberglas cord, untreated,
approximately 45" lay angle

11. 0.062-inch diamter, 3-strand Fiberglas cord, neoprene treated,
approximately 450 lay angle

12. 1/8-inch diameter, 3-strand nylon cord, approximately 45* lay angle

13. 1/8-inch diameter, 3-strand Fortisan 36 cord, approximately 80
lay angle

14. 0.0152-inch diameter, multiple filament, Fortisan 36 single strand,
o.8z twist
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4.0.2 Test Fixture

The tensile tests were performed using an Instron Tensile Testing

Instrument, Model TTC-M1 (See Figure D.l-1, page 186). The specimens

listed in Section 4.0.1, page 98, were placed in the holding jaws of the

Instron as is illustrated in Figure D.1-2, page 187. The Instron Instru-

ment is capable of extending the length of a specimen at controlled rates

of strain. This phenomenon produces a tensile force in the specimen

depending on its resistance which is a function of the material properties

of the specimen. The tensile force produced is recorded on the instrument

chart, which is calibrated to a predetermined load scale and revolves at

predetermined constant speed. This load versus time relationship represents

a load versus strain record of the tensile test.

4.0.3 Test Procedure

The specimens tested were placed in the Instron Instrument and subjected

to the tensile tests using the following procedures:

1. The gage length of the specimen was governed by the extensibility

range of the Instron Instrument and the percent elongation properties of the

material being tested, said elongation being predetermined approximately from

the manufacturer's data.

2. The rate of extension of the specimen during the test was preset

on the Instron Instrument prior to beginning the test and was based on a

time period of approximately ten to fifteen minutes to complete each test.

The chart speed was conveniently preset prior to testing so as to produce

a chart curve of reasonable dimensions.
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3. The extension of each specimen was initiated and continued until

failure occurred. All additional data, needed to properly identify each

specimen and to evaluate the chart curve produced, were tabulated after each

test. (See Appendix Cl, page 139).
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SECTION 5

DYNAMIC TESTS

5.0 Longitudinal Impact Tests

This part of the test program was conducted to determine the longitu-

dinal impact tolerances of representative samples of the specimens listed

in Section 4.0.1. Due to time and weather limitations, no attempt was made

to cover the entire test specimen group but only to produce sufficient data

to verify the validity of the analytic method used to predict the longitu-

dinal impact properties of materials. While transverse impact tolerances

are more critical and useful for the purposes of the present research

program it is in the interests of the overall theoretical development to

verify the longitudinal impact phase of the analytical method since the

value of this particular property is a component calculation in the method

used to determine the transverse impact velocity. Moreover, it may be

that under different conditions of practical usage, the longitudinal impact

tolerance of a tension member will be the important property to be evaluated.

It does not follow that a verification of the method for the transverse

impact predictions necessarily verifies the method for use in the prediction

of longitudinal impact velocities. Each phase must be tested experimentally

and the following is intended to describe the testing program for longitu-

dinal impact tests.

5.0.1 Test Specimens

The following specimens were selected for the longitudinal impact

tests and were prepared in lengths of 20 ft,
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i. 1/8-inch diameter, 6 x 19, improved plow steel wire rope

2. 1/16-inch diameter, E. A. stainless steel, single wire

3. 1/16-inch diameter, titanium, single wire

4. 1/8-inch diameter, 3-strand Fiberglas cord, neoprene treated,
approximately 450 lay angle

5. 1/8-inch diameter, 3-strand Fortisan 36 cord, approximately
80 lay angle.

It was intended to determine the impact properties of the 0.010 inch

diameter high tensile steel wire and the 1/8-inch diameter, 3-strand

Fiberglas cord, untreated specimen but time and weather did not permit the

completion of these two test series.

5.0.2 Test Fixtures

In order to produce longitudinal impact velocities up to 675 ft. per

second a sled type missile was used, propelled along a 100 ft. 30 lb. rail

track by an explosive charge detonated in a gun chamber at one end of the

track (See Figure D2.l-2, page 190). The front end of the sled was

provided with a hook configuration for impacting the test specimen without

introducing kinking effects upon impact. The sled was also equipped with

a scoop-like attachment to provide a means of stopping the sled after

impact with the specimen within the 100 ft. length of track provided. The

braking force was obtained by deflection over a 1700 angle of a column of

water entering the scoop from a water filled trough located along the

center of the track and starting about 5 feet from the specimen impacting

area. The water was contained in the trough by means of two water filled

plastic bags placed in the trough at each end until the sled scoop made
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contact with and ruptured the bag at the specimen end of the trough. This

particular bag was then replaced with a new one and the trough refilled

after each test. (See Figures D2.1-3, D2.1-5, D2.1-6, pages 190 and 191.)

The muzzle velocities of the sled were determined from the impulse-

momentum relationship obtained during the firing of the sled, through enlarged

photographic images of the pressure-time curve as recorded on an oscilloscope

instrument. A chronometer (Figure D2.l-4, page 190) was used to verify

the validity of the results of the impulse-momentum data in a sample series

of tests conducted without specimens by measuring the time elapsed between

fractures upon impact with the sled of two conducting break-wires placed

36" aparc along the track. (See Tests a to f, page 156). Contact of

the sled with the first wire was made just after the entire sled tube left

the end of the gun muzzle, so that the sled had attained its maximum

velocity before contact with the measuring instrumentation. Because of

time limitations due to the uncertainty of weather conditions suitable for

testing it was impractical to use the chronometer-breakvire system through-

out the testing.

5.0.3 Test Procedure

The following procedure was used in conducting the longitudinal impact

tests:

1. The six velocity tests without specimen outlined in Section 5.0.2

were conducted first using progressively higher velocities controlled by

the composition and quantity of the explosive charge. Data was collected

and recorded for each test. Correlation was then established to justify

the use of the impulse-momentum method for determining the velocities

throughout the rest of the longitudinal test program.
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2. The two ends of the specimen were attached to fixed points with

a low tension strength thread to simulate a free ended condition. The

same thread was tied to points alone the center of the specimen and attached

to fixed points so as to support the specimen in the shape of a triangle

with a curved vertex at the same height as the impacting hook of the sled.

(See Figure D2.1-1, page 190).

3. Prior to firing the sled the water trough was filled after

damming the ends with the water filled plastic bags. The gun chamber was

then loaded with an explosive charge designed to provide the velocity

equivalent to the longitudinal impact velocity as predicted from the

static tests.

4. The gun was then fired with the sled piston inserted in the firing

chamber and braked to a stop after impacting the specimen by means of the

water brake scoop described in Section 5.0.2. The trough lost some water

after this braking action and the water bag at the specimen end, which

was ruptured during the test run, was replaced and the water trough refilled.

The sled was returned to its position in the gun barrel by removing the

plastic bag for a short interval to allow the sled to slide past it.

5. The test specimen was then examined for evidences of failure due

to impact. All data was collected and recorded for each test (Appendix

C2.1, page 155). If the specimen was found undamaged, testing of the same

type specimen was continued using progressively higher velocities until failure

occurred. If on the other hand, the specimen was found damaged, the testing

of the same type specimen was continued using progressively lower velocities

until no damage was observed. If the difference between the lowest velocity

lO4



causing damage and the highest velocity resisted without damage was too

great, the difference was reduced by additional tests at velocities

intermediate between the two values.

5.1 Transverse Impact Tests

The transverse impact tests were conducted to determine the transverse

impact tolerances of selected materials and establish a correlation with

the analytical method used to predict the transverse impact tolerance of

these materials. Because the present methods of arresting high speed

aircraft in landing makes use of the transverse impact in a tension member,

this transverse impact investigation of the present program is expected to

be of greatest value. Therefore tests were conducted using the complete

list of materials as outlined in Section 4.0.1.

The impacting sled employed in conducting the longitudinal impact

velocity tests was incapable of providing the high transverse impact

velocities which analytical predictions indicated as necessary to produce

failure in a test specimen. In order to provide the required controllable

transverse impact velocities, use was made of impacting slugs fired from a

shot-gun. It was found by a preliminary test series, that adequate impact

accuracy and velocity control of solid, 12-gauge shot-gun slugs could be

obtained. The success of this early test series justified the development

of the technique around which the transverse test program was planned.

5.1.1 Test Specimens

The following specimens of tension members representing various

geometrical configurations and materials were tested for transverse impact

tolerance:
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1. 1/8-inch diameter, 6 x 19, improved plow steel wire rope

2. 1/16-inch diameter, improved plow steel, single wire

3. 1/16-inch diameter, plow steel, single wire

4. 0.010-inch diameter, (0.85-0-90 carbon) steel, single wire
(500,000 psi)

5. 7/32-inch diameter, 7 x 19, E.Ao stainless steel wire rope

6. 1/16-inch diameter, E.A. Stainless steel, single wire

7. 1/16-inch diameter, titanium alloy (13V-IlCr-3Al), single wire

8. 1/8-inch diameter, 3-strand Fiberglas cord, untreated,
approximately 450 lay angle

9. 1/8-inch diameter, 3-strand Fiberglas cord, neoprene treated,
approximately 45" lay angle

10. 0.052-inch diameter, 3-strand Fiberglas cord, untreated,
approximately 45 lay angle

ii. 0.062-inch diameter, 3-strand Fiberglas cord, neoprene treated,
approximately 45" layr angle

12. 1/8-inch diameter, 3-strand nylon cord, approximately 45" lay angle

13. 1/8-inch diameter, 3-strand Fortisan 36 cord, approximately 8"
lay angle

14. 0.0152-inch diameter, multiple filament, Fortisan 36 single strand,
o.8Z twist

5.1.2 Test Fixture

As mentioned in section 5.1, use was made of a 12 gauge shot-gun firing

a solid slug. Initial tests were conducted while firing off-hand with a

12-gauge model 50 Winchester shotgun having a 30-inch full choke barrel.

These initial tests were performed merely to demonstrate the feasibility

of the technique; the weapon was mounted later on a rigid gun mount and

instrumentation was added to measure the velocity of each shot. The velocity
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measurements were made by using two breakwires placed at 8 inches and 44

inches from the end of the gun barrel. These wires were severed upon impact

with the shotgun slug during each firing and the time interval between wire

breaks was recorded by means of electric chronographs connected to the

breakires.

5.1.3 Test Procedure

The test specimens, approximately 20-feet long, were suspended in a

nearly horizontal position between two fixed points at a distance approxi-

mately 8 feet from the end of the gun barrel. The two ends of the tension

uembers were connected to each of these fixed points with a low tension

strength thread to simulate a free ended condition. The slug was fired at

the velocity in the neighborhood of the predicted impact velocity of the

specimen and aimed to strike the center of the specimen at a 90* angle.

After impact the specimen was examined for failure and if such failure

occured, additional shots were fired at the same type specimen at progress-

ively lower velocities until impact was resisted -ithout failure. If failure

did not occur initially the additional shots were fired at progressively

higher velocities until failure did occur. If the difference between the

lowest velocity causing failure and the highest velocity resisted without

failure was too great, the difference was reduced by additional tests at

velocities intermediate between the two values. Any visible damage to the

specimen was considered a failure.
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Photographs presented in Figures D2.2-2 to D2.2-5, page 196, illustrate

the test set-up. Figure D2.2-2 shows the test set-up used in the preliminary

evaluation of the methods to be used for conducting the tests (Tests No. 1 to

62). Figures D2.2-3 and D2.2-4 are two views of the test set-up used to

conduct the tests under the established program (Test No. 63 to 337). Figure

D2.2-5 illustrates the end tieups to simulate a free ended condition of the

test specimen.
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SECTION 6

ANALYSIS OF DYNAMIC TEST DATA

6.0 Test Data Reduction

The test data. for the dynamic tests conducted as outlined in Section

5 are presented in Appendix C2, page 154, of this report. The longitudinal

impact velocities as presented in Appendix C2.1, page 155, were calculated

using the impulse momentum method from the enlarged photographic image of the

pressure time curves. The area under each of these curves was computed using a

planimeter. From the area and the known grid scale of the curve, the impulse is

determ- .-d and combined with known mass of the sled to obtain the velocity of

the sled.

From the data obtained in the dynamic tests Charts I & II were con-

structed to determine the distribution pattern for each series of impact

tests on a particular specimen. These outlines were helpful in defining

the area of critical impact velocity. At velocities below the lower limit

of the range, the specimen can be expected to resist failure, while at

velocities above the upper limit of the range, failure of the specimen can

be expected. At velocities within the range the impact tolerance is un-

certain. However, the closer the velocity within the unpredictable range

is to the lower limit, the higher the probability that the specimen will

resist failure and the opposite probability exists when the velocity is

closer to the upper limit. The greater the number of tests conducted over

a range of velocities, the more positive can the identification be made of

the critical area of failure. Because of this last consideration, it is

noteworthy that although the tests as presented in this report are not large
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in number, they nevertheless resulted in a fairly narrow domain of critical

velocities. While some change in the domains could occur with greater

statistical data, it is felt that the results as given here are valid

enough to justify confidence in their use for comparative purposes when

attempting to find a material of superior longitudinal or transverse impact

tolerance.

As an example of the method used to interpret the results presented

by the data, the evaluation of the upper and lower limits of the transverse

impact velocity range for 1/8-inch diameter, untreated Fiberglas cord is

presented. The velocities listed in the test for this specimen were plot-

ted and resulted in a distribution as shown in Data Reduction Chart II.

This chart shows that every transverse impact above 874 fps causes complete

failure of the specimen while impacts below 819 fps show non-failures or

incomplete failures. There are two instances out of eight impacts (759 fps

and 769 fps) that show incomplete failures (1 strand broken). These latter

points were discarded in establishing limits because they occur in an area

surrounded by no-break impacts, and further, since the failures are in-

complete, it is possible that the impact was not a clean hit; that it struck

only one strand and cut it with the sharp edged ridges of the slug. More-

over, the single strand, composed of individual twisted fibers, when sub-

jected to an impact by itself, would lack the support of the rest of the

cord (2 strands) and would exhibit less resistance to impact velocity than

the cord. With this questionable data eliminated, the failure domain was

established. The single non-failure at 864 fps can not be reliably established
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as the lower limit of impact tolerance because the separation between 819

and 864 is too broad and without any intermediate data. Further, the non-

failure point at 864 fps is too close to the definite evidence of failure

at 874 fps to justify, without additional data, that it represents the

lower limit. The limit points are then established as 819 fps for a lower

limit belov which no failures will occur and 874 fps as an upper limit

above which failures will always occur. As stated previously, although

the choice of these limits is based on a comparatively small number of

tests, the number of tests are sufficient to point out a definite range of

velocities which define the transverse impact tolerance of a tension member.

It may be that a greater number of tests will define this range more sharply

and may even change the limit points somewhat but the present results are

consistent enough to justify confidence in the methods used.

The reasoning used in the above interpretation is typical of that

employed to establish upper and lower limits for those cases of question-

able test data both in longitudinal and transverse impact tests. However,

in most instances, the test data was readily reduced to reliable domains

of impact tolerances. The consistent data very much favors confidence in

the results of the tests.

6.1 Test Model Similitude

Prior to evaluating the results of the data presented in Appendix A,

page 123, it is pointed out that the present test study involves the use of

model configurations instead of prototype tension members. For the present

purposes of this investigation, modeling is most convenient and economical

because of the numerous test specimens involved.
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For the proper interpretation of the test data from dynamic models,

it is essential that the model type system have dynamic, geometric, and

kinematic similitude to the prototype system. To provide this in the

present testing program, the model laws, as presented in Reference 1, were

used, since they were developed for similitude to a full-scale arresting

gear mechanism. The model laws developed in Reference 1 established a

direct relationship between model and prototype velocity parameters.

Therefore, the impact velocity data obtained for the test model-specimens

will be the same for the prototype tension members they represent.

6.2 Correlation of Test and Predicted Results

For the purpose of correlating the results of the tests outlined in

this report wit&h predicted expectations, predicted impact tolerance values

were calculated from static test results (Appendix Cl, page 139) for each

tested tension member using the methods developed in Section 3. These calculated

values are presented in Chart I and in Chart III with the upper and lower

limits of velocity values as interpreted from the test data using the method

outlined in section 6.0 above. It is observable that reasonably good

correlation between test and predicted values was achieved in a majority

of the cases. It is therefore plausible that the analytical methods of

Section 3 are accurate and useful in preliminary evaluation of new tension

members.
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CB II

TASlIM IMPACT TOLIRANS

Tea BeelenVeloeci IT- t Tol. (fin)
Test Spea _Test Rult Calculated

Lower Upper Predictions
li. li2.

1/" ditmeter - 6 x 19 Improved Plow Steel Rope 543 625 555

I/36 dL1.66r - Improved Plow Steel, Single Wire 738 751 817

111P dimter - Plow Steel, Single Wire 737 742 796

7/3r dtmeter - 7 x 19, . A. Stainless Steel Rope 686 757 9.36

0.010' dismeter - (.85-.95 carbon) Steel, Single Wire 887 900 1182
(500,000 psi)

lM dia. - 3 Strand Fiberglas Cord, Untreated, 819 874 856
Approximately I5" Lay Angle

1/t' dia. - 3 Strand Fiberglas Cord, Neoprene Treated, 815 819 777
ApprozimtelY 45" Lay Angle

0.052" die. - 3 Strand Fiberglas Cord, Untreated, 700 735 917
Aproximtely 45" W Ange

O.06" dia. - 3 Strand Fiberglas Cord, Neoprene Treated 837 837 924
Apprximately 45" Lay Angle

1/8" dia. - 3 Strand NYlon Cord, Approx; mte]y 1376 1421 1546
1450 Ja Angle

1/8" die. - 3 Strand Fortisan 36 Cord, Approximately 937 1176 1367
8* LAY Angle

0.0152" dia. - Mult!.le Filament, Fortisan 36, Single 955 1003 1697
Strand 0.8 Z Twist

1/16" dia. - Stainlee Steel, Single Wire 898 900 1026

1/26' die. - TitaniLm, 1nle Wire 761 795 972
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SECTION 7

SUMMARY AND CONCLUSIONS

7.0 Summary

This technical note presents the results of analytical studies and

related tests to determine the influence of geometrical and material

characteristics on the impact tolerance of tension members. The effects

of constuctional configuration on combined stresses in the elements of a

tension member were analyzed. Methods and procedures for evaluating the

impact tolerance of linear and nonlinear materials were presented and

criteria for selecting materials of superior impact tolerances were given.

Tests were conducted to establish the validity of these criteria.

In summary the analytical studies indicated the existence and magni-

tude of the influence of certain geometrical and material properties of a

tension member on the expected impact tolerance of the member. The dynamic

test results appear to confirm the presence of this influence in the degree

indicated analytically. The analytical studies also provided a method of

selecting superior materials and the dynamic tests substantially supported

the analytical methods as well.

The longitudinal impact test results (Chart I) indicate reasonably

close correlation with the predicted values (based on static tests)end

establishes confidence in the predicted values for longitudinal impact

tolerance of any material. No attempt was made to determine the influence

of geometry on the longitudinal impact tolerance of a material.
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The transverse impact test results (Chart III) also indicate reasonably

close correlation with the predicted values (based on static tests) and in

addition verify the analytically predicted influence of the geormetrical

properties of a material on the transverse impact tolerance. In the two

cases tested to confirm geometric influence predictions, i.e. improved

plow steel rope end single wire and stainless steel rope and single wire,

the single wire specimens showed superior transverse impact performance

over their stranded (rope) counterparts, as expected from the predicted

transverse impact tolerance.

All three textile materials tested, i.e. nylon, Fortisan and Fiberglas,

showed transverse impact tolerances above the minimum requirements for the

proposed arresting system (400 knots). Of the metal specimens tested, all

except the presently employed improved plow steel rope exceeded the minimum

transverse impact tolerances required.

7.1 Conclusions

In certain instances, some definite conclusions can be made regarding

the dependency of the impact tolerance of a tension member on its geometry

and material. In other cases, the trend of certain characteristics can be

simply deduced when their effects are readily discernible. Based on the

investigations set forth in this technical note, the following conclusions

and deductions are presented:

1. The fundamental parameters that determine impact tolerance, as

was first indicated in Reference 2, are the tension-strain curve, lineal mass

density of the tension member, and the ultimate strength of the material.
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2. Non-linear materials having elastic moduli decreasing with

strain give higher impact tolerances than would be expected from materials

of the same ultimate strength and strain whose elastic moduli remain

constant or increase with strain. This characteristic was analytically

established in Section 3 of this technical note.

3. Present wire rope geometries approach the optimum impact toler-

ance of a straight bar. Solid straps or wires, thereforewould provide

some increase in performance over wire ropes but their flexibility may

not be adequate. Increased flexibility can be achieved by employing several

thin straps or wires, the total sectional area of which would be sufficient

to develop the required arresting tension. However, a wire rope presents

no problems of orientation while achieving practically the same impact

tolerance.

4. Conventional arresting gear wire rope as represented in the

improved plow and plow steel specimens proved to have the lowest impact

tolerance of all the materials tested and is therefore the least acceptable

for high speed arresting gear applications.

5. While nylon appears to be a superior material from the stand-

point of high impact tolerance, it is approached in performance by high

tension Fortisan. However, textile materials are highly sensitive to

deterioration of strength under heating due to impact. Fiberglas, with a

proven transverse impact tolerance in the neighborhood of 800 feet per

second, is highly elastic and, it is expected, would not display a destruc-

tive rise in temperature because plastic deformation and the attendant

conversion into heat of the strain energy are precluded.
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6. While all of the metallic specimens testedexcept improved plow

steel ropeM exceeded the 400 knot (675 fps) minimum requirement in their

transverse impact tolerance capacities, the highest transverse impact

tolerance (approximately 900 fps) was exhibited by a newly developed high

tensile, high carbon content (.85-.95) steel wire. Its tolerance value

is higher than the Fiberglas material tested but lower than the Fortisan.

Reports from the steel wire manufacturer indicate that there are good

possibilities of weaving the wire into a wire rope suitable for use in an

arresting gear mechanism. It must be considered however, that the wire rope

constructed with this high tensile steel would show a transverse impact

tolerance lower than that of the single steel wire. As a matter of fact,

the transverse impact tolerance of such a wire rope might even be lower

than the transverse impact tolerance of the Fiberglas specimen testedsince

this latter specimen was tested in the rope configuration. In addition, it

is worth noting that the specific gravity of the steel is three times that

of Fiberglas.

7. The stainless steel wire rope, identified as American Chain &

Cable Company, Inc., 7 x 19 E;A. Cable, shows considerable promise in that

it displays a transverse impact tolerance of approximately 700 feet per

second. Its energy absorbing capacity may make it suitable for direct

arrestment of aircraft without another accompanying energy absorber.

8. In general, on the basis of transverse impact tolerance alone,

the most promising of the materials tested appear to be the three textiles,

i.e., nylon, Fortisan and Fiberglas, in that order. While nylon and Fortisan
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are undoubtedly superior to any of the metallic materials tested, the

superiority of Fiberglas over the high tensile wire is questionable. In

as much as therT may be other factors to consider in the final selection

of a particular material for an arresting device, such as thermal properties,

cost, weight, availability, etc., it is recommended that further investigation

of the influence of these factors be conducted before the final selection is

made.
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APPENDIX A

CLARIFICATION OF THE USE OF THE PRINCIPLE OF COINCIDIZATION

FOR NONLINEAR MATERIALS

A.1 Introduction

In Reference 2, the principle of coincidization was enunciated and in

several cable-dynamics problems its usefulness was demonstrated in deter-

mining the total effect of several events having interdependent effects.

Its application to nonlinear materials deserves some clarification.

Upon impact of a nonlinear material whose stress-strain curve is

concave-up, the resulting increase in strain must propagate as a sudden

Jump because the higher strains tend to propagate faster than the lower

strains. Conversely, if the stress-strain curve of the material is

convex-up, the lower strains will propagate faster than the higher strains,

and the strain wave will not propagate as a sudden jump but will spread

out into an ever-lengthening wave as it propagates.

The question arises as to whether the strain wave produced in a

convex-up material can be regarded, for purposes of calculation, as a

single sudden jump. This consolidation of the strain wave may at first

appear to be justified on the basis of the principle of coincidization.

It should be observed from the outset that consolidation of such a

strain wave does not meet the conditions of applicability (page 67 of

Reference 2) of the principle of coincidization, because the continuous

growth of the wave length precludes the reaching of a steady state in
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which the wave length eventually becomes negligible. The principle can be

applied only when a steady state is approached, and then to calculate only

the steady state but no preceding states.

Furthermore, the argument by which the principle was established could

have been stated equivalently from the viewpoint of an observer who backs

away from the cable at constant velocity. Thus, consider two successive

longitudinal impacts on the end of a cable of nonlinear (convex-up) material.

Shortly after the two impacts, when the observer has backed away 50 feet

from the cable, suppose he sees that the two resulting waves are respective-

ly 15 feet and 20 feet long and are separated by a distance of 3 feet (there

must be a distance separating the waves because there was a time interval

between the occurrence of the two impacts). Much later, when the observer

has backed away 50 miles, he will see that the two waves now are respective-

ly 15 miles and 20 miles long but are still separated by a distance of only

3 feet. Clearly, the 3-foot separation distance is now negligible, which

indicates that essentially the same final result would have been reached

had the two impacts been coincident. Equally clearly, the wave lengths

have not become negligible. Therefore, there is no reason to suppose that

the strain waves can be consolidated into a single jump in strain.

in order to confirm the fact that expanding strain waves cannot be

consolidated for calculation purposes, it will now be temporarily assumed

that they can be consolidated in the hope that a contradiction will result.
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A.2 Analysis

Suppose that an expanding strain wave can be regarded as a single jump

in strain. Then the formulas for the propagation of jump-type singularities

in strain apply, and the strain f produced by a longitudinal impact of

velocity v, is given by

E = (A.1)
c

where c is the propagation velocity of a longitudinal wave. For a tension

member having a nonlinear tension-strain relationship as shown in Figure

A.1, the value of c depends upon the strain increment associated with the

impact. From Equation (A.ll) in Appendix A, Reference 2,

C T 2 T2  T1  (A.2),U4 E2  -1

whereA is mass per unit length of the cable, and the subscripts refer to

the points along the tension-strain curve associated with the impact as shown
T2 -T 1

in Figure A.l. The quantitY 2 1 in Equation (A.2) represents the slope
C2 1

of the secant modulus between the typical points 1 and 2.

Let it be desired to find the longitudinal impact velocity by means of

consolidation of strain waves required to produce a strain E 2 and tension

T2 in the material of Figure A.1 having an initial strain Eo - 0 and

initial tension T - 0. If consolidation of strain waves is to apply, the

actual velocity required to bring the strain from E1 to E2 along the

curve would be the same as the sum of the velocities to go from e to
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T

0 E

Figure A.1 Tension-Strain Curve

C 1 and 6l to 2) using the secant moduli. Thus for any increment

along the curve, from Equations (A.1) and (A.2),
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1/2(A)(AU3
and, - TO 1/2

0Vo1 - W (1 --o 0)

2 1  T T 1/2

AV2 " 2 - T1 (A.4)

C 2 -0 ( 2 - To 1/2

v-" 607 )

It is now postulated that if the impact velocity is found on 
the basis

of the secant modulus in a single calculation, the result 
would be a velocity

greater than that obtained on the basis of two or more increments. Thus,

AV01 +AVl 2 <_/yv0 2  or, from Equation (A.4),

E 1 -6)(TI- T]0 1/2 + [(- 2 1 T2 -l 1/2

f( 62 -EO)(T2 - To)]l 2 (A5)

Squaring both sides of the inequality gives the following:

E1  6 0 )(T l-T 0 ] + 2 11 1/2

+ [LE 2 -6,)(T 2 -T 1 13c-2  0)(T22 -TO)] ;

1~ 6 0 )(Tl1-TOI + 2 [C 1  6 0 )(T -T 0)] 1/2 1)jE 2-61 )(T 2-T I 1/2

+ L 2-E51 )(T2-Tj < - -6 0 + 6 2 -CE1)(T1 -T0 + T2 T~j
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Transposing terms gives:

2 [K 1  )0 (T ]T 1/2 [6 2 61)(T 2 TlJ 1/2~ (~16 0  2  1)(T1-TO+T2-TJ

1- 0 -TO) 2O 1 1T o0 + L 2- o)T - i )
- 9-0 )(T1-T 0) [- 12 ) (T 2 -T I

2 )- T-To )/2 / I -/ (T"T)l/2 (E- 0 ) (T -T) + ( 2 ) (T-T)

+ (E2 - o1 )(T1 -T0 ) + 2 - 61 )(T2-T1) - 1 - 0)(T 1 -T) (""2-Tl6/)(T2-l)T

0 (, )(T 2 -Tl) 2, (6 ;6) (iT) (2T~/+Cl T-,

0< - (T1- 0 )( TC) 2 (A.6)

It is clear from Equation (A.6) that since the right member appears as a

second power, it is always positive or zero. Therefore, Equation (A.5) is

written as,

1011-6~~ ~ ~ 0 (.-O]12+1C -61)T -, 1/2 < (__edT_.j1/2

(A.7)

and therefore from Equation (A.4),

AV 0 .1  +aV 1-2< 'vo_ 2  (A.8)

The conclusion is, then, that the principle of coincidization does not

justify the calculation of the longitudinal impact tolerance in a single

computation on the basis of the secant modulus. The degree of the non-

linearity of the tension-strain curve governs the amount of error. Note that

the equality in Equation (A.6) implies
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(T2 - T 1 )(16 1  0~) (T 1 - TO) (6 2 -EC1 ) (A. 9)

which can be rewritten as

T2 - T1  T - To
1. 1 0(A.lO)

E2 -E 1  61 -E0

Therefore, the equality in Equation (A.8) holds only for linear materials,

and the strong inequality must hold for nonlinear materials.

It is also deducible that, if a linear material can be found whose

modulus is equal to the ultimate secant modulus of a nonlinear (convex-up)

material having the same ultimate strength, then the linear material would

have a higher impact tolerance than the nonlinear material.

A similar investigation for transverse impact has shown that consolida-

tion of expanding strain waves leads to impact velocities which are sometimes

greater and sometimes smaller than the true value. No relation for predict-

ing the result was found for this case.

A.3 Conclusion

The foregoing analysis does not preclude the coincidization of several

events in a nonlinear material into one coincidized problem. However, it

does show conclusively that, in the application of the principle of coinci-

dization to a nonlinear material, the gradient of sonic velocity with strain

cannot be ignored in solving the coincidized problem.
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APPE1NDIX B

SAMPLE CALCULATIONS FOR N0NLINEAR MATERIALS

B.1 General Remarks

In order to clearly illustrate the method for evaluating the impact

tolerance of a nonlinear material, the following calculations are given in

detail, to demonstrate the procedures and to show the results for the case

of Nylon 300. The calculations for Nylon were chosen because they illustrate

the use of the secant method and also include a situation in which c < c*.

See Section 3.1.2, page 36. This latter condition requires a modification

of the initial velocity vector diagram and a consequent change in the

mathematical relations used to evaluate the transverse velocity.

B.2 Stress-Strain Relations

The diagram used (Figure 22, page 49) for the study illustrated here was

furnished in terms of a T/pI versus 6 relationship. If a T versus E

curve is used then T/ must be determined. If O versus 6 is used, then

the parameter O-/p must be determined. Since the units of T// as shown
C-/P meters 2in Figure 22 are given in metric units m sec. and it is desired to

furnish the end results (u and vt) in ft/sec, it is of course necessary under

these conditions to convert units and therefore several of the steps given

in these sample calculations are merely conversion procedures.

B.3 Impact Velocity Calculations

(a) The T/L versus 6 relationship is converted to a tabular form

(Table III, page 137) with T/u and all subsequent calculated values placed

beneath the corresponding related values of 6 . The magnitude of 46 is
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determined by the curvature of the stress-strain diagram and the need to

preserve accuracy.

In the present case, it varies from 0.1% to 1.0% in size.
22

(b) T/u (- ) is converted to units of (ft/sec)
2

see
(c) The slope of the TI/i vs F curve is determined at each one of

the tabulated values of 6 . The method used to determine this slope depends

on the stress-strain relationship which produces the diagram of the material

under study. In the present illustrated example, the stress-strain curve is

concave-up in part and tb'is requires the use of the secant method for reasons

given in Section 3.1.1, page 35. The slope of the T/4 vs. F_ curve from

the origin to 4 = 2.0% is determined at points along the curve using the

tangent method (Figure 23, page 50). From C = 2.0% to E = 14% the slope is

determined for a secant line joining the point in question with a point of

tangency to the curve, which point varies from C = 2.0% to E = 0.5%.

This procedure (the secant-line method) eliminates concave-up portions of

the curve in the direction of loading. When returning along the curve during

an unloading cycle, the slope is determined by secants vhich instead eliminate

convex-up portions of the curve. For points 6 = 14% to F = 23% the tangent

method is applicable for the loading phase only. The units of the slope for
2

the particular example being presented are (tsec.2 , and the value of this
sec.

2
term represents c .

(d) The square root of each of the items calculated in step (c) is

determined and represents the value of c, the velocity of strain propagation,

131



in M/sec. at each corresponding value of strain (6 ). The units of this

velocity (m/sec) are then converted to ft/sec. Results are plotted in

Figure 24, page 51.

(e) The impact velocity u required to produce any given strain ,

was calculated next. According to Equation (3.2), this velocity can be

evaluated by finding the area under the c curve (Figure 24). If an

equation of the curve is available, then the mathematical integration

procedure can be used. In the case being illustrated here, such is not

the case and a graphical numerical method is employed. The approximate area

under the curve is obtained by the trapezoidal method, i.e. calculating the

area of the trapezoid formed between two small intervals and summing the

individual areas thus found. The stress-strain curve is convex-up until a

strain of 2% is reached so that the secant method of evaluating c does

not come into use until 6 exceeds 2%. Therefore, the area under the c curve

proper can be found from 6- 0 to E = 0.02.

The area under the c curve which determines u as a function of 6

is illustrated in Figure B.1. Note that there are three cases:

(a) The entire area representing u lies under the c curve obtained

from tangents to the T-6 curve.

(b) The area representing u includes a portion under the horizontal

line obtained from the appropriate secant* to the T-6 curve. The

horizontal line involved is different for every C .

*In cases where the T-E curve is entirely concave-up, the secant line intersects
the T-6 curve at the origin and at the value of e for which u Is to be found.
In the present example of Nlylon 300, however, the initial portion of the T-6
curve is convex-up; in this case only the upper end of the secant line is truly
a secant, the lower end being tangent to the convex-up portion of the T-F. curve.
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thI, uv bandfo agnt oteT cre h eta

SThese lines obtained from secants to T- C curve

/ This curve obtained from tangents to T-C- curve

C C C

Ul 2

0 Case (a) 0 Case (b) 0 Case (c)

u a u 1  u UI + u2  U a u1 + U2 + U3

Figure B.I. Area Representing u

portion of the area is bounded by a horizontal line which exhibits

no further dependence on E.

For convenience in computation, u is decomposed into the sum of three

parts., denoted by uI, u2 , and u3 . That part of u which is represented in
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Figure B.1 by the area directly under the bounding horizontal segment is

denoted by u 2 , the part to the left by ul, and the part to the right by

U3*

For Case (a), u1 increases with E, while u2 - u 3 = 0. For Case (b),

u decreases as u2 increases with 6, while u3 = 0. For Case (c), uI and

u2 are constant, while u3  increases with 6.

For any interval 46, the corresponding Au is calculated by finding

the arithmetic average (dividing the sum by 2) of the two end values of c

for the interval and multiplying this result by 46. These values for Au 1

are not progressively added but are merely recorded for each interval of A6.

In going from 6= 0.02 to E = 0.03 the value of Au 1 is negative

(-38 ft/sec) because u1  represents the now decreasing incremental area

under the c curve to the left of the secant line. It is necessary in the

condition being illustrated to return to the point 6 = 0.011 where the

secant line to the point 6 = 0.03 initiates. A similar procedure is used

to calculate Au in the intervals up to 6 = 0.14. The units of Au 1 are

in ft/sec.

The value of u1  is a summation of the incremental areas represented by

Au. The values of u1  recorded from r = 0.04 to OE= 0.12 are treated

as constants, which approximates the actual conditions, and at all other

points their actual values are used. The approximation applies because the

secant lines drawn on the stress-strain curve are tangent to the curve over a

small arc on the curve and it is difficult to distinguish the points of tangency;

the lines can be considered as tangent to the curve at the same point. Beyond
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= 0.12 the difference is of discernible magnitude and is tabulated for

E- 0.13 and E = 0.14.

The value of u2 is a summation of the area under the secant line portion

of the curve and is merely the product of c and the value of the corresponding

A E.

The values Au 3 represent the increments of areas under the curve from

E = 0.14 to the end of the curve. These areas are evaluated similarly to

the method used from E = 0.0 to C = 0.02 (see Figure 24, page 51).

The final step is a summation of U,, u2 , and the accumulated sum of

Au 3 . This sum at each incremental value of e represents u, the longitudinal

velocity of the cable at the moment of impact. The longitudinal impact

tolerance is the maximum value of u. Results are plotted in Figure 25, page 52.

(f) The transverse impact tolerance will now be found. The velocity

c* of the kink is first evaluated. The sums., 1 + E, are first tabulated

for each value of e. The values of (c*)2 are then found from Equation (3.3),

(c*)2  = (Tlu) (1 + 6), and tabulated. The value of c* is then determined

for each value of E. Values of c* are plotted in Figure 24, page 51, on the

same graph with c.

(g) The next series of tabulated values is a convenient method for

evaluating vt, the transverse impact velocity at strain C. In one case,
i

(a mac) herltinhp2 2
where c > c* (at impact), the relationship vt = c* - (c* - u) holds and

2 2
this is tabulated as separate steps of c* - u, (c* - u) , and vt . The trans-

verse impact velocity, vt, is then found for each value of C. (See page 36

for simplified form of Equation (3.5) when
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For the case where c < c*, the relationship becomes, vt = + -

- (ce - u) 2 , and it is necessary first to calculate the value of u at the

point c = c*, and this u is by definition u9. If algebraic expressions for

the c and c* curves are available, the procedure involves a mathematical

integration between the limits of zero and the point of strain, 60, at

which c = c*. In the present case, the equations for c and c* are not

available. Therefore, the value of Fe is found by inspection of Figure 24,

page 51 at the point of intersection of the c and c* curves. This point

is then used as outlined under step (e) to determine u@, the magnitude of

which is represented by the area under the curve from the origin to the

2
point at which c = c*. The value of v2 is then calculated for this point and

all points -ollowing it along the curve of c as a function of 6. The trans-

verse impact velocity, vt, for these points is then calculated.

Results for vt are plotted in Figure 26, page 53. The maximu- value

of v t is the transverse impact tolerance of the material.

(h) As a matter of completeness, and while not applicable to the

present analysis, the following additional information is presented:

Figure 27, page 54, is essentially a plot of the stress caused

by any velocity of transverse impact. Figure 28, page 55, shows the actual

slopes along the concave-up portion of the tenacity-strain curve, which are

replaced in Figure 23, page 50, by the secant slopes to evaluate the impact

tolerance.

The kink angle, 0, is the arccos of c* - u when c > c* and the arccos
C*

of c - u9 when c < c*. The values of the kink angle are not listed in

Table III but are plotted in Figure 29, page 56.
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11110 l& - DeACT ,AERAW 1U FOR M 300 AT 21'C (To'F) 4 65% R. H.

E .00 0.005 0.008 0.010 0.01 0.00 0.030 0.00 0.050 0.060 0.070 0.080 0.090 0.100 0.110

M o,0 0 27,ooo 35,000 40,000 42,000 6o,ooo 78,oo 99,oo 321,0o 145,000 172,000 20,000 236,oo 273,000 315,000

)2 000,o000 290,0 376,600 430,000 452,0W. 646,000 840,000 1,065,000 1,3,0ooo 1,56o,ooo 0,851,00 2,177,000 2,540,000 2,940,00 3,390,000

a (..a) 26,000,000 3,280,0 3,100,000 2,100,000 1,9oo,o 1,6oo,0oo 1,900,ooo 1,95o,ooo 2,ooo,000 2,100,000 2,220,0 2,300,000 2,46o,000 2,6o,000 2,750,000
Mr( ) 5099 1811 1761 114149 1378 1264 1378 1 96 14114 14149 1483 1517 1568 161 1658

C. (fs) 16,700 5940 5780 4750 4520 1410 4520 4570 4640 1750 4860 4970 5140 5290 51430

A u .(p) 00 57 18 15 5 38 -38 -5 0 0 0 0 0 0 0

U (tfp) 00 57 75 90 95 133 95 90 90 90 90 90 90 90 90

U2 (f') 00 00 00 00 00 000 96 137 186 288 292 348 411 476 543

0U2 00 57 75 90 95 133 181 227 276 328 382 438 501 566 633

&V 00 00 00 00 00 000 000 000 000 000 000 000 000 000 000

U.zu 00 57 75 90 95 133 181 227 276 328 382 438 501 566 633

1+t 1.000 1.005 1.008 1.010 1.011 1.020 1.030 1.0h0 1.050 1.60 1.070 1.080 1.090 1.100 1.110

(0*) 000,000 291,700 379,500 434,000 57,000 659,000 865,000 1,108,000 1,367,000 1,654,000 1,981,000 2,348,000 2,770,000 3,230,000 3,760,000

(fps) 000 50 616 659 676 812 930 1053 1169 1286 1147 1532 1614 1797 1939

C-U 000 483 541 569 581 679 749 826 893 958 1005 094 1163 1233 13o6

(c.o 000,000 237,200 290,700 3214,000 338,000 461,000 501,000 688,000 797,000 918,000 1,051,000 1,197,000 1,350,000 1,520,000 1,710,000

*.,,,

V-0m

(v.) oo,00o 51,500 84,800 U0,000 119,000 198,000 304,000 6,000 570,00 736,000 930,000 1,151,o 1,1420,000 1,710,000 2,050,000

vt (fps) 000 233 291 332 345 445 5,1 653 755 858 96F 1073 119 13o 11432

- 26,000,00 3,280,000 3,100,0o 2,10,000 1,9oo,000 1,60o,000 2,050,000 2,100,000 2,260,o0 2,550,000 2,8,000 3,00,000 3,300,000 3,760,0 400,000 14

5099 181 1761 1 1378 1264 1143 119 13 19 17 1738 1817 1939 2098 2

hIa) 1,7Wo 14 00 4750 4520 1150 11700 1476 14930 9014 5578 51 5963 6361 6888 T



FOR FoMN 300 AT 21'C (70'?) 1 65% R.H.

o.80 o.9 0 0.100 0.110 0.120 0.130 0.140 0.150 o.16o - 0.170 -173 (e ) 0.180 0.190 0.200 0.210 0.220 0.230

2C,000 236,000 273,000 315,000 362,000 413,000 468,000 500,000 515,000 525,0 58,000 531,000 535,000 538,000 540,000 540,000 540,000

2,177,000 2,540,000 2,940,000 3,390,000 3,900,000 4,440,000 5,00,000 5,380,000 5,540,0 5,650,000 5,680,000 5,72P,0o 5,760,000 5,790,000 5,810,000 5,810,000 5,810,000

2,300,000 2,460,000 2,600,000 2,750,000 2,910,000 3,100,000 3,280,000 2,160,000 1,180,000 800,000 620,000 400,000 330,000 180,000 " l'0,000 000,000 000,000

1517 1568 1612 1658 17o6 1761 1811 1470 1086 890 787 632 57 42 346 000 000

4970 5140 5290 5430 5600 5780 5940 40 3560 2930 2580 2070 1880 1390 1134 0000 000O
0 0 0 0 0 -16 .17 00 00 00 00 00 00 00 00 00 00

90 90 90 90 90 74 57 57 57 57 57 57 57 57 57 57 57
348 411 476 543 616 705 800 802 8m 800 80e 800 802 80e 800 800 a

438 501 566 633 706 779 859 859 859 859 859 859 859 859 859 859 839

0 000 000 000 000 000 000 54 42 32 8 16 20 16 13 6 0

438 501 566 635 706 779 859 1'3 955 91 -AM? 1 1 1866'~
1.080 1.090 1.100 1.110 1.120 1.130 1.140 1.150 1.160 1.170 1.173 1.180 1.190 1.200 1.210 1.220 1.230
2,348,000 2,770,000 3,230,000 3,760,000 4,370,000 5,00O,000 5,750,000 6,130,000 6,430,000 6,610,000 6,66o,0 6,750,000 6,850,000 6,950,000 7,030,000 7,090,000 7,150,000

1532 1664 1797 1939 2090 2241 2398 2476 2536 2571 2580 ( ) 2598 2617 2636 2651 2663 2674

1094 1163 1233 13o6 1384 1w6 1539 1563 1581 1584 1585 .- --

1,197,000 1,350,000 1,520,ODO 1,710,000 1,920,000 2,160,000 2,370,000 2,440,000 2,500,000 2,510,000 2,510,0 .O

S - 1585 1585 1585 1585 1585 1585 1585
- ,510,000 2,510, 002,510,000 2,510,000 2,510,000 2,510,000 2,510,000

* - - - - 00 16 36 52 65 71____ 71- - 2580 2596 2616 2632 2645 2651 2651

- - -"-6,660,000 6,730,00o 6,84o,ooo 6,90,ooo oo,000 7,030,000 7,030,000

1,151,00 1,2,o00 1,710,000 2,050,000 2,450,000 2,86o,000 3,380,000 3,690,000 3,930,000 4,100,000 4,150,oo 4,220,00o 4,330,000 14,4oo0 ,49oo00 4,52o,00 4,52o,oW

1073 192 13o8 1432 1565 1691 1838 1921 1982 2005 2037 2054 2081 2100 2119 2126 2126

3,0eO,000 3,300,000 3,760,000 4,400,000 4,9o0,000 5,250,000 3,280,000 2,160,00 1,180,000 800,00 620,000 40,000 330,000 180,000 120,000 000,000 000,00

1738 1817 1939 2098 2225 2291 181.1 1470 1066 894 787 632 5k 424 316 000

57M 5963 6361 68w 7300 7520 940 4820 3560 2930 2580 2070 1800 1390 Io 17 E
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APPENDIX C 2.1

LONGITUDINAL IMPACT TEST DATA

Phase I: To verify the method used to calculate impact velocities.

The sled velocity was determined by means of two breakwires placed

36" apart and at a distance sufficiently away from the gun so that the sled

body had completely left the gun barrel before impacting the first breakwire,

thus insuring that it had attained its maximum velocity. The two breakwires

were severed upon impact with the sled framework during each firing and the

time interval between wire breaks was recorded by means of electric chrono-

graphs connected to the wires. See Fig. D 2.1, page 190. The resulting

velocity data was then compared with the velocity calculated as outlined in

Section 6.0 of this writing. The following data covers this preliminary

phase of the longitudinal impact tests.

Chronometer Measured Calculated

Test Impact Velocity (ft/sec) Impact Velocity (ft/sec)

a. 265 270

b. 282 286

c. 332 373

d. 370 398

e. 387 401

f. 482 493

The correlation indicated above was considered close enough to Justify

the use of the method outlined in Section 6.0 for determining the longitudinal

impact velocity.

156



Phase II: Longitudinal impact velocity tests of tension members.

The tests were started at very low velocities and the first five

tests produced too small a pressure-time curve to evaluate the velocity

accurately using the method of Section 6.0. However, the velocities produced

in these first five tests were not critical to the testing program and the

tests are listed below without velocity data merely to furnish a complete

report of the testing program as conducted.

Longitudinal
Test Impact Velocity Specimen
No. (ft/sec) Specimen Failure Remarks

1 -- 1/8" - 6 x 19 No Velocity could not
Improved Plow be calculated

Steel Wire Rope

2 -- 1/8" - 6 x 19 No Velocity could not
Improved Plow be calculated
Steel Wire Rope

3 -- 1/8" - 6 x 19 No Velocity could not
Improved Plow be calculated
Steel Wire Rope

-- 1/8" - 6 x 19 No Velocity could not
Improved Plow be calculated
Steel Wire Rope

5 -- 1/8" - 6 x 19 No Velocity could not
Improved Flow be calculated
Steel Wire Rope accurately

6 229 1/8" - 6 x 19 No
Improved Plow
Steel Wire Rope

7 154 l/8" - 6 x 19 No
Improved Plow
Steel Wire Rope

8 229 1/8" - 6 x 19 Yes
Improved Plow
Steel Wire Rope
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Longitudinal
Test Impact Velocity Specimen
No. (ft/sec ) Specimen Failure Remarks

9 234 1/16" - Titanium No
Wire

10 308 1/16" - Titanium No
Wire

11 187 1/16" - Titanium No
Wire

12 240 1/16" - Titanium No
Wire

13 284 1/16" - Titanium Yes

Wire

14 368 No Specimen -- Test Shot

15 411 0.010" High Tensile Yes
Steel Wire

16 429 1/8" Treated Yes
Fiberglas Cord

17 445 1/16" Stainless No
Steel Wire

18 414 1/8" Treated Yes
Fiberglas Cord

19 520 1/16" Stainless Yes
Steel Wire

20 457 1/16" Stainless No
Steel Wire

21 548 1/16" Stainless Yes
Steel Wire

22 474 1/16" Stainless Yes Sled damaged by over-
Steel Wire filled water bag

23 414 1/8" Treated Yes First of 10 tests using
Fiberglas Cord damaged sled
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Longitudinal
Test Impact Velocity Specimen
No. (ft/sec) Specimen Failure Remarks

24 368 1/81 Treated Yes
Fiberg? as Cord

25 276 1/8" Treated No
Fiberglas Cord

26 308 1/8" Treated No
Fiberglas Cord

27 352 1/8" Fortisan No
36 Cord

28 396 1/8" Fortisan No
36 Cord

29 516 1/8" Fortisan Yes
36 Cord

30 475 1/8" Fortisan Yes
36 Cord

31 392 0.0l0"High Tensile Yes
Steel Wire

32 359 1/8" Untreated No
Fiberglas Cord
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APPENDIX C 2.2

TRANSVERSE VELOCITY IMPACT TEST DATA

Phase I: Preliminary Calibration Tests Using 1/8"-6 x 19 Imp. Plow Stl. Rope

A. Velocity checks using fully charged shells.

Test Slug Specimen

No. Velocity (ft/sec) Failure Remarks

1 1554 Yes

2 1554 Yes

3 1554 Yes

4 1554 Yes

B. Reduced Velocity Tests.

Test Slug Specimen
No. Velocity (ft/sec) Failure Remarks

5 1017 No Near miss of cable

6 946 No Near miss of cable

7 1260 Yes

8 1024 No Missed cable

9 997 No Missed cable

10 * 833 Yes

* A slug recovery unit was added just prior to this test. See Fig. D 2.2-1,

page 195, for typical deformation of slug due to impact.
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C. To fire one round at 2 ft. length of cable using fully charged

shell (Test No. ii). Velocity was recorded as 1550 ft/sec and

cable failed.

D. Continuation of reduced velocity test using 1/8" thick .050"

diameter aluminum disk cemented to the nose of the slug which

was fired at 21' t 1/2" length of cable.

Test Slug Specimen
No. Velocity (ft/sec) Failure Remarks

12 412 No

13 --- No Missed cable

14 615 No Missed cable

15 --- No Missed cable

16 --- No Missed cable

17 --- No Missed cable

18 632 Yes Partial cut
(3 of 6 strands)

Note to test section D: Misses believed due to instability from low

powder charge and use of high tensile strength

steel break wire.
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E. Reduced velocity tests with Alcan #5 gun powder.

Test Slug Specimen

No. Velocity (ft/sec) Failure Remarks

19 777 Yes Partial cut (2 of 6 strands)

20 743 Yes

21 469 No Missed cable

22 313 No Missed cable

23 339 No

24 --- --- Round not considered valid

25 638 Yes

26 621 Yes

27 958 No Missed cable

28 674 Yes

29 439 No

30 1622 * --- Velocity check

31 1630 * --- Velocity check

32 1622 * --- Velo~ity check

* Used Western Super-X full loads at this point.
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F. Continuation of reduced velocity tests.

Test Slug Speciien
No. Velocity (ft/sec) Failure Remarks

33 1613 --- Velocity check

34 1613 --- Velocity check

35 620 No

36 651 Yes

37 656 Yes

38 537 Yes

39 492 Yes

40 542 Yes

41 1613 --- Velocity check

42 1596 --- Velocity check

43 1545 --- Velocity check

44 1545 --- Velocity check

45 558 No Using aluminum disk

46 292 No Using aluminum disk

47 528 No Using aluminum disk

48 326 No Regular slug

49 628 No Regular slug

50 622 No Regular 'slug

51 499 No Regular slug

52 565 No Regular slug

53 416 No Using aluminum disk

54 587 Yes Using aluminum disk

55 491 No Using aluminum disk
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Test Slug Specimen
No. Velocity (ft/sec) Failure Remarks

56 1596 --- Velocity check

57 673 No Square hit (Reg. slug)

58 632 No Square hit (Reg. slug)

59 566 No Square hit (Reg. slug)

60 703 Yes Square hit (Alum. disk)

61 658 No Missed cable (Alum. disk)

62 708 No Slug tumbled (Alum. disk)

NOTE: Tests 1 to 62 were essentially an exploratory series of tests conducted

to determine the feasibility of using the velocity impact of a shotgun

slug on a test specimen as a method for evaluating the impact tolerance

of the specimen. The results Justified confidence in the procedure and

it was decided to test the specimens listed in Section 5.1.1, page 106,

by the use of the slug impact method. The following data covers the

results of these latter tests. The set-ups used in all tests are

illustrated in Figures D 2.2-2, D 2.2-3, j 2.2-4 and D 2.2-5, page 196.
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Phase II: Transverse Impact Tests

A: Reduced velocity tests of tension member specimens.

Test slug Specimen
No. Velocity (ft/sec) Specimen Failure Rumarks

63 1604 1/8" Untreated Yes
Fiberglas cord

64 1596 1/8" Untreated Yes
Fiberglas cord

65 1604 1/8" Treated Yes
Fiberglas cord

66 1587 1/8" Treated Yes
Fiberglas cord

67 993 1/8" Untreated Yes
Fiberglas cord

68 3,034 1/8" Untreated Yes
Fiberglas cord

69 1006 1/8" Untreated Yes
Fiberglas cord

70 1041 1/8" Treated Yes
Fiberglas cord

71 1041 1/8" Treated Yes
Fiberglas cord

72 1020 1/8" Treated Yes
Fiberglas cord

73 759 1/8" Untreated Yes 35% Failure
Fiberglas cord (1 strand broken)

74 769 1/8" Untreated Yes 50 Failure
Fiberglas cord (1 strand broken)

(2 strands frayed)

75 755 1/8" Untreated No 5% frayed
Fiberglas cord

76 806 1/8" Treated No
Fiberglas cord
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Test Slug SpecimenNo. Velocity (ft/sec) Specimen Failure Remarks

77 813 1/8" Treated No
Fiberglas cord

78 831 1/8" Treated No
Fiberglas cord

79 928 1/8" Untreated Yes
Fiberglas cord

80 906 1/8" Treated Yes
Fiberglas cord

81 874 1/8" Untreated Yes
Fiberglas cord

82 869 1/8" Untreated No Not a direct hit
Fiberglas cord

83 86? 1/8" Untreated Yes
Fiberglas cord

84 849 1/8" Treated Yes
Fiberglas cord

85 819 1/8" Treated Yes
Fiberglas cord

86 641 1/8" -6 x 19 Yes
Steel wire rope

87 625 1/8" -6 x 19 Yes
Steel wire rope

88 _.. 1/8" -6 x 19 --- Not a direct hit
Steel wire rope

89 --- 1/8" - 6 x 19 --- Not a direct hit
Steel wire rope

90 --- 1/8" - 6 x 19 Not a direct hit
Steel wire rope

91 --- 1/8" - 6 x 19 Yes No chrono reading
Steel wire rope

92 657 1/8" - 6 x 19 Yes All but one strand
Steel wire rope
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Test Slug Specimen
No. Velocity(ft/sec) Specimen Failure Remarks

93 700 1/8" - 6 x 19 Yes
Steel wire rope

94 641 1/ 8 " - 6 x 19 Yes
Steel wire rope

95 665 1/8" - 6 x 19 Yes
Steel wire rope

96 638 1/8" -6 x 19 Yes
Steel wire rope

97 543 1/8" - 6 x 19 No
Steel wire rope

98 612 1/8" - 6 x 19 No Not a direct hit
Steel wire rope

99 544 1/8" - 6 x 19 Yes All but 2 strands
Steel wire rope

100 515 1/8" - 6 x 19 No
Steel wire rope

101 428 1/8" - 6 x 19 No
Steel wire rope

102 516 1/8" - 6 x 19 No
Steel wire rope

103 787 1/8" - Untreated No
Fiberglas cord

104 802 1/8" - Untreated No
Fiberglas cord

105 779 1/8" - Untreated No
Fiberglas cord

106 815 1/8" - Treated No

Fiberglas cord

107 793 1/8" - Treated No
Fiberglas cord

108 1657 --- Velocity check
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Test Slug Specimen

No. Velocity (ft/sec) Specimen Failure Remarks

109 1657 
--- Velocity check

110 819 1/8" Untreated No
Fiberglas cord

111 879 1/8" Untreated No Not a direct hit
Fiberglas cord

112 779 1/8" Untreated --- Missed Specimen
Fiberglas cord

113 864 1/8" Untreated No.
Fiberglas cord

i14 877 1/8" Untreated Yes
Fiberglas cord

115 819 1/8" Untreated No Not a direct hit
Fiberglas cord

116 857 1/8" Untreated --- Missed specimen
Fiberglas cord

117 882 1/8" Untreated Yes
Fiberglas cord

118 815 1/8" Untreated --- Missed specimen
Fiberglas cord

119 877 1/8" Untreated Yes
Fiberglas cord

120 879 1/8" Treated Yes
Fiberglas cord

121 852 1/8" Treated --- Missed specimen
Fiberglas cord

122 879 1/8" Treated Yes
Fiberglas cord

123 872 1/8" Treated Yes 80% of cord broken
Fiberglas cord

12i 862 1/8" Treated Yes 80% of cord broken
Fiberglas cord
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Test Slug Specimen
No. Velocity (ft/sec) Specimen Failure Remarks

125 890 1/8" Treated --- -Missed specimen
Fiberglas Cord

126 884 1/8" Treated Yes
Fiberglas cord

127 1578 o015" Fortisan Yes
Strand

128 1158 o015" Fortisan Missed specimen
Strand

129 1271 .015" Fortisan Yes
Strand

130 1003 .015" Fortisan Yes
Strand

131 872 .015" Fortisan Missed specimen
Strand

132 837 .015" Fortisan Missed specimen
Strand

133 849 .015" Fortisan Missed specimen
Strand

134 831 .015" Fortisan No
Strand

135 831 .015" Fortisan Missed specimen
Strand.

136 847 .015" Fortisan Missed specimen
Strand

137 852 .015" Fortisan No
Strand

138 874 .015" Fortisan No
Strand

139 864 .015" Fortisan No
Strand

140 943 .015" Fortisan --- Missed specimen
Strand
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Test Slug Specimen
No Velocity (ft/see) Specimen Failure Remarks

141 887 .015" Fortisan No
Strand

142 1621 --- Velocity check

143 735 1/16" Plow No
Steel Wire

144 650 1/16" Plow No
Steel Wire

145 699 1/16" Plow No
Steel Wire

146 877 1/16" Plow Yes
Steel Wire

147 869 1/16" Plow Yes
Steel Wire

148 781 1/16" Plow Yes
Steel Wire

149 821 1/16" Improved No Not a direct hit
Plow Steel Wire

150 709 1/16" Improved No
Plow Steel Wire

151 751 1/16" Improved Yes
Plow Steel Wire

152 744 1/16" Improved No Not a direct hit
Plow Steel Wire

153 767 1/16" Improved No
Plow Steel Wire

154 779 1/16" Improved No
Plow Steel Wire

155 789 1/16" Improved Yes
Plow Steel Wire

156 783 1/16" Improved Yes
Plow Steel Wire
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Test Slug Specimen
No. Velocity (ft/sec) Specimen Failure Remarks
157 775 1/16" Improved Yes

Plow Steel Wire

158 815 1/8" Nylon Cord No Missed specimen

159 --- 1/8" Nylon cord No No chronograph

reading

160 915 1/8" Nylon cord No

161 1612 1/8" Nylon cord No Missed specimen

162 1604 1/8" Nylon cord Yes

163 1327 1/8" Nylon cord No

164 1351 1/8" Nylon cord No

165 1500 1/8" Nylon cord Yes

166 1485 1/8" Nylon cord Yes

167 1463 1/8" Nylon cord No

168 1554 --- Velocity check

169 1421 1/8" Nylon cord Yes

170 --- 1/8" Nylon cord No Complete miss

171 149 1/8" Nylon cord Yes

172 1428 1/8" Nylon cord Yes

173 1376 1/8" Nylon cord No

174 1442 1/8" Nylon cord Yes

175 1477 1/8" Nylon cord Yes

176 1000 .052" Untreated No Missed specimen
Fiberglas cord

177 831 .052" Untreated No Missed specimen
Fiberglas cord

172



Test Slug Specimen
No. Velocity (ft/sec) Specimen Failure Remarks

178 833 .052" Untreated Yes
Fiberglas cord

179 733 .052" Untreated No Missed specimen
Fiberglas cord

180 735 .052" Untreated Yes
Fiberglas cord

181 597 .052" Untreated No Missed specimen
Fiberglas. cord

182 642 .052" Untreated No Missed specimen
Fiberglas cord

183 634 .052" Untreated No Missed specimen
Fiberglas cord

184 622 .052" Untreated No
Fiberglas cord

185 700 .052" Untreated No
Fiberglas cord

186 .052" Untreated Yes No chrono reading
Fiberglas cord

187 686 .052" Untreated No
Fiberglas cord

188 681 .052" Untreated No
Fiberglas cord

189 --- .062" Treated No No chrono reading
Fiberglas cord

190 680 .062" Treated No Missed specimen
Fiberglas cord

191 696 .062" Treated No Slug Tumbled
Fiberglas cord

192 722 .062" Treated No
Fiberglas cord

193 645 .052" Untrea+ed Yes
Fiberglas cord
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Test Slug Specimen
No. Velocity (ft/sec) Specimen Failure Remarks

194 630 .052" Untreated Yes
Fiberglas cord

195 837 .062" Treated No
Fiberglas cord

196 824 .062" Treated No
Fiberglas cord

197 887 .062" Treated Yes
Fiberglas cord

198 882 .062" Treated Yes
Fiberglas cord

199 831 .062" Treated No Not a direct hit
Fiberglas cord

200 849 .062" Treated Yes
Fiberglas cord

201 837 .062" Treated Yes
Fiberglas cord

202 842 .062" Treated Yes
Fiberglas cord

203 1595 --- Velocity check

204 1060 .010" Carbon Yes
Steel Wire

(500,000 psi ult)

205 826 .010" Carbon Yes
Steel Wire
(500,000 psi ult)

206 751 .010" Carbon No
Steel Wire
(500,000 psi ult)

207 808 .010" Carbon No Not a direct hit
Steel Wire
(500,000 psi ult)

208 824 .010" Carbon No
Steel Wire
(500,000 psi ult)
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Test Slug Specimen

No. Velocity (ft/sec) Specimen Failure Remarks

194 630 .052" Untreated Yes
Fiberglas cord

195 837 .062" Treated No
Fiberglas cord

196 824 .062" Treated No
Fiberglas cord

197 887 .062" Treated Yes
Fiberglas cord

198 882 062" Treated Yes
Fiberglas cord

199 831 .062" Treated No Not a direct hit
Fiberglas cord

200 849 .062" Treated Yes
Fiberglas cord

201 837 .062" Treated Yes
Fiberglas cord

202 842 .062" Treated Yes
Fiberglas cord

203 1595 --- Velocity check

204 1060 .010" Carbon Yes
Steel Wire
(500,000 psi ult)

205 826 .010" Carbon Yes
Steel Wire
(500,000 psi lt)

206 751 .010" Carbon No
Steel Wire
(500,000 psi lt)

207 808 .010" Carbon No Not a direct hit
Steel Wire
(500,000 psi tlt)

208 824 .010" Carbon No
Steel Wire
(500,000 psi tlt)
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Test Slug Specimen
No. Velocity (ft/sec) Specimen Failure Remarks

209 815 .010" Carbon No
Steel Wire
(500,000 psi ult)

210 810 .010" Carbon No
Steel Wire
(500,000 psi ult)

211 852 .010" Carbon No
Steel Wire
(500,000 psi ult)

212 824 .010" Carbon No
Steel Wire
(500,000 psi ult)

213 817 .010" Carbon No
Steel Wire
(500,000 psi ult)

21 -- .010" Carbon No No chrono reading
Steel Wire
(500,000 psi ult)

215 857 .010" Carbon No
Steel Wire
(500,000 psi ult)

216 882 .010" Carbon No
Steel Wire
(500,000 psi ult)

217 872 .010" Carbon No
Steel Wire
(500,000 psi ult)

218 882 .010" Carbon No
Steel Wire
(500,000 psi ult)

219 887 .010" Carbon No
Steel Wire
(500,000 psi ilt)

220 869 .010" Carbon No Missed specimen
Steel Wire
(500,000 psi ult)

175



Test Slug 
SpecimenNo. Velocity (ft/see) Specimen Failure Remarks

221 890 .010" Carbon No Missed specimen
Steel Wire
(5O0,OOO psi ult)

222 900 .010" Carbon Yes
Steel ire
(500,000 psi ult)

223 1562 7/32" - 7 x 19 Yes
Stainless Steel

Rope

224 1562 1/8" Fortisan Yes
36 Cord

225 925 1/8" Fortisan Missed specimen
36 Cord

226 879 7/32" - 7 x 19 Yes All but 2 strands
Stainless Steel broke
Rope

227 931 1/8" Fortisan --- Missed specimen
36 Cord

228 867 1/8" Fortisan --- Missed specimen
36 Cord

229 920 1/8" Fortisan No
36 Cord

230 869 7/32" - 7 x 19 --- Missed specimen
Stainless Steel
Rope

231 946 7/32" - 7 x 19 Yes 14 Wires Cut
Stainless Steel
Rope

232 
- - - --- No Chrono Reading

233 - 1/8" Fortisan No No chrono Reading
36 Cord

234 1/8" Fortisan No No Chrono Reading
36 Cord
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Test Slug Specimen
No. Velocity (ft/sec) Specimen Failure Remarks

235 1/8" Fortisan No No Chrono reading
36 Cord

236 ---- 1/8" Fortisan No No Chrono reading
36 Cord

237 1562 --- Velocity check

238 686 7/32" - 7 x 19 No
Stainless Steel

- Rope

239 ---- 7/32" - 7 x 19 Yes No Chrono reading
Stainless Steel
Rope

240 833 7/32" - 7 x 19 --- Missed specimen
Stainless Steel
Rope

241 882 7/32" - 7 x 19 No
Stuinless Steel
Rope

242 835 0.052" Untreated No Powder trouble
Fiberglas Cord causing erratic

results

243 0.052" Untreated Powder trouble
Fiberglas Cord causing erratic

results; missed
specimen

244 500 0.052" Untreated No Powder trouble
Fiberglas Cord causing erratic

results

245 369 0.052" Untreated No Powder trouble
Fiberglas Cord causing erratic

results

246 475 1/16" Plow Steel No
Wire

247 ---- 1/16" Plow Steel Yes No Chrono reading
Wire
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Test Slug Specimen
No. Velocity (ft/sec) Specimen Failure Remarks

248 733 1/16" Plow Steel Yes
Wire

249 587 1/16" Plow Steel No
Wire

250 --- 1/16" Plow Steel No No Chrono reading
Wire

251 721 1/16" Plow Steel No
Wire

252 721 1/16" Plow Steel No
Wire

253 729 1/16" Plow Steel No
Wire

2514 613 1/16" Improved No
Plow Steel Wire

255 545 1/16" Improved No
Plow Steel Wire

256 1595 --- Velocity check

257 621 .010" High Ten- .. Missed specimen
sile Steel Wire

258 826 .010" High Ten- No
sile Steel Wire

259 828 .010" High Ten- No
sile Steel Wire

260 898 .010" High Ten- No
sile Steel Wire

261 120 .010" High Ten- No
sile Steel Wire

262 890 .010" High Ten- No
sile Steel Wire

263 892 .010" High Ten- Yes
sile Steel Wire
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Test Slug Specimen
No. Velocity (ft/sec) Specimen Failure Remarks

264 --- .010" High Ten- Yes No Chrono reading
sile Steel Wire

265 961 .010" High Ten- Yes
sile Steel Wire

266 1522 --- Velocity check

267 917 .010" High Ten- Yes
sile Steel Wire

268 937 .010" High Ten- Yes
sile Steel Wire

269 821 .010" High Ten- No
sile Steel Wire

270 777 .010" High Ten- Yes
sile Steel Wire

271 813 .010" High Ten- --- Missed specimen
bile Steel Wire

272 806 .010" High Ten- No Very Near Break-
sile Steel Wire ing Point

273 847 .010" High Ten- Yes
sile Steel Wire

274 946 .010" High Ten- Yes

sile Steel Wire

275 1530 --- Velocity check

276 831 1/16" Improved No
Plow Steel Wire

277 751 1/16" Improved Yes
Plow Steel Wire

278 582 1/16" Improved No
Plow Steel Wire

279 606 1/16" Improved No
Plow Steel Wire

280 779 1/16" Improved Yes
Plow Steel Wire

179



Test Slug Specimen
No. Velocity (ft/sec) Specimen Failure Remarks

281 738 1/16" Improved No
Plow Steel Wire

282 719 1/16" Improved Yes
Plow Steel Wire

283 561 1/16" Plow Steel No
Wire

284 700 1/16" Plow Steel Yes
Wire

285 717 1/16" Plow Steel Yes
Wire

286 735 1/16" Plow Steel No
Wire

287 737 1/16" Plow Steel No
Wire

288 742 1/16" Plow Steel Yes
Wire

289 707 1/16" Plow Steel No
Wire

290 937 .015" Fortisan No
Strand

291 898 .015" Fortisan No
Strand

292 89a .015" Fortisan No
Strand

293 955 .015" Fortisan No
Strand

294 934 .015" Fortisan Yes 75% Failure
Strand

295 1530 Velocity check
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Test Slug Specimen
No. Velocity (ft/sec) Specimen Failure Remarks

296 845 7/32" - 7 x 19 Yes 45% Failure
Stainless Steel
Rope

297 842 7/32" - 7 x 19 Yes 65% Failure
Stainless Steel
Rope

298 874 7/32" - 7 x 19 Yes 65% Failure
Stainless Steel
Rope

299 854 7/32" - 7 x 19 Yes 65% Failure
Stainless Steel
Rope

300 --- 7/32" - 7 x 19 Yes No Chrono Reading
Stainless Steel 14% Failure
Rope

301 757 7/32" - 7 x 19 Yes One Wire Cut
Stainless Steel
Rope

302 777 7/32" - 7 x 19 Yes 28% Failure
Stainless Steel
Rope

303 937 1/8" Fortisan No
36 Cord

304 1304 1/8" Fortisan Yes 50% Failure
36 Cord

305 1276 1/8" Fortisan Yes Complete Break
36 Cord

306 1260 1/8" Fortisan Yes 50% Failure
36 Cord

307 176 1/8" Fortisan Yes 33% Failure
36 Cord

308 1204 1/8" Fortisan Yes 10% Failure
36 Cord
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Test Slug Specimen
No. Velocity (ft/bec) Specimen Failure Remarks

309 721 1/16" Stainless No
Steel Wire

310 717 1/16" Stainless No
Steel Wire

311 781 1/16" Stainless No
Steel Wire

312 779 1/16" Stainless No
Steel Wire

313 828 1/16" Stainless No
Steel Wire

314 824 1/16" Stainless Missed Specimen
Steel Wire

315 862 1/16" Stainless --- Missed Specimen
Steel Wire

316 810 1/16" Stainless No
Steel Wire

317 797 1/16" Stainless No
Steel Wire

318 852 1/16" Stainless No
Steel Wire

319 847 1/16" Stainless No
Steel Wire

320 --- 1/16" Stainless Yes No Chrono reading
Steel Wire

321 898 1/16" Stainless No
Steel Wire

322 934 1/16" Stainless No
Steel Wire

323 900 1/16" Stainless Yes
Steel Wire
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Test Slug Specimen
No. Velocity (ft/sec) Specimen Failure Remarks

324 917 1/16" Stainless No
Steel Wire

325 911 1/16" Stainless Yes
Steel Wire

326 869 1/16" Titanium Yes
Wire

327 840 1/16" Titanium Yes
Wire

328 882 1/16" Titanium Yes
Wire

329 882 1/16" Titanium --- Not a direct hit
Wire

330 817 1/16" Titanium Yes
Wire

331 813 1/16" Titanium No
Wire

332 842 1/16" Titanium Yes
Wire

333 835 1/16" Titanium Yes
Wire

334 795 1/16" Titanium Yes
Wire

335 831 1/16" Titanium Yes
Wire

336 802 1/16" Titanium Yes
Wire

337 761 1/16" Titanium No
Wire
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APPENDIX D

PHOTOGRAPHS OF TEST EQUIPMENT AND TEST EFFECTS
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APPENDIX Dl

STATIC TEST PHOTOGRAPHS
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Figure D1-1. Equipment Used for Static (Tensile) Test.
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Figure D1-2. Method or Fastening Specimen for Tensile'Test

in Instron Tensile Tester, Model TTC-Ml.
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APPENDIX D2

DYNAMIC TS PHOTOGRAPH~S
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APPENDIX D2. 1

LONGITUDINAL IMPACT TEST PHOTOGRAPHS
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Figure D2.1-13. (Test 29) Longitudinal
Impact Test of' 1/8" Fortisan
36 Cord.
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APPENDIX D2.2

TRANSVERSE IMP~ACT TEST PHOTOGQRAPHS
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Fig~ure D2.2-1. Effects of Transverse Velocity
Impact on 22-Gauge Rifle Slug.
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