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Mr. George Yoder
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Materials Section
Bureau of Weapons
United States Navy
Washington 25, D. C.

Dear Mr. Yoder:

Enclosed is the Final Report on the first year of our arresting
gear cable study entitled "Analytical Study of Aircraft Arresting Gear
Cable Design'. We have enjoyed working on this program and are locking
forward to turning our theories into practice during the next year. The
accomplishments of the past year would not have been possible without your
co-operation and the assistance from the various Navy personnel that we
have contacted and obtained information and samples from during the past
year.

Sincerely,
7'/ A f %«/

Hobart A. Cress
Project Leader
Machine Dynamics Division

HAC:pjf
Enc.
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Area of cable cross section, in. 2

Damper force/velocity factor
Longitudinal-wave velocity in cable, ft/sec

Length of strand center line in one lay, in.

Change in length of strand due to tension, in.
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ANALYTICAL STUDY OF AIRCRAFT
ARRESTING GEAR CABLE DESIGN

by

.

P. T. Gibson and H. A. Cress

INTRODUCTION AND SUMMARY

The objective of this investigation is to develop a2 comprehensive cable design
| theory which will provide a basis for improved design and construction of wire rope.
| In order to accomplish this objective, the following items are included in a detailed
. analysis of the problem:

(1)

(2)

(3)
(4)

(5)

(6)

(7)

(8)

(9)

(10)
(11)
(12)

(13)

Definition of the patterns and magnitudes of dynamic loads generated in
wire rope by the action of sustained tensiie loads and transverse impact
loads, similar to the conditions found in aircraft arresting cables

Effect of cable slippage around the arresting hook on the magnitude of
the peak tensile load on the cable

Effect cf longitudinal-wave loading rate on the peak cable tension

Influence of constructional variations on the peak tensile stress developed
in the cable during aircraft arrestment

Calculation of tensile loads and stresses on the wires of a rope under
pure tension

Calculation of interstrand forces and stresses for a rope under pure
tension

Effects of bending the cable around a hook or sheave on the internal loads
and stresses

Contact force and stress between the hook and the cable for the static
condition

Comparison of flattened strand, Lang-lay and round strand, regular-lay
cables

Mode of failure of deck pendants
Contact force produced by impact of hook on deck pendant
Wire rope abrasion resistance

Wire rope flexibility.
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The results discussed in the section on Cable Dynamics provide a time history of
tension in an aircraft arresting cable at the point of hook impact. This tension is cal-
culated neglecting internal cable damping and assuming perfect reflection of longi-
tudinal waves from the hook. Also, all longitudinal waves are treated as having an
infinite rate of loading, thus providing an "ideal'' time-tension curve.

The effects of these idealized assumptions are discussed, and it is shown that a
reduced value for the peak cable tension is more rezlistic, By considering slippage of
the cable around the hook during impact of a longitudinal wave, plus the effects of wave
attenuation and a noninfinite loading rate, a value of 85,000 pounds is obtained for the
peak cable tension under the conditicns assumed.

An analysis of the effects of the wire-rope constructional variations on the peak
tensile stress in the cable is also presented. The peak tensile stress developed during
an aircraft arrestment is shown graphically as a function of cable elastic modulus and
the ratio of cable density to metallic cross-sectional area. It is found that the peak
stress is reduced by a reduction of either of these variables.

Calculations are presented to show the maximum internal stresses experienced
by a flattened strand, Lang-lay cabie. TlLese calculations include the tensile stresses
on the wires, the intersirand crossed-wire contact siresses, and the contact stresses
between the cable and the hook for the condition of peak cable tension plus bending. The
results are then compared with those reported previously(31)* for a round-strand,
regular-lay cable.

This analysis of the internal stresses developed in a flattened-strand, Lang-lay
rable reveals that for a tension or 85,000 pounds, the interstrand crossed-wire contact
stresses are approximately 25 percent lower than those for a round-strand, regular-
lay rope. The contact stresses between the hook and the cable are 30 percent less.
The decrease in interstrand contact stresses is due primarily to the reduction in the
lay angles for the l.ang-lay rope and the use of slightly larger-diameter wires. The
lower contact stresses between the hook and the cable can be attributed to the increase
in length of wire contact provided by the flattening of the strands and the use of Lang
lay.

Inspection of used deck pendants revealed that failure is caused by the combined
effects of abrasion and impact of the arresting hook. This hook-cable impact situation
is defined analytically and the problem of abrasion resistance is investigated qualita-
tively. 1t is found that the effects of these two conditions can be reduced by a change
in the wire cross-sectional shape and a change in the geometry of the individual
strands.

As a result of these investigations, comprehensive criteria for the evaluation of
arresting cable are presented, and a number of recommendations are made for an im-
proved wire-rope design. On the basis of these recommenddtions, new rope designs
are proposed and discussed, and their performance for use in aircraft arrestment is
predicted. A discussion of the applicability of the new designs to purchase cable and
a strong recommendation for the use of plated wire in purchase cable are also included.

An analysis of one suggested new design shows that its adoption should virtually
eliminate the problems of interstrand notching and wire breakage due to impact by the

*References are given in the Bibliography, page 74.
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hcok. However, it is pointed out that experimental work is necessary before concrete
conclusions can be reached.

CABLE DYNAMICS

The phenomena of wave propagation along an elastic fiber have long been estab-
lislied in the literature of physics and solid mechanics. {14,35) 1n these early treat-
ments of the problem, the nonlinear partial differential equations are linearized by
several assumptions, one of which is the premise that deflections of the fiber are to be
small. In this way a qualitative description of wave propagation is presented.

Two distinct wave types can travel along an elastic fiber (string, wire, cable,
or what-have-you) that is subjected to a tensile load and a disturbance. One, the
longitudinal wave, can be described as a discontinuity in stress level (or axial cable
velocity) traveling at the acoustic velocity in the fiber material. The other, the trans-
verse wave, is essentially a traveling "kink'* with a velocity of propagation much lower
than that of the longitudinal wave. In a material satisfying Hooke's Law (a linear
stress-strain relationship), these waves can propagate virtually undistorted in the
absence of one another. Two longitudinal waves traveling in opposite directions can
pass undistorted; two transverse waves, however, will interact to produce longitudinal
waves as well as distortion. A longitudinal wave meeting oi Jsvertaking a transverse
wave will interact, distorting both waves.

For some problems, the aircraft arresting cable being a prime example, the
elementary linearized theory is inadequate owing to the large deflections incurred inthe
generation of transverse waves. The equations of motion as applied to the arresting-
cable problem are presented by Ringleb(37,38,39) as nonlinear partial differential
equations. These are solved for the case of motion that is purely that of a longitudinal
or transverse wave, and the resulting solution is a function of geometry, cable strain,
and cable parameters. A meeting of two singularities can then be analyzed by means
of a geometric approach using the properties of singular wave propagation thus
established.

These wave- and cable-velocity formulas are summarized below in terms of fiber
(or cable) strain, €:

Co = VAE/p, = Longitudinal-wave velocity relative to cable at zero strain,

ft/sec,
where ”
A = Cable metallic cross section, in.
E = Elastic modulus of the cable, 1b/in. z
Py = Cable mass per unit length at zero strain, lb/ft.
c ={l + €)co, = Longitudinal-wave velocity relative to cable at strain ¢,
ft/sec,
where

€ = Strain (change in length per unit length), in. /in.
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4
c = Ve(l + €)cy = Transverse-wave velocity relative to cable, ft/sec

du = (€3 - €3)c, = Change in cable velocity across a longitudinal wave,

ft/ sec
¢, =arc sin [(V/T) sin 2] = Initial kink angle in cable, degrees,
where
V = Initial velocity of aircraft, ft/sec

B =(90° — misalignment angle of aircraft), degrees.

\’ith these relationships Ringleb(3 ) has developed mathematical models des-
cribing ‘bhe interactions of singularities and the effects of various cable end conditions.
These ar¢ presented by Neidhardt, Eslinger, and Sasaki{?8) in terms of cable strain.

Since the original derivations of the mathematical models are geometric in
nature (based on the states of the cable before and after the various dynamic events),
solutions by graphical methods are only natural. The technique involves velocity
diagrams drawn to scale, with the known quantities drawn first and the unknown quanti-
ties (functions of the unknown strain, €, following interaction) determined by trial. To
eliminate the trial-and-error facet of the solutions, nomograms are drawn that
facilitate the construction of the unknown strain functions. Those of interest to this
program are repeated in summarized form below. The dynamic events considered
include:

(1) Impact of the hook on the cable

(2) Meeting of a kink and a longitudinal wave
(3) Kink being overtaken by a longitudinal wave
(4) Impact of kink on deck sheave

(5) Impact of kink against a fixed point.

Impact of Hook on Cable

Init:ally the cable is at rest with some small tensile load producing a strain ¢,,.
The aircraft engages the cable at Point P, as shown in Figure 1, with a velocity V and
at an angle B. It is assumed that the cable does not slip across the arresting hook, and
the initial point of engagement moves along PR with the aircraft. The behavior of the
cable to the left of Point R will be studied.

After impact, a longitudinal wave propagates along the cable away from Point P
with a velocity (1 + €g)cg. In Figure 1, Point S is the position of this singularity. To
the left of this point, the cable is as yet undisturbed, while to the right of Point S, the
cable has an unknown strain €] and is moving toward Point P with a velocity uj =
(€1 - €g)cg- The transverse wave or kink moves away from Point P with a velocity
El = \/61(1 +€q)e, relative to this part of the cable. The velocity of the kink relative
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to Point P is {c] - uj). Since Q and R are formed simultaneously at Point P, their
‘selocities correspond L0 the sides of Triangle PQR and are shown on Figure ! in
dimensionless forms. The law of cosines and the law of sines may be used to solve
for €1 and ¢) respectively,

€
€©—
S Q  Veli-€)-(€,-¢) P
Path of
gircraft
A 50915

FIGURE 1. IMPACT OF AIRCRAFT AGAINST CABLE

This solution is greatly simplified, however, by the use of Nomogram Number
One shown in Figure 2. Triangle PQR is redrawn as shown in Figure 3 with the known
dimensions shown by solid lines. Point O of Figure 3 corresponds to the origin of the
nomogram. The portion OPR is drawn on the nomogram to the scale indicated thereon,
with OP along the horizontal axis. Point R then falls on the circle of the nomogram
that is labeled with the value of €, sought (interpolation may be necessary). Point Q
then corresponds to the center of the circle on which R has fallen. The kink angle ¢;
can then be scaled.

Impact of Kink on Deck Sheave

When a traveling kink reaches a deck sheave, a longitudinal wave and a new kink
are generated. The following analysis is used to find the magnitudes of the new strain
and kink angle. For the case of a well-lubricated cable and a small cable wrap angle,
it may be assumed that the system is frictionless (the same effect is achieved with a
massless sheave).

With reference to Figure 4, suppose a kink K of angle ¢; is traveling toward a
sheave at Point P and that the strain in the cable is €] while the cable velocity is u}
clockwise around the sheave. Then the kink K must be approaching P with velocity
€] - u]. When the kink reaches the sheave, a new s*rain € is produced and extends
from P to the newly formed longitudinal singularity S, which propagates away from the
sheave. This new strain also propagates around the sheave toward the energy
absorber.
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FIGURE 2. NOMOGRAM NUMBER ONE
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FIGURE 3. NOMOGRAM SOLUTION FOR IMPACT OF AIRCRAFT AGAINST CABLE
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Je(l+e)-(e-€) + u,/co

~
T

Jell+€)-u/c,

FIGURE 4. IMPACT OF KINK ON DECK SHEAVE

Beyond S the cable is not yet affected by the impact at the sheave. The projection
R of the unaffected cable is thus a continuation of the motion of K; hence, R moves
away from P with velocity €) - uj] and away from the unaffected cable with velocity c).
The cable in the wake of S moves back from the unaffected cable with a velocity u given
by u = (€ - €])co 380 that the reflected kink Q moves toward the unaffected cable with a
velocity ¢ - u. Thus, Q and R separate with a velocity ¢} + ¢ - u.

Since the new strain € propagated around the sheave (assuming no friction), the
cable is now fed over the sheave with a velocity uj + (€ - €])co. Thus, kink Q propa-
gates away from P with a velocity ¢ + uj + (€ = €1)c,.

These velocities correspond to the sides of triangle PQR and are shown in
dimensionless form in Figure 4. UJsing the law of cosines the value of € may be found
by trial. The new kink angle ¢ may be fcund using the law of sines.

A much easier solution is obtained if triangle PQR is redrawn as shown in Fig-
ure 5. Here the kanown quantities are shown as solid lines. Nomogram Number Two,
shown in Figure 6, provides the solution.

The known portion ORP of triangle PQR is drawn on the nomogram to the proper
scale and with Point O at the origin. An arc of radius uj/c, - €] is then drawn with
Point P as the center. This arc will be tangent to the circle of the nomogram which is
labeled with the value of € sought, and A is the point of tangency. Interpolation may
be necessary.

Note that the portion OQA is now completed by the nomogram, with Q correspond-

ing to the center of the circle on which A now lies. If desired, the kink angle ¢ may
now be scaled.
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Meeting of Kink and Longitudinal Wave

During an aircraft arrestment, many longitudinal waves are generated within the
system. Since these strain discontinuities travel at the acoustic velocity, they over-
take and meet the slower moving kinks many times. Each of these interactions
produces two new longitudinal waves, traveling in opposite directions, and also two
new kinks.

The following discussion of the meeting of a kink and a longitudinal wave is
presented by Neidhardt, et al. (28),

Consider a cable under strain €] on which a kink K of angle ¢] is propagating to
the left. Figure 7 shows the cable as viewed from a frame of reference that is moving
with K. Hence, the cable appears to move to the right and up the diagonal from K with
a velocity u; = El’ Suppose now that a longitudinal wave S approaches K from the left,
and that the strain behind it is €3. Then the cable in the wake of S moves toward K
with a velocity u2 =uj] - (€2 - €])co.

S —(e, -¢) tle-¢,)- %

A 50921

FIGURE 7. MEETING OF KINK AND LONGITUDINAL WAVE

When S reaches K a new strain € will propagate out in both directions, and
instead of K there will be two kinks J and Q, Q being the reflection. The diagram
depicts J moving slower than K, which would be the case if €5 < €); however, this
detail has no bearing on the final results. Now the cable mcves toward K with velocity
u=up +(€ - €2)c,. Kink J moves to the left relative to the cable with velocity ¢ so
that it moves to the right relative to K with a velocity u - c. The cable just ahead of
Q mcves away from K with a velocity ¢} - (€ - €])cy so that Q must be moving away
from K with a velocity cy - (€ - €1)cg + c. The two kinks J and Q separate with a
velocity 2c.

These velocities are shown in Figure 7 in dimensionless form. The law of
cosines may be used with triangle JXQ to determine the unknown strain € by trial, and
the law of sines may be used to find the new kink angle ¢.
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This solution is greatly simplified if triangle JKQ is redrawn as shown in Fig-
ure 8, where the known quantities are shown as solid lines. Nomogram Number Three,
shown in Figure 9, then provides the solution. The known portion OKA of triangle JKQ
is drawn on the nomogram to the scale indicatedthereon and with Point O at the origin.
The solution is found by selecting the Point J so that AJ = OQ and also so that Point J
falls on the nomogram circle whose center correspends to Q. This circle then gives
the value of €. Again, interpolation may be necessary. In caseep >€j, J will be
below K instead of above it as shown in Figure 8. The new kink angle ¢ may now be
scaled.

Kink Overtaken by Longitudinal Wave

Consider a cable under strain €] on which a kink K of angle ¢ is propagating to
the left. Figure 10 shows the cable as viewed from a frame of reference that is moving
with K. Hence, the cable appears to move to the right and up the diagonal from K with
a velocity u; = '61. Suppose now that a longitudinal wave S approaches K from the right
and that the strain behind it is €3. For this condition the kink is being overtaken by the
strain discontinuity.

When S reaches K, a new strain € will propagate out in beth directions, and
instead of kink K there will be two kinks J and Q, Q being the reflection. The diagram
depicts J moving slower than K which would be the case for €2 < €]; however, this
detail has no Learing on the final . :sults.

In this case, the velocity of the cable moving away from K beyond Q is changed
once by (€] - €2)c, and again by (€ - €2)c,. The velocity of the cable coming in from
the left is changed only once by () - €)c,.

After these interactions, the cable to the left of K moves towards K with a
velocity u =u] - (€] - €)cg =] - (€] - €)co. Kink J moves to the left relative to the
cable with a velocity ¢ so that it moves to the right relative to K with a velocity u - <.
The cable just ahead of Q moves away from K with a velocity €] - (€] - €3)c,

- {£ - €2)cg so that Q must be moving away from K with a velocity €] = (€] - €2)cq
-{e- €3)cy+ c. The two kinks J and Q separate with a velocity 2C.

These velocities are shown in dimensionless form in Figure 10. The unknown
strain € may be found by trial using triangle JKQ and the law of cosines. The new kink
angle ¢ may then be found using the law of sines.

This solution is simplified if triangle JKQ is redrawn as shown in Figure 11
where the known quantities are shown by solid lines. Nomogram Number Three,
shown in Figure 9, provides the solution. The known portion OKA of triangle JKQ is
drawn on the nomogram to the scale indicated thereon with Point O at the origin.

P *nt J is selected so that AJ = OQ and also so that J falls on the nomogram circle for

-h Q is the center. This circle gives the value of €, and the new kink angle ¢ may
be scaled. In case €2 >¢€), then J will be below K instead of above it as shown in
Figure 11,
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FIGURE 16. KINK OVERTAKEN BY LONGITUDINAL WAVE
\
\
\
| A
AJ=Je{l+e) - ¢ AK= Je(l+€, ¢
-
\&6\ /’},
‘_.—_—
- _/ T
0Q-= e(l+e) € OK= e.(!+:3-e.+252
A 350814
FIGURE i11. NOMOGRAM SOLUTION FOR KINK OVERTAKEN
BY T.ONGITUDINAL WAVE
Nomogram Number Three, Figure 9, is used.
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impact of Kink Against 2 Fixed Point

When a kink is reflected after impacting on a deck sheave, it propagatee 2long
the cable toward the aircraft arresting hook. When it impacts on the hook, a new kink
and a longitudinal wave are formed. It is assumed here that the cable is fixed to the

hook.

Consider a cable under strain €) with a fixed end P toward which a kink K with
angle ¢; is propagating, as shown in Figure 12. The velocity of K is ©|. When the kink
reaches the fixed end it is reflected, and a longitudinzl wave S propagates away from
P. A new increased strain € extends from P to S. The cable in the v;ake of S moves
back relative to the cable with a velocity u = (€ - €})c,. The reflected kink Q moves
away from P with a velocity ¢. The velocity of Q relative to the unaffected cable to the
right of S is © - u. Since the projection R of the unaffected cable can be regarded as a
continuation of the motion of K, it moves away from P and from the unaffected cable
with velocity ©}. Hence, Q and R separate with a velocity cj + ¢ - u.

These velocities are shown on Figure 12 in dimensionless form. The new strain
€ may be found by trial usinjz triangle PQR and the law of cosines. The new kink angle
¢ may be found using the law of sines.

By redrawing triangle PQR as shown in Figure 13 with known quantities repre-
sented by solid lines, a solution is made possible using Nomogram Number One. The
known portion ORP of triangle PQR is drawn on the nomogram to the scale indicated
thereon with Poirt O at the origin. Point P then falls on the circle of the nomogram
that is labeled with the value of € sought.

Note that the portion PQR is now completed by the nomogram, with Q correspond-
ing to the center of the circle on which R has fallen. The new kink angle ¥ may now be
scaled.

DETERMINATION OF CABLE TENSION VERSUS TIME

To investigate the internal dynamics of the wire rope, stress versus time at a
point in the cable {considered here a homogeneous fiber) must first be calculated.
Considering the dynamic action of the cable as a series of singular events gives an
idealized picture of average stress versus time; it is felt, however, that this method
of analysis results in a usable and reasonably definite stress picture.
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FIGURE 12. IMPACT OF KINK AGAINST A FIXED POINT
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FIGURE 13. NOMOGRAM SOLUTION FOR IMPACT OF KINK
AGAINST A FIXED POINT

Nomogram Number One, Figure 2, is used.
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The following parameters have been selected for these calculations:

Parameter Units Nominal Maximum
Arrestment velocity, V Knots 120 150
Aircraft weight Lb 50, 000 60,000
Off- center distance (port) Ft 0 20
Landing angle, B Deg 90 84
Longitudinal-wave velocity, cq Ft/sec 10,000 10,000
Normalized initial velocity, V/c . 0203 . 0253
Deck~pendant length (to sheave ,) Ft 120 --
Purchase-cable length, deck sheave Ft 150 --

to first engine sheave

Sheave separation, A, battery position Ft 43 -
Cable elastic modulus, E Lb/in. & 12.7 x 106 12.7 x 106
Cable metallic cross section, A In. z . 87 . 87(3)
Slope of engine force/time curve, F Lb/sec 4.53 x 106 5, 44 x 106(b)
Engine reeving ratio, 2n' 18 (Mark 7 A.G.)
Initial strain in battery position 0 (See below)
Damper force/velocity factor, B! Lb-sec/ft 5,000

(3) Approximately for 6 x 30 rope.
(b) Approximateiy Mark 7 A. G.

The initial strain in Navy gear is approximately 0. 0002, which has a subsequent
effect of about 0. 0001 on strain level [see Reference (39)]; therefore it is assumed
zero to simplify the calculations. A cable modulus of elasticity of 12. 7 x 106 1b/in. 2
is chosen on the basis of previous work in cable dynamics.

Effect of Sheave Damper

To simplify the cable dynamic analysis with a deck sheave damper present, a
linear force/velocity relationship and negligible damper and sheave mass are assumed.
As the longitudinal wave passes the damper sheave, the sheave is quickly accelerated
and the initial impact strain is reduced and propagated in both directions (see Figure
14). The assumptions made will affect the shape and duration of the strain transient,
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which will in the limit approach the ideal step change in strain, Under these simple
criteria, the damper relationsinips become:

o

vy = €1, damper velocity
PO B'CO
‘1 ZsinwAE

Be,

€y == €], reduced strain in cable

2sin A AE + B'c,
where

B' = damper force/damper velocity

co = longitudinal (acoustic) wave velocity

o = cable wrap half-angle

A = cable metallic cross section

E = cable modulus of elasticity.

u i €| 60
(o] , u VvV
€o
. A 62
2
a. b. A 50923

FIGURE 14. SHEAVE DAMPER REACTION TO PASSING
LONGITUDINAL WAVE

The deck sheave damper relationships thus established are quite reasonable for
the first 3/10 second after impact; beyond this point the sheave damper decelerates to
the end of its stroke and can, for all practical purposes, be disregarded. Test results
from arresting gear experiments conducted at the Naval Air Testing Facility,
Lakehurst, New Jersey, support the above conclusions.

Using the test results of Shot 1023 (a Mark 7, Mod. 2-3 A.C. ) conducted with a
50, 195- pound dead load, on-center at 121 knots, a value of force versus velocity can
be estimated. To determine this, an average sheave velocity and an average cable
tension are calculated fromareas under the respective curves. This provides the
following simple relations for damper sheave velocity and reduced strain:

He

vz = 3000¢] ft/sec, damper sheave velocity
€3 = 0.7¢], reduced cable strair.
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This checks reasonably well with selected peak values of cable tension and sheave
velocity.

The effects of the arresting engine are analyzed in Chapter V of Reference (37).
Owing to crosshead motion, slack is formed in the cable, and until this slack is picked
up, the original longitudinal stress wave will not reach the cable anchor. Upon
complete pickup of slack, the stress wave is reflected back toward the deck pendant at
the acoustic velocity, c. An approximation of this slack pickup time is given for the
case where the force F on the crosshead increases linearly with time:

F=Ft

1
t* = Q_(_A_I_:-‘.u + §> sec,

c F 2
where

t* = slack pickup time, sec
2n' = reeving ratio
u = cable velocity
A = distance between fixed and moving crosshead sheaves, battery position
F = slope of force versus time, F = force on crosshead
A = metallic cross section of cable
E = effective modulus of elasticity.

Sequence of Dynamic Events

Using the nomograms and graphical constructions of the previous sections, a
sequence of dynamic events may be calculated to determine cable strain versus time.
In these calculations no aitempt is made to account for nonsymmetry of the arresting
gear, effects of the vertical component of hook force, or slipping of the cable over the
hook.

Upon impact of the aircraft arresting hook, a longitudiral wave and a transverse
wave (kink K|) are generated, the magnitudes of which are determined by the graphical
construction in Figure 3 with the aid of Nomogram Number One (Figure 2). The
longitudinal wave, traveling at the much higher acoustic velocity, interact: with the
sheave damper: the resulting longitudinal wave, reduced in strain level, propagates
in both directions, down the purchase cable to the arresting engine, and back along the
deck pendant toward the more slowly moving kink. The wave passing into the engine
(and subsequent longitudinal waves) is 'lost'' in the process of slack pickup ard can be
disregarded for several tenths of a second. The "mirror image'' of this wave meets
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kink Kj, and this interaction generates two new longitudinal waves traveling, again, in
both directions. One wave reflects from the hook and quickly overtakes the kink. The
other reacts with thc sheave damper, and a wave of reduced strain is reflected toward
the kink to interact.

It is seen that an infinite number of interactions take place as the kink travels
from point of impact to deck sheave. Some liberties must be taken to assure a finite
problem. It is assumed, therefore, that secondary kinks can be ignored (these are
generally 1 or 2 degrees in angle and of no consequence) and that changes in the
primary kink angle of orientation are small. Interactions after the first several are
disregarded except in that they tend to reduce the cable strain level to a ''stabilized"
value. This value is estimated more by test data than calculation. The many inter-
actions and changes in kink velocity make the times between events estimations at
best. Here an '"average'' velocity is used.

impact of the kink on the deck sheave produces a reflected kink, K3, at a new
angle @] relative to the initial angle ¢]. The orientation of the kink relative to the
cross-deck axis, which we can call angle 6, is @] + $109. A new family of longitudinal
waves is immediately initiated, and again engineering license demands a ''stabilized"
strain to manage the infinite interactions.

Attention is now turned to the arresting engine. An estimated time is calculated
for slack pickup and travel of the longitudinal wave reflected from the purchase cable
anchor. This wave reacts with the sheave damper and passes out into the deck pendant.
From this time on, the sheave damper is assumed to have no further action, being
close to its maximum stroke.

Experimental results indicate that the most extreme strisses occur within the
first 3/10 second after impact. The problem of the on-center landing (nominal) is
terminated, therefore, following the impact of the kink K2 on the arresting hook. A
negligible decrease in aircraft velocity is assumed. The off-center landing (maximum)
is calculated through two round-trips of the primary kiak, due to the shorter travel
and generally higher kink velocity.

The following results are obtained for the sequence of dynamic events:

Units Nominal Maximum
(1) Impact of arresting hook
V/eo . 0203 . 0253
€1 . 0035 . 0067
1 Degrees  20.0 18. 3
L (impact point to deck sheave) Ft 60 40
w] (kink velocity, cross-deck) Ft/sec 558 754
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Units
(2) €] to sheave damper (longitudinal wave)
Aty 5 Sec

€2 = 0.7

(3) €, meets kink K] (secondary kinks disregarded)

Ata_3 Sec

xKl (cross-deck travel of Kj) Ft

€3

¢3 Degrees
w3 ft/sec

(4) Reflection of €3 from hook

At3_g4 Sec

€qg=€3- (€] - €3)

in overtaken by €
(5) Kink K ken by €4
(disregarding secondary kinks)

Atg_ s Sec

XK, (cumulative cross-deck travel) Ft

€5

T3 Degrees

(6) Reflection of €5 from hook

At Sec

5-6

€p = €5 - (€4 - €5)

*Elapsed time from impact in parenthesis.

BATTELLE MEMORIAL

Nominal

. 0060
(. 0060)*

. 0025

. 0054
{(.0114)

6.3
. 0028
21. 6

481

. 0007
(.0121)

. 0021

. 0007
(. 0128)

7.0
. 0023

22.5

. 0007
(. 0135)

. 0025

INSTITUTE

Maximum

. 0040
(. 0040)*

. 0047

. 0034
(. 0074)

5.6
. 0051
19. 6

626

. 0026
{. 0080)

. 0035

. 0006
(. 0086)

6.4
. 0040

20. 6

. 0006
(. 0092)

. 0045
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(7) Kink K| overtaken by €¢ (disregarding
secondsry kinks and change in ¢)

Atb_-]

XK1 (cumulative cross-deck travel)
€7
(8) Reflection of €7 from hook

At';;_s

€8

(9) Continued interactions of kink K, and
longitudinal waves reflected from the
hook and the damper sheave tend to
stabilize the strain and kink angle at
approximately ...

€9
9
(10) Impact of kink K| on deck sheave

tio

€10
¢lo ) kink K?_

V10

(11) €)g to sheave damper

Ato-11

€11 = 0. 7€10

(12) €)1 overtakes kink K, (disregarding
secondary kinks)

At1)-12

€12

BATTELLE
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Units

Sec

Ft

Sec

Degrees

Sec

Degrees

Ft/sec

Sec

Sec

Nominal

. 0008

{. 0143)
7.7

. 0023

. 0008
(.0151)

. 0021

. 0020

26.0

. 1440
(0. 1440)

. 0050
13.1

786

. 0005

(0. 1445)

. 0035

. 0005

(0. 1450)

. 0035

INSTITUTE

Maximum

7.2

. 0043

. 0007
(. 0106)

. D041

. 0032

25.0

. 0742
(. 0742)

. 0068
13.8

922

. 0005

(. 0747)

. 0048

. 0005

{. 0752)

. 0049




(13)

(14)

(15)

(16)

(17)

(18)

$12

RE? 3 o~
bl ¥'4

€12 to sheave damper

At12.13

€13 = 0. 7€12

€13 overtakes kink K, (disregarding
secondary kink= and change in ¢)

Aty3.14

€14

Reflection of €} from hook

At10-15

€15 =€10 - (€9 - €19)

Reflection of €}, from hook (after
interaction with € 15)

Otia 16

€16 = €15 - 2(e10 - €12)

Reflection of €14 from hook (after
interact’ n with €15 and €)

At14.17

€17 =€16 - 2(e12 - €14)

Continued interactions of kink K3 and
longitudinal waves reflected from the
hook and the damper sheave tend to
stabilize the strain and kink angle at
approximately. .

€18

¢18

BATTELLE

Sec

Sec

Sec

Sec

Sec

Degiees

MEMORLIAL

Nominal

14,3

683

. 0005
(0. 1475)

. 0025

. 0005
(0. 1460)

. 0025

. 0067
(0. 1507)

. 0080

. 0067
(0.1517)

. 0050

. 0068
(0. 1528)

. 0030

. 0022

18.0

INSTITUTE

Maximum

i5.0

812

. 0005
(. 0757)

. 0034

. 0005
(.0762)

. 0035

. 0046
(. 0788)

. 0104

. 0046
(. 0798)

. 0066

. 0047
{. 0809)

. 0038

. 0030

17.0
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(19) Slack pickup
Purchase cable length, deck
sheave to first engine sheave

Atz 19

At* (slack pickup time)

(20) Reflection of € from anchor, assume
€20 = 2€3 (probably high)

(21) €20 to sheave damper (assume no
damper effect after this time)

Approximate purchase cable length
to deck sheave, L = 2n'A + 150

At0.21

€21 =0.73p

(22) Reflection of €3 from hook (assume
negligible interaction with kink Kj)

Bty1.22

€22 = €21 - (€18 -~ €21)

(23) Impact of kink K2 on hook (assume
negligible decrease in aircraft
velocity)

Ot1p-23

3

€23

$23 } kink K3

w23

(24) €3 to sheave damper

Atp3.24

€24 = 0.7¢23

*Arrives after impact of kink K2 on hook.
*Calculatijon discontinued at impact of kink on hook.
BATTELLE

Units

Ft

Sec

vec

Ft

Sec

Sec

Sec

Degrees

Ft/sec

Sec

MEMORIAL

Nominal

150

. 0150
(. 0210)

0. 1486
(0. 1696)

. 0050

925

. 0925
{0.2621)

. 0035

. 0080
(0.2701)

. 0048

0. 1415
(0. 2855)

. 0105
12. 9
540

%

INSTITUTE

Maximum

150

. 0150
(. 0190)

0.2105
(0. 2295)

. 0094

925

. 0925
(0. 3220)

. 0066

. 0836
{0. 1578)

. 00€7
11.3

551

. 0061
(0. 1639)

. 0047




(25) €,, meets kink K,
[P 5

(26) Reflection of €;5 from hook

Atys-2¢

€26 = €25 ~ (€23 - €;5)

23

Units Nominal

Maximum

N
4]
[¢]

Degrees

Sec

(27) Assume continued interactions stabilize
the strain and kink angle at approximately ...

Degrees

(28) Impact of liink K3 at deck sheave

Aty3.28
€28

w28

(29) Reflection of €;4 from hook

A28-29

€29 = 28 = (€27 - €23)

(30) €29 meets kink K 4

Atzq.30

€30

BATTELLE

{n
v
(¢}

Degrees

Ft/sec

Sec

Sec

MEMORIAL

. 0007
(0.1697)

. 0029

. 0041

14.0

0. 1207
19, 2785)

. 0051
7.6

889

. 0084
(0. 2869)

. 0061

. 0073
(0.2942)

. 0059

INSTITUTE




Units Nominal Maximum

(31) Continued interactions of kink K4 and
iongitudinal waves reflected from
hook tend to stabilize strain and kink
angle at approximately ...

€31 . 0060
®31 Degrees 7.0
(32) Reflection of €] from hook *
At Sec . 0095
21-32
(0. 3315)
632 = 621 - (€31 - 621) . 0072
(33) Inipuct of kink K4 on hook (assume
negligible interaction between €3,
and K4 prior to impact)
At28’32 S=c¢ 0.1100
(0. 3885)
€33 . 0085

*Calculaticn discontinued at impact of kirk on hook.

Com:parison of the calculated tension (strain) versus time sequence with the
results of tests {in particular, ShotNo. 1023) performed at the Naval Air Testing
Facility, Lakehurst, New Jersey, shows a qualitative (if not strictly quantitative)
coincidence. Figures 15 and 16 show the idealized, calculated tension/time curves.
Figure 17 is the cable tension/time curve for Shot No. 1023, 50,195-pound dead-load,
121 knots on-center, reproduced from Navy data. The elapsed time between events is
longer by calculation, possibly owing to the estimated '"average' kink velocity, to a
higher actual acoustic velocity, or to different deck-pendant osr purchase-cable
lengths at Track 4 of the test site. The additional "hash' in Figure 17 is due to the
many wave interactions ignored in the calculations.

These results appear to be quite realistic up to the time when the strain wave
due to slack pickup is produced in the arresting engine. The resulting high stress as
found in the calculations is not confirmed by experimental data. This computed stress
is probably unrealistic due to an incorrect assumption as to the magnitude of the slack-
pickup strain wave.

From Figure 16, then, the wcrst case for both peak stress and maximum change
in stress can be estimated and these values used to examine the internal dynaraics
of the cable.
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MAXIMUM CABL™ TENSION

ldealized Peak Cable Tension

Using the idealized assumptions of negligible internal cable damping, perfect re-
flection of longitudinal waves from the hook, and an infinite rate of loading for the
longitudinal waves, it has been found that the peak cable tension occurs at 0. 0788 second
after hook impact. This peak tension develops when longitudinal wave € = 0. 0068 is
reflected from the hook. Prior to this time the cable is under a stabilized strain of
€g - 0.0032.

Longitudinal wave €} is produced when kink K) impacts on the deck sheave. The
change in strain which then propagates toward the hook has a value of

A€ = 610 - €9 = 0.0036
If it is assumed that this wave is perfe.tly reflected from the hook, the final cable strain

becomes
€15 = €9 + 208€ = 0. 0104

A Realistic Va}ue of Peak Cable Tension

In the actual case, the cable is not fixed to the hook, and some porticn of an im-
pinging longitudinal wave will propagate around the hook while the remainder is reflected
back. In this case, the maximum value of cable tension will be less than in the case of
perfect reflection. The interaction of the hook and longitudinal waves has been investi-
gated further in order to obtain a more realistic value of maximum cable tension. (33)

Effect of Cable Slippage Around Hook

The following analysis takes into account slippage of the cable around the hook
during the impact of a longitudinal wave.

Assume that immediately prior to the impact of wave €] the cable is not moving
with respect to the hook. The initiai strain in the cable is 69 (see Figure 18).

After impact of the wave on the hook, two waves propagate away on oppcsite sides
of the hook(see Figure 19). €p and €4 are the valves of strain behind these waves on the
port and starboard sides, réespectively, and up and ug are the corresponding cable
velocities.

and
ujg = COA(-: = cpl€10 - €9)
thus
up/co=€9+2A€-€p {1)
also us/co = €g = 2‘_9 . (2)
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Up=Un- (€p=€10)Co  ue= (€g—€g)C

uzo u=0

U o= Co D€ A— 49409 A-43410
FIGURE 18. IMPACT OF LLOMGITU- FIGURE 19. REFLECTION OF LONGITU-
DINAL WAVE ON HOOK DINAL WAVE FROM HOOK
Considering continuity of mass:
ppADup = ‘OsAsus
But -
:OO luO
PP=TF e Ps " Tre, » 2" Ap~4s
) s
thus u Ug
Tre “Tve 3
P s
Consideration of force equilibrium leads to
€
PGy | (4)
€s
Combining Equations (1) through (4) results in
€2 4+1/2|1-cq- 208e-{eq-~1)efY|€, - (€q+ be)efV=0 (5)
P 9 9 P 9 - :
By substitution of €9 = 0, 0032 and A€ = 0. 0936, Equation (5) becomes
€52 + (04948 + 0. 4984 ') € - 0.0068 &Y = 0, (6)

At the time the longitudinal wave reaches the hook, the angle of wrap of the cable
around the hook is approximately twice the stabilized kink angle:

v=¢g + (I)p ~ 2(1)9 = 50° = 0, 8727 radian
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Figure 20 shows how the final value of cable strain varies with the coefficient of
friction, f.

0.0090 -
Plot of Equation (6) for
- y =50° = 0.8727 radian
o. e
v
00085 |-
A it ] ] ]
0.0082 05 06 o7 0.8 0.9

f A-49411

FIGURE 20. VARIATION OF CABLE STRAIN WITH COEFFICIENT
OF FRICTION BETWEEN HOOK AND CABLE

Assuming a coefficient of friction of 0. 6 results in €p = 0. 0085. This is much
lower than the value of 0. 0104 obtained assuming perfect wave reflection from the hook.
The cable tension corresponding to this strain is

T = AEe = (0. 87 in. 2){12.7 x 10° 1b/in. 2) (0. 0085) = 94,000 1b

This value of maximum cable tension is probably still too large for two reasons:

(1) All damping has been neglected and waves have been assumed to
propagate without attenuation.

(2) An infinite rate of loading for all longitudinal waves has been assumed.

Effect of Longitudinal-Wave Loading Rate

Inspection of the curve for the time history of tension (maximum conditions)
reveals that immediately after the peak tension occurs in the cable, two more longitudinal
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waves appear, each acting to reduce the tension. The wave producing the peak tension,
€)o» results from the impact of kink K, on the deck sheave. The two succeeding waves,
€;) and €3, are produced by sheave damper motion immediately following this impact.
It is quite possible that the first of these two waves begins to develop before the full
magnitude of €)¢ is realized. This would be the case if the time required for buildup

of €)o exceeds the time interval between the initiation of waves €jpand €]1. The re-
sult of this situation would be a reduction in the magnitude of €10 2nd, thus, a reduction
in the magnitude of the peak cable tension,

Figure 21 shows the effects on the peak cable tension of a less than infinite load-
ing rate for the longitudinal waves. Here it is assumed that the loading rates are the

same for all waves.

It is, of course, impossible to predict the exact rate of loading for the various
longitudinal waves. It can only be said that this rate will be by no means infinite as
was assumed for the ''ideal' case. It is equally as difficult to predict the exact coef-
ficient of friction between the cable and the hook or the exact amount of wave attenuation.
However, the combined effects of these factors will act to reduce the peak tension in the
cable. Taking all this into account, the maximum cable tension will probably be no
higher than 85, 000 pounds for the landing conditions being considered.

THE INFLUENCE OF WIRE-ROPE CONSTRUCTIONAL
VARIATIONS ON THE PEAK TENSILE STRESS
DEVELOPED DURING AIRCRAFT ARRESTMENT

When considering possible modifications in cable design directed toward an im-~
proved cable life, it is desirable to know the effects of changes in the density, p, the
elastic modulus, E, and the metallic cross section, A, of the cable. These variables
affect both the initial tensile stress resulting from hook impact and the peak tensile
stress produced by the impact of the first kink on the deck sheave. The following
analysis provides approximate expressions for these stresses in terms of p, E, and A.

The initial tensile strain, €], in the deck pendant produced by the impact of the
hook may be found by(zs)

v 2 2
€ (1 +€.1) =<?;> +[\/€1 (1 +e))-(¢ ~€0)]

+ ch,; [\fel (T+ep) - (e - co)] cos B,

where € is the cable strain existing prior to hook impact. Figure 22 shows the resulting
strain for impact angles of 84 and 90 degrees and €5 = 0, Ringleb(:’s) has derived the
following approximate expression for €, for the case of transverse impact, B = 90 de~

grees and €, = 0:
4 -
€] =3~/ 1/4 (2!-) » (B =90 degrees, €, =0) .
o .
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Loading rate= 8x107 1b/sec (
™~ Loading rate=
\ 5.85 x 107 Ib/sec
100,000 |- N~ /
- Curve corresponding fo
80.000 — 1deal curve for infinite \ 1 longitudinal -wave
loading rate ond perfect —— " loading rate=5x107
wave reflection f \ | 1b/sec
1
60,000 |- /] \
]
40,000 - \
' ¥ \
\
\
\
20,000 ¢~ - e -
0 L ]
0075 0.08C 0.085
Elapsed Time After Impact, sec
A-49412
FIGURE 21. EFFECT OF LONGITUDINAL-WAVE LOADING

RATE ON PEAK CABLE TENSION
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For the "maximum’ landing condition of 3 = 84 degrees, the authors have found the
following expression to be an excellent approximation-

= 0). (7)

vil.2 o
€] = 0.054(-0- , (B =84de--ees, €,
~“o

For a maaximum impact velocity of 150 knots or 253 ft/sec, this becomes

e1=413<%>1'2=413<3%é->°'6 , (8)
where
A = rope metallic cross section, in. 2
g = acceleration due to gravity = 32.2 ft/ sec?
p = cable density, 1b/ft
E = cable elastic modulus, 1b/in. 2
In terms of cable stress, this is
o, =413 (Z%)o. i g? (9)

Thus Equation (9) provides an expression for the initial cable stress in terms of
p, A, and E for the "maximum" conditions of B = 84 degrees, and V = 150 knots =
253 ft/sec. This is the upper limit for the initial cable stress produced by the arrest-
ment of present-day aircraft. In Figure 23, 0; has been plotted against E for three
values of—AEg. The value of ;\Eg- = 0,1213 corresponds to the 1-3/8 inch, 6 x 30, flattened-
strand deck pendants presently in use.

It is now possible to develop an approximate expression for the upper limit of the
peak cable stress, the stress resulting from the impact of the first kink on the deck
sheave and the subsequent reflection of a high-magnitude longitudinal wave from the
hook. In this analysis, it will be assumed that the coefficient of friction between the rope
and the hook is 0. 6, as discussed previously. Again, V =150 knots = 253 ft/sec, and
E = 84 degrees.

The analytical! methods used in the first section of this report have been repeated
in order to obtain a history of cable strain for cable acoustic velocities of 8,000,
10,000, and 12,000 ft/sec. The possibie ranges of the peak strain, €;5 (using the
nomenclature of previous calculations), for these vaiues of c, are indicated in Figure 24.
The initial cable strain due to hook impact is plotted as a solid line in this same
figure. By trial it has been found that a good approximation to €)5 is given by

€15 = 80 €2 + 0.0050 . (10)
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This equation i¢ plottcd as a dashed line in Figure 24. Combining Equations (8) and
(10) gives

1.2
-~ - ¢ 27 ., tl\? p \ O OG0 \
€15 =1.30x iU \Z.F-?g-,/ + G. 0050 (11)
In terms of cable stress, this is
. 1.2 1 0.2
= e 1g-3
915 1.36 x 10 —B-Ag> <E> +5.0x'0"° E . (12)

In Figure 25, Equation (12) has bren used te plot the change in 015 With E for three
values of X-g . Using Figures 23 and 25 it is now possibie to predict the effects of cable
constructional variatiors on the mzximum tensile stresses produced during an aircraft
arrestment. It is interesting to note that a negligible difference exists between a round-
strand and a tlattened-strand deck~pendant construction., This fact verifies the ther- -
that it is not the magnitude of the teusile stress that causes cable failure. It is, ratner,
the combination of abrasion and hook impact. Increased resistance to these latter
conditions is the reason for the improved service ohtained with flattened-strand Lang=-
lay rope.

INTERNAL LOADS AND STRESSES FOR
FLATTENED STRAND WIRE RODE

Cable Geometry

The type of cable presently in usc¢ for the deck pendant of aircraft arresting gear
is 1-3/8 inch, 6 x 30, flattened strand, Lang-lay, Type G, fiber-cora wire rope. Both
the wires in the strands and the strands in the rope are iight lay. Several cross sec-
tions of rope strands have been studied to determine the relative positions of the wires.
A typical cross section of one strand is shown in Figure 26. The center six core wires
of the strand in this particular type of rope are wound about a small hemp core. The
resulting strand core is then pulled through a die to give it the final triangular cross
section. Two outer layers of wire are then wrapped about the core to produce the final
"flattened" strand. Six such strands are wrapped about a hemp core to produce the final
wire rcpe.

Calculation of Tensile Loads on Wires in a Straight Rope

Using the strand cross section shown in Figure 27, it is possible to compute the
tension in each individual wiie as a function of axial tension on the straight strand. Ne-
glected in this calculation are the effects of iaternal friction, rope bending, and radial
contraction of the strand during axial loading.
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CROSS SECTION OF ONE STRAND Of A 6 x 39,
FLATTEMED STRAND, TYPE G WIRE ROPE
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By direct measurement:

Wire Number Radius, Wire Wire
Number of Wires r;, in. Diameter, in. Area, in. z
1 2 0. 105 0. 059 0.002734
2 4 0.112 0. 059 0.002734
3 2 0.118 0. 059 0.002734
4 2 0.131 0. 059 0.002734
5 2 0. 140 0 059 0.002734
6 1 0. 168 0.099 0.007697
7 7 0. 186 0. 099 0.007697
8 2 0. 208 0. 099 0. 007697
9 2 0.215 0.099 0.007697
e diameter of core wires = 0, 065 in.
A, = area of each core wire = 0. 003318 in, 2
a, = lay angle of core wires = 20. 0°

a) = lay angle of first layer = 4. 3°
a, = lay angle of second layer = 6. 92°

8 = lay angle of strands = 18.4°.
The following analysis is based on work done by Hruska. (17)

Consider a strand subjected to axial tension. All wires are made of the same
material.

a. = lay angle of core wires

a; = lay angle of wires in first layer

a, = lay angle of wires in second layer

£, = length of first-layer wires in one lay

32 = length of second-layer wires in one lay

¢’ = length of strand center lire = one lay
A% = elongation of wires in first larer
A’ = elcngation of wires in second layer
Oc' = elongation of strand center line
S = 27 r where r is the average distance

from the center of the strand to the
center of the wires in one iayer.
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Using Figure 28, the following relationships are obtained:
(0, +a0)° =52+ (' +8c")2

ZIZ t20,400;+ (Ai’,l)z = Si‘ + ' P+ 2c Act +(ac)?

but
(Azl)z ~(AC‘)2‘V 0 and /elz = SIZ + Cl 2,
Thus
ALy =Ac" c'/hy=bc' cosay
Also,
A, = Ac' c'/ﬂZ=A ¢ cos a, .
Furthermore,
Az H H Az t
1 A 2 !
oy =€ E=— E===Eando,= € E=— E=SL5E.
1 3! 2 £
Thus
But
8)=c/cos aj and £, =c'/cos a, .
Thus
cos? ay
0 = 0y ——sg—
1 2 2 ‘
CcOs az
Similarly 2
cos~ a cos” (13)
0, =0 -—————andog, =0 . 1
1 Ccosla & "Ccoslqg
c c
The strand tension, T, may be expressed as
Tg=0.,n A . cosa_+aynjAj cosay +a,nyA; cos ap, (14)
where
A = the area of one wire
n = the number of wires in one layer
0 = the stress on the wires in one layer
a = the lay angle cf the wires in one layer,
Combining (13) and (14)
Tg = 0, [ncAc cos @, +-—;Z—— (nlAlcos3 ay + nZAzcos3 az)] . (15)
cos“ a. .
By substitution of measured values, the stress on the core wires is found to be
g =6,334T . (16)
c 8
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FIGURE 27. DISTANCE OF INDIVIDUAL WIRES FROM STRAND AXIS

A-q34i8

FIGURE 28. DIAGRAM RELATING WIRE ELONGATION TO STRAND ELONGATION
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Using Equation (13) and the values for @j and ap:

gy =" 133 T,

]

i

2 7. 069 Ts

If T is the tension on the rope in pounds, then the tension on each strand will be

sl or T =0.1756 T .
6 cos B s

S

Therefore, in terms of load on the rope,

1,1125 T

i

Oc

gy = 1.2529 T
0, =1.2416 T .

For Ty, = 85,000 1b, the tensile stresses become

i

o 94,560 1b/in. 2 (stress on strand-core wires)

C

n

01 = 106,500 1b/in. 2 (stress on first-layer wires)

g, = 105,540 1b/in. Z (stress on second-layer wires)

(17)

(18)

(19)

(20)
(21)

(22)

Again, this calculation neglects bending of the rope, radial contraction of the rope

under axial loading, and internai rope friction. Each wire of a particular layer of

wires is assumed to carry the same load.

As pointed out by Hruska(”), it is of no importance that in a wire rope the indi-
vidual wires form a double helix. All wires in a cabled strand will elongate in the same
manner as in the straight strand. This uniform elongation in the axial direction o! the

strand was the only assumption made in this analysis.

Calculation of Interstrand Contact Force
for a Straight Rope

The radial force per unit length exerted by a helically wrapped strand due to ten~

sion on the strand is{(31)

'11
s . .
F. == sin® B (Ib/in.) ,
where
T. = the load carried by each strand

s
B = the lay angle of the strands = 18, 4°

the radius of the strand center line
measured from the axis of the wire

rope = 0. 469 in,
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Substituting values:
F_=0.0373 T (lb/in.) ,

where
T is the tension on the wire rope .

Some portion of this radial force is supported by the hemp cure and the remainder
is supported by the two adjacent strands (see Figure 29). This interstrand force can

A~-494;5

FIGURE 29. FORCES ACTING ON CABLE STRAND

produce high stresses in the contacting wires and lead to wire failure. In the 6 x 30,
flattened strand, Lang-lay wire rope, it is found that the most critical condition exists
where only two wires support this interstrand force.

In order to calculate the maximum possible interstrand force, it will be assumed
that the core supports no part of the radial load. This assumption will allow the results
of this work to be compared with those found by Chov3!) for a round strand, regular-lay
wire rope. In this case the interstrand force is

FI‘

2 sin 30°

Frp = = F_.=0.0373 T (Ib/in.) .

This force is supported by two wires in each region of interstrand contact. There
are twelve of these outer wires in each strand, and their average lay angle and distance
from the strand axis are 6.92° and 0. 193 in. , respectively. The length of one lay of
these wires is then

oo 2m) (0.193 in.)

= 9,9914 in,
tan 6. 92° 9.9914 in
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Therefore, there is ILZ' = 0. 8326 in. between each region of interstrand contact. The
force per contact region, P

T|’ 1s then

PT' = <0. 0373 T-{lh (0.8326 in.) = 0.03106 T 1b

For Tpax = 85,000 1b:
Fp = F.=3,170 Ib/in. (interstrand contact force)
}‘T' = 2,640 1b (force per region of interstrand contact) .

These values are quite higir due to the assumption that the core supports no part of
the radial load.
IT'he force PT' is supported by four points of contact between the wires of the two
strands. There is one point of contact between No. 7 wires, one point of contact between
No. 9 wires, and two points where the No, 7 wire of one strand contacts the No. 9 wire
of the other strand,

Calculation of Interstrand Crossed-Wire Contact Stresses
for a Straight Rope

The stresses are computed at the points of interstrand contact by use of the general
theory developed by Hertz. This theory is applicahle only within the elastic limit of the
material., Several authors have previcusly applied this theory to round strand, reguiar-
lay wire rope. (4, 31,43)

Radius of Curvature of Wires

Computation of the contact stresses requires knowledge of the radii of curvature of
the wi~es at the points uf contact. A method for making this calculation has been pre-
sente. by Bert and Stein{44). The radius of curvature of a double helix, such as a wire
in a rope, is given by

=1 5 3/2
- (Z! . Zt) /

R’ = S
Iztxznl

b4

where

(Z' - 2032 = [z + (2,02 + (2397172

i j  k

Z'x Z"| = the absolute AN ZZ' z3'
value of

zln ZZ” Z3ll|
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——=cot B -tan 2 cos ¢
= 0

Z (1) /t 2 _ \
__l_=~1- ~:_3;£1__<1_+R+2tana cos ¢
T R sin?2 B tanB/ o
t >
f = <2tana+_ Fan z -+§cosﬁ)sin¢o
T ein R sin 3tan B p
1
Z3 tanza .
—_— - sin ¢
T R sin B

a = lay angle of wires in strand at the point of interstrand contact
(positive when right lay)

B = lay angle of strands in rope (positive when right lay)
T = radius of strand center line, measured from axis of cable

radius of wire center line, measured from strand center line

s ]
]

radius of wire

x
n

r+ R
T

$ = angle measured as shown in Figure 30.

For the flattened strand rope under consideration, the following values are
obtained:

Wire No. 7 Wire No. 9

a 6.66° 7.70°

B 18. 4° 18. 4°

T 0. 469 in. 0. 469 in,
r 0. 186 in. 0.215 in.
R 0. 0495 in. 0. 0495 in.
R 0.50213 0. 56397
¢o 117.3° 89.3°
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Center of strdnd

Wire under
consideration

Center of rope

A—494i6

FIGURE 30. MEASUREMENT OF REFERENCE ANGLE USED FOR
CALCULATING RADIUS OF CURVATURE

Here the values of a; and aq are found by using

r:
a. = arctan ( 1\ (tan a,")
i ! 2
2 ’

Substitution of these values into the formulas for radius of curvature gives

Ro'=3.578 in. and Rqg' = 2.598 in.

Elastic Contact Stresses

In order to solve for the stresses at the points of interstrand contact, it is neces~
sary to solve the {ollowing simplified formulas{%1):

1 /1 1 1 /1 1
e | s ) e [ = - —
A=s ,> 2( ,) cos 6

1 /1 1 1
B=- —-+-——>+—1- (—-—1—) cos A
2\R R' 2 \R R

A 2 (1-p2\

“A+B E /°
where

j=0.26 and E = 30 x 10% 1b/in. 2.
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In these equations, 6 is the crossing aagle of two contacting wires.

of wire No. 7 on the outer surface of tae strand may be fovnd by

r- + R-
7 7 R
a-, = arctan { ——— tan aZ .
r.'
2
Similarly,
< 9t Rg
a9 - arctan ——————

r

tan az)
2

Subs’itution of measured values gives

= 8.42° and aq = 9. 45°.

e 9

Thus, the wires in contact between two strands cross at angles of
9(7_7) = 2(17 = 16. 84

(9 9) = 18.90°

6’(7_9) =aLt ag = 17. 87

The lay angle

Then, using Figure 183, page 356 of Reference (41) and the value of B/A, the appropriate

values are found for the constants ¢y, ¢4, ¢, and cg. Then

T

3—
b=Cb PA,

where
P is the contact force.
Finally,
Tmax = “C4 \A> {maximum compressive stress)
Tmax = S \A \ (maximum shear stress)

erax G \A > {maximum octahedral stress)

For the rope in question the following values are obtained.

Wires No. 7 in Contact Wires No. 9 in Contact
A 0. 7067 in. ! 0.919 in, =1
B 19.7749 in. "1 19. 658 1n, =1
A 3.035 x 109 in. 3/1b 3.019 x 10~ in. 3/1b
Omax  ~1-777x 105 [P o113 1b/in.2 -1.904 x 105 [Prp(g.g)] /2 1b/in, 2
Tmax ~ 0-5439x 105[Pp 0 7)]11/31b/in.2  0.5889 x 105 [Pp(g.q)] 1/3 1b/in. 2
TGmax 4895 % 10°[Pp o 113w /in 2 0.5300 x 105 [Py )] 1/3 1 fin, 2
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As a matter of convenience in solving for the contact stresses, it is not unreason-
apie to set omax(7—7) = Umax(9-9)‘ This gives

=1,23 P

Fr(1-7) T(9-9) *

Assuming that

=ilp.= 2
Pr(7-7) * Pr(g-g) =3 Pr' = 0.01553 T ,

the contact forces become
PT(7~ 7) = 0. 008565 T (lb)
PT(9-—9) = 0. 006965 T (1b)
Finally
- - 4 ~1/3
- 4 11/3
Tmax(7-7) = 1-11x 104 T /
— 4 1/3
- 4 1/
O'max(g__q) ==-3,64x10%T /3
1.12 x 104 T1/3

Tmax(9-9) =

TGmax(9-9) = 1-01 x 104 T1/3

Nearly identical values exist for Omax(7-9)s Tmax(7-9)’ and T Gmax(7~9)*

For
T, ay = 85,000 1b,
Omax = ~1. 60 x 10% 1b/in. 2 {maximum compressive stress)
= 5 s 2 ;
Tmax = 4 92 x 107 1b/in. © (maximum shear siress)
TGmax = 442 x 105 1b/in, 2 (maximum octahedral stress)

The magnitudes of these values indicate that at the points of interstrand contact
the wires will be stressed above their elastic limit. Plastic flow will take place, and
the wires will retain some permanent deformation. (Again note that the above values
result from neglecting strand support by the core.)

Discussion of Contact Stresses

In the precading analysis, the tensile stresses on the wires and the interstrand con-
tact stress have been evaluated independently. The resulting values of Oy, and 7
are acceptable, based on the theory used. However, the value of 7., has been cal-

culated using an approximation which has a small effect on the accuracy of the result.
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Thie maximum cctanhcdral st ess has bren calculated assuming thst the wires are sub-
jected to compressive contact streas oniy. The tensile stress on the wires has been
neglected. This approximation has onlvy a small effect on the value ef 75 . for the

partlcular magnitudes of stresses being considered here. But, as pointed out by
Chouf30 ) the general effect of addiag axial teusicn to the "Qndxtxon of crossed-wire con~
tacy is to reduce the indentaticn resistance <f the wires.

The general conditions ihat exist at the points of interstrand crossed~wire contact
may be described as follows. The load at tne poiut of contact builds up until the yield
point of the material is reached. At this time, as the contact force continues to in~
crease¢, a region of plastic strzin begins to develop. This region of piastic strain is in
the interior of the w.re and con:pletely surrounded by material still in the elastic range.
The plastic region continues to increasz in size with increasing contact force until it
reaches the surfate ¢f the wire. At this time the material begins to flow plastically. As
the m:aterial flows outward, the effective area supporting the contact force increases,
thus reducing the existing sontac:. stress. For a given contact force above the ''flow
limit", the material will zontinue to tlow until a new nonflow equilibriwin condition is
established. Again the strain will be of the ''contained plastic'' type. Whan the contact
force is recmoved, the wite will now retain a permanznt deformation.

The reduction in wire cross~-gectional area caused by the plastic deformaticre in
the regions of interstrand contact produces a stress concentration which contiributes to
tensile failure of the wires.

In the preceding analysis; no mention has been made of the parallel wire contact
stresses that exZst within each strand of the rope. This problem has been discussed in
several papérs(97 30-32,43) with the general conclusiun that the parallel-wire contact
stresses are not significant ac compared with the interstrand crossed-wire contact
stresses.

It is very significant that, for a tension of 85,000 1b, the values of the contact
stresses for the flattened st"and Zang-lay rope are approxiniately 25 percent less than
those values fouad by & Choul(3Y £or the round strand, regular-iay rupe of the same diam-
eter. Looking at the situation from another peoinf of view, the flattened strand, Lang-lay
rope develops approximately the same interstrand contact stress at 85,000-ib tension as
the round strand, rcgular-lay rope develcps at 45,000-1% tension. This is an iniportant
facto: ccatribauting to the iraproved service obtained with flittened strand rope.

The primary reasons for this improved condition of contact stress are that the
Lang-lay rope presently in use has wires of larger diameter in the outer layer of the
strands and all lay angles are reduced. As a result of the reduced lay angles, the inter-
strand contact force, FT, and the wire crossing angles, #, are smaller. This reduced
load applied to wires of larger diameter produces contact stresses of lower magnitude.

Effects of Bending Rope Around a Hook or Sheave

Increase in Interstrand Contact Stress

When a wire rope under tension, T, is bent around a sheave or heok, the radial
force between the rope and the contacting body increases the interstrand contact fcrce.
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As pouinted out by Choul?! ), the force, Fy, exerted on the cable by the body is
approximately

Fyy = — (Ib/in.)
1

where Ry 18 the radius of the body. This equalicr zppliz< if irictico between the :<pe and
the body is neglected and the wrap ungle does not hacore tca large.

A~ 49417

FIGURE 31. POSITION OF CABLE AGAINST HOOK PRODUCING TiE
MAXIMUM INTERSTRAND CONTACT FORCE

For the cass cf the rope being tent around an aircraft arresting hook, the most
critical condition exirts when two straads ai. in contact with the kook., This is the
existing situalion when the cabiec experiences the maxinium dynamic tension. As shown
ir Figure 31, tue maximum increarz in rhe interstrand confact focce, Fp, Gue to Fy,
may be found by a summaztion 5§ forces scting in the vexrticai direction on one strand:

.‘. ° 1 e -
5 Fytan 30° 45 Fytan 30° - Fg =0

Fp = 0.481 FH (ib/in.) .

In this calculatiou it is assumed that each strand contributes one-sixth of the total
load on the hook anxd the core carries no tensile or compressive load. Therefore,
for Ry = 3.25in.,

[ <
¥, = (0. 431 /~—->T=0.14 1 T(Ib/fin. )} .
B ( ) (\3'.25 8 {1b fin. )
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Now the maximum interstrand contact force, Fops due to both tension and bending
is

Frg=Fp + Fg=0,0373 T +0.1481 T = 0, 1854 T (!b/in.)

I
where Fp was determined in previous calculations,

The maximum force per region of interstrand contact is, then,

PTB’ = (0.8326 in.) (0.1854 T —l-b-- = 0. 1543 T 1b,

Us:ng the assumptlmns of the previous section that Gmax 7-7) ﬁ"&" 9)
PTB“’ ) + PTB(9 -9 =3 PTB s the contact forces and contact stress=s ome

PTB(?‘?) = 0. 0426 T,
pTB(9~9) = 0. 0346 T,

Omax = -62,100 T1/3
Tmax = 19,200 T1/3

TGmax = 17,300 T1/3 (tensile stress on wire neglected)

For T, ax = 85,000 1b,

Omax = =2 73 x 106 1b/in, 2

~
]|

max = 8-44x1 "1bfin. 2

= 5 .2
TGmax = [-61x 10 1b/in. & |

Again these values are approximately 25 percent lower than those for the round
strand, regular-lay rope. It is found that the flattened strand rope develops approxi-
mately the same interstrand contact stresses with bending and 85,000-1b tension as the
round strand rope develops with the same amount of bending and only 35,000-1b tension.

All previous calculations for wire tension and interstrand contact stress, while
Seing applicable for any magnitude of rope tension, give a good indication of the state of
stress in the rope only for small angles of rope bending. For this situation the cable
tension remains equally divided among the strands, and bendinz stress in the wires re-
mains small. In the case of aircraft arresting gear, the maximum cable tension does
occur when the angle of cable wrap around the hook is small.

However, as time progresses, the bending stresses in the wires play a role of
increasing impcrtance as the cable wrap angle becomes larger. The maximum value of

R
this Dending stress may bie caiculated by Oy = I = ) (—) -ﬁ—,—-, where R' is the

radius to which the neutral axis of the wire is bent. However, in aircraft arresting
gear, as the wrap angle increases the cable tension decreases rapidly. Very soon the
intersirand contact stresses become less significant, and tension and bending become
the imiporiant considerations. Of course, ali stresses due to tension and bending will be
aggravaiea LY Any interstrand wis2 notching that mav have taken place. Therefore,
interstrand contack utrecy Iv zn irnportant ¢riterion ia wire rope evaluation,
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Contact Stresses Between Rope and Hook

In addition to interstrand contact stresses, it is necessary to consider also the
contact stresses developed between the hook and the cable. The maximum contact force
exists when thes~ two bodies are in contact as shown in Figure 32. IfF3=F, = Fg=

2
'ZFH’ and F; + ¥,y = FH, the maximum contact force becomes F; = 3 Fy.

T T~

A-494i8
FIGURE 32. POSITION OF CABLE AGAINST HOOK PRODUCING THE MAXIMUM
CONTACT FORCE BETWEEN THE HOOK AND ONE STRAND

The distance between strands, measured axizlly along the rope equals one-sixth of

1
the strand lay length = (—5) (9.9914) = 1. 665 in. Therefore, the contact force on each
. . ib 2 (z) T )
. . —_— ) ={1. —_ . - —— . .
strand is (1. 665 in.) Flin. {1.665) (3) Fgp = (1. 665) 3 <3. 55) = 0.3416 T 1b

This load is carried by a minirnum of three wires, so the load on each wire is 0, 1139 T

Ib. The average contact iength of each wire is approximately 2. 2 in. resulting in a
contact force of 0. 0518 T 1b/in.

In order to calculate the vesulting contact stress between the hook and a No. 6

wire, the appropriate radii of curvature in the region of contact must be determined.
The hook geometry is shown in Figure 33.

Wire No. 6 is in line contact with the hook channel at angle of 33.8° as shown in
Figure 34.
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0.75-in. rodius

\
e\

N

3.25-in, radius

FIGURE 33. HOOK GEOMETRY

Plane containing hook
radius, Ry ~

N /((/,a= 33.8°

{
- - {
{
i

“\ aad
\ Line of contact between hook
and wire No. €

A-49420

i
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7

FIGURE 34. LINE OF CONTACT RETWEEN HOOK AND WIRE NO. %
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The racius of curvature ot the Look, Ry;, at the midroint of the channel may be
calculated using the gerieral eguations of Sert and Stein(44) and the following data:

T = 4,00 in. a = -{90° - 33,8°%) = -56.2°
= 0. 75 in. B=90"
= 0,75
R =~ = 0. 1875 ¢ = 180"
V0 o

Herz, the hook channel is iresated in the same way as a cable strand with a lay angle of
90°, Substitution of the above values into the formulas for radius of curvature gives
Ryy=2.724 in. This value was checked experimentally on a full-scale model of an ar-
resting hook.

The necessary parameters for the Hertz contact stress calculations are found to
be
A=0

1/1 , 1 1/ 1 1
s e ) == = 10, 2845
B‘2<R6 +RH) 3 \0.0495 T =% 724) 0.28

1-p,2 1-p2
A=-—< 6 + H>=6.044x10'9 ,

EH

‘n which g = Hyg = 0.26 and Eg = Egy = 30 x 106 1b/in. 2 have been used.

2FA T (2) {6.944) (10~9) (0. 0518) T]l/ 2
b= = L =
m

1. 412 x 1¢-5+T

i

, - N
- 1.412 x 10 \rT: Z336ﬁ

6.044 x 1079

- b w 3213 oo 31 ?\
TGmax = % 27-; = 632 AT {Ib/in.

(tensile stress on wire neglected) .
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For a cable tension of 85,000 1b,

= =6,811 x 10 1b/in. 2

cmax
Tnax = 2044 x 10% Ib/in, 2
= ;9 in. 2
TGmax ® 1-840 x 167 1b/in,

These values of contact stresses for ths flattened strand, Laug-~lay rope are ap~-
proximately 30 percent less than the values obtained by Chou{31j for the zound strand,
regular-lay rope. It is found that « ilattened strand repe ander 85,030-1b tension de~
velops the same contact stresses against the hook az # round strand xape develops at
only 40,000-1b tension. This improved condition of contact stress is due to the in-
creased number of wires touching the hook and the increase in length of wire contact,

It should be pcinted out at this time that the preceding analysis of cuntact stresses
between the cable and the hook assumes a condition of static tension un the cable. This
approach is not unrealistic for times e2xceeding a few thousandthz of a secora after hook
impact. However, the transient impact phenoraenon that takes place at the instant of
impact is an entirely different situation. This is investigzted in a following section.

Comparison of Flattened Strand, Lang-Lay
and Round Strand, Regular-l.ay Ropes

The results of the previous calculations indicate the efiects of certain wire r: e
constructional variations, It has been found that tlie interstrand contact stresses are
rmiuch lower for the flattened strand, Lang-lay rope than ior the round strand, regular-
12y construction. This is true for either pure tension or 2 combination of tension and
banding, Also, the contact stresses betwezn the rope and hook are much lower for the
flattened strand rope. The following table summarizes the results for a cable tension
of 85,000 1Ib. The stresses for the round strand, regular-lay rore were obtainzd from
woark by Chou. (31

Rope Round Strand, Flattened Strand,
Construction: Regular Lay Lang lLay
Contact Stress, 1bfin 2 x 105 o T T ag T T *
g TS max max Gmax ~“max max  Gmax
Interstrand Stress for -19. 8 6.6 5.9 -16.C 4.9 4, 4
Tension Only
Interstrand Stress for Tension =35.2 11.6 10,1 ~27.3 8.4 7.6
and Bending Arcund Hook
Stress Between Rope and Hook =9.9 3.0 2.7 -6.8 2.0 1.8

®Note: These values for 7 .. neglect the stress component due to axial tension on the wires,
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MODE OF FAILURE OF DECK PENDANT

Before it is possible to make appropriate recommendations for an improved wire-
rope design, it is necessary to identify and understand the various factors which }limit
the life of existing ropes, The magnitudes of the c>ntact stresses between two strands
and between the rope and the hook were discussed previously. The effects of these
stresses were indicated, However, due to the transverse impact loads imnposed cn deck
pendants, there are other unexpected sources of cable deterioratior that require careful
coasideration.

Upon examination of a 1-3/8~inch, round-strand, regular-lay deck pendant that
had heen discarded after moderate use during carrier landings, the following conditions
were found to exist:

() Wire fajlure was not due to tension alone,

(2) Abrasion caused severe loss of wire material in regions where the cable
scraped zlong the deck or moved across the hook due either to off-center
or oblique engagements. This greatly reduced wire strength and groba-
bly promoted cracks in the wires where other investigators have found a
layer of martensite formed by the heat of friction.

(3) Interstrand, crossed-wire contact stress caused some wire deformation
and reduction in cross section. This was most severe in the section of
the rope that experienced hook impact. Such wire deformation produces
stress concentrations and reduces the load-carrying capacity of the wire.

(4) Intrastrand, parallel-wire contact stress in the sections of the rope that
did not experience diract hook impact was not sufficient to cause signifi-
cant wire deformation or loss of strength.

(5) Intrastrand, parallel-wire contact stress in the region of hook-cable
impact was sufficient to cause axial shear failure of the wires.

(6} Almost without exception, wire failure was due to either initial impact
shear (Condition 5 above} or a combination of abrasion and impact shear.
No wire failures were found due to interstrand wire notching.

Of these observations, the last requires additional examination. This situation of
wire failure due to shear is unlike that found in other wire-rope applications. Figure 35
shows the cross section of one strand of a 6 x 25, round-strand deck pendant at the in-
stant of contact with the arresting hook. The initial itnpact force is transmitted from

. the outer wire to one "inner'" wire and one ''filler" wire. These two wires in turn

. transmit the force to the remainder of the strand wires. As shown in Figure 36, the

: relatively small-diameter filler wire must support a very large force at the instant of

_ hook-cable impact. Experience has shown tnat thia force is sufficient to cause the filler

wire to fail in shear for some distance along the axis of the wire. Typical filler-wire

failures are shown in Figure 37, Failures up to 0.9 inch long have been observed. In
. many cases, the filler wires have been completely severed although there were no wire
- failures visible on the surface of the rope,
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FIGURE 35, HOOK AND ROUND STRAND AT INSTANT OF IMPACT

riller wire

impact force

Outer wire

Inner wire
A-49958

FIGURE 36. DISTRIBUTION OF IMPACT FORCE THROUGH CABLE STRAND
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Indentation caused by parallel-
wire contact

Shear failure

Indentation caused by parallel-
wire contact on underside of chip
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Indentation caused by parallei-
wire contact

Shear failure

;&\\\\&&X\\\\\Q&\\\\\\N\\\\\\\\\\\\\\\\\\\\

Indentation caused by paraliel-
wire contact on underside of wire A-49957

%

FIGURE 37. TYPICAL FILLER~-WIRE FAILURES

BATTELLE MEMODRIAL INSTITUTE




58

The failar2 of filler wires io not critical from the standpoint of loss in cver-all
cable tensiie strength. However, these failures result in a logs of support for the outer
wires cf the strand, When this haprens, the outer wires are placed in a condition that
leads to their eventual failure in shear., After a sufficient loes of material thrcugh abra-
sion, an outer wire cross rection is reduced to a point that allows the subseguent impact
force to cause a shear failure very similar to those observed in the filler wires. This
conditionr is shown in Figure 38. In this case, the loss of over-all cable tensile strength
produced by a number of these failures is sufficient to warrant replacement of the peak
pendant. Thus, it is seen tliat a combination of abrasion and hock impact is responsible
for the limited service life of round-strand, regular-lay deck pendants,

/Fil!er wire

~m |mpact force

Outer wire
inner wire

A-49956

FIGURE 38. SHEAR FAILURE OF BOTH THE FILLER WIRE
AND THE OUTER WIRE

The failure cf filier wizes could be caused in one of the two following ways:

(1) The high compressive force acting on a filler wire could produce a shear
failure alceng a plane at 45 degrees to the direction of ihe force, as shown
in Figure 39.

(2) Plastic deformation of the fiiler wire due %o repeated impact loading

could result in the wire's beiag placed ir a condition fovering direct
shear failure by a subsequaent iitnpact force, as shown iu Figure 40.
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Shear failure

impact force

FIGURE 39. FILLER WIRE UNDER COMPRESSIVE FORCE

Shear failure

~————— |mpact force

A-49955

FIGURE 40, FILLER WIRE UNDER SHEARING FORCE
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The compressivz force required *o cause the first type of shear failure is
Fi = (d)(on,) = (d)(ZTyp) = (0. O4f¥)(2)(105) = §,000 1&/in,

where

d = diameter of filler wire = 0, 040 in,

p= yield-point stress in compression = 200,000 1b/fir.2

o]
y
Typ = yield-point stress in shear - 100,090 ib/in.2

The sheariag force requirad to cause the second type of shear failure is

Fy = ()T} = {O. 040}(185) = 4, 00¢; Ib/in.
S*nce rhz actual failure is probably caused by a combination of these two conditions, it is
reasonzble tu assume a value of F3 = 6,000 &/in, Ag shown in Figure 41, the average
force arplied to the strand ¢o causc failure is then

F] = 2.65 F3 = {2.65)(6,000) = 15,200 1b/iz.

For the case of hook impact on a flattened-strand rope, ac shown in Figure 42, a
similar condition exists, Here, one of the seccnd-layer wires supports slightly less
than one-half of the total impact force just as the filler wire did in the round-strand
rope. However, in this case, the zecond-layer wire is larger in diameter than x filler
wire, and it supports a more evenliy distributed load. As a2 resuit, the shear failure of
internal wires in flattened-strand rope is not a serious proublem as it is :n round-strand
rope. Also, since improved internal support is maintained for the asuter wires, the
flattened strand is more resistant o failure of the outer wires due to hack impact.

For the flattened-strand ccusgiruction, the cormpressive feree regaixed to zause a
shear failure of one of the sccond-~-layex wires is

F = (dio, ) = (0.959)(2 = 10%) = 11, +00 1b/in.

Similarly, the shearing force recuired to cause a shear failure is
F = (d{Typ) = (0. €59}(10°) = 5,900 Ib/in,

These values are 47.% per cent higher than the respective forces required to pro-
duce a shear failure in a filler wire of 2 round-strand rope.

The preceding discuswiocn points out tke importance of strand gzometry on the
service life of a deck pendant. The sizes and positions of the wires in the stranda de-
termine to a great extent the impact resistance of the rope. This situation ghould be
examined thersughly ior any new wirz~rope design.

Since the flattencd strand, Lang-lay construction provides improved impact re-
sistance for deck penfants, the deterioration of this type of cable is caused mainly by
abrasion, Examination £ a deck pendant that had experienced six arrests of a
50, 000-pourd dead load, smpacting at 20 feet off center with velocities of 98, 113, 110,
117, 129, and 128 knots, revealed some evidence of damage due te direct impact.
However, it apjeared that tae several broken wires had failed mainly due to abrasion.
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A-49954

FIGURE 42. HCOK AND FI.ATTENED STRAWD AT INSTANT OF IMPACT

CONTACT FORCE PRODUCED BY IMPACT OF HOCK
ON DECK PENDANT

Previously in this report, the problem of the contact force between the hook and
the cable was solved assuming a static condition, No attempt was made to investigate
the transient-impact phenomencn that exists at the instant of hook-cable contact. This
transient-impact problem is extremely difficult owing to the wire geometry and the
inhomogeneity of the cable cross section. Aay sclution that assumes the cable to be a
long circular cylinder with somie average cros¢-sectional ¢lastic mndulug can hardly be
zxpected to yield a reliable result. However, the faci remainc that the instantaneous
hook-cable contact farce is one 6f the two main factors contributing to wive failuze in
the deck pendant. {(The abrasive deterioration of the rope is the other imgn-tart {actor.)
For this reasom, it is of value to find an approximate magnitude for this contact force.

Consider the hook and a round-strand deck pendant as they firsi come into contact
during an aircraft arrestment. The maximum contact force develops when the hook
first impacts on a single wire of one strand of the rope {(see Figure 35). Knowing the
hook and cable geometry, it is possible to obtain a relationship for this contact force in
terms of the mass of the wire being hit,

(16)

The Hertz force-deformation law for contact between two elastic bodies is

F = Kpo

2
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where

’*:
!

= the contact force between the two bodies

2
i

< = the appro:.ch or relative compression of the two bodies

4 Ik

Ko=<
73 (5, +6)VATE
and
5 1 - pi?
i B

{; = Poisson's ratio for Body "i"

E; = the =lastic modulus of Body "i"

1 1 1 1
2 -i-;-'lfja —R-E-——)cos 20

0 (N Ll
Rl Rl' Rz Rz'

q) = & constant with a value found in Table 5, page 87, Reference 16

Rjand Ry = the principal radii of curvature of Body "i'" at the point of contact,
considered positive when the corresponding centers of curvature
fall inside thke body

6 = the angle formed by the two normal planes containing the two
curvatures 1/R; and 1/R,, respectively.

If the hook is Body 1, then
R’i = -0.75 inch and R}' = 3. 25 inches (see Figure 33).

For a € x 25, filler wire, 1ound~strarnd wire rope of 1-3/8-inch diameter, the
radius of the outermost wire and iis radius of curvature are Ry = 0. 044 inch and R =

3,276 inches, respectively. Here the radius of curvature, R;', has been found using the

equaiiors of Stein and Bert(#4) as presented previously. In these equations the following
data Lhave been used;

a = lay angle of outer strand wirss = -17°5+(31}

B = lay angle of straads = +]18° 39(31)

R = radius of the suter wive = 0.044 in. 32)

r = radius of wire tente: 1ine, measured from strand centerline = 0. 182 in.
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r = radius of strand center line, measured frox rope ceuter tine = 0 460 in.
= r+R
R = ———=0.491
o
¢o = reference angle for the outermouet wire of the rope = 0 degree {sec Figure 20).

The angle 6 for contact between these twc bodies iz apnroximately zero. Thus,

1

A=0.3065in."}, B=10.6970in."}, aud g, = 0.7162

If uy =pp =0.26and E} = E» =30 x l()6 1b/in.?, then 6y =86;=92.893 « 1677 in-2/1b arnd,

finally, K, = 1,455 x 107 1b/in.3/2. This gives tne following Hertz force-deformation
relationship:

F=(1.455 x 137 032 |

For the case of impact of two elastic bodies, if the vilzra!ions nroduced by the
ccllision can be neglected, the maximum compression is'™ -

o < (202"
4K1 KZ) ’

where
V = initial relative velocity, ft/sec
mj +1m
K, = 1 2
m)pma

m; = mass of Body "i", lb.

Since the mass of the hook, m,;, includes the muss of the aircraft,

mj] > mp and Kj .»El—:

Thus 35
5VZm, /
F=Kq2x,

For an average impact velocity of 110 knots or 186 ft/sec,

F=(2.45x105m, P .

This equation provides a relationship between the impact force and *hs mass of the wire
being hit.

From this equation it is found that a contact force of 5000 pounds is developed if
the mass of the outer strand wire, m,, is taken to be only 1.52 x ic-3 pound. (This is
the mass of a wire 0. 87 inch long.) It is not unreasonable to assumc that the n:ass ini-
tially acted upon by the hook is of such a magnitude. This impact force is sufficient to
cause a filler-wire shear failure 0. 32 inch long.
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While this analysis is not sufficiently accurzte to prcdict the exact valve of the
itapact fnrce; it indicates that the magnilede of the force is in the range of 2

as oppased to 500 or 50,000 pounds. This would be adequate to causz the types of wire
shear fiilures that have been observed. It ruay be assumed that 4 similar impact fovce
exists when the hook strikes a flattened-strand rope.

CRITERIA FOR ARRESTING GEAR CABLE EVALUATION

The previovus analyses indicate how it is possible to ~edice the magaitud2 of in-
terna) stresses in a wire rope by varying the geometry of the individual strands. Sev-
eral authors(3,%,31,33,40,43) .. suggested that a large nurnbar of variable parame-
ters contribute iothe over-clistreagth and service life of wire ropes. They have shown
how changing one of these parameters may rzaduce certain undesirables characteristics
while aggravating others. Due to the large numbar of these paranieters and their con-
flicting effects. it is necessary to establish reliable criteria for the evaluation of wire
ropes. The fcllowing discussion points out the various items which should be con-
sidered in wire rope evaluation and indicates how they are affected by variations in the
rope construction.

Tensile Stresses and Bending Stresses on Wires

The first consideration in evaluating a wire rope design is, of course, the magni-
tude of the tensile stresses developed in the wires. These stresses must remain within
reasonable limits when the rope is subjected to its maximum service tension and
bending.

For a rope under axial tension, the tens:le stresses in the wires may be calculated
if the wire cross-sectional areas, wire lay angles, and strand lay angle are known. It
is found that for a given metallic cross saction, the tensile stresses may be reduced by
z decruase in tl:e lay angles.

For a repe subjizscted to hotn tensiou and bending, the tensile streszes on the wirsas
depzud also on the radivs of the bend and the magnirade of internal rope friction. During
bending , the xope experiernces relative motion betwees ine ytrandz ané between the
strands and the core. I ro iuternal friction wers preseat, the stranas wcuid move so

as to more evenly distribute their tensile loads. However, the internal fricticn retacde
this motion and results in unequal load distribution and increased tensile stresses or
some wires, For this reason it is desirable for a wire rope to have ample interna:

lubricatiorn.

It has been found thax the cor¢ in @ wire rope becomes notched by the wires press-
ing against it. ’n regular-lay rope, these notches are at an angle of approximately
35 degrees witk the axis °f the rope. In Lang-lay rcpe, this angle is reduced to nearly
zero. As a result, the strands of the Lang-lay rope may niove more easily along the
core during bending, thereby providing more eveniy distributed strand loads and lower
tensile stresses on the wires.
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The relative motion between the rope components increases with decreasing bend
radius. This fact should be Rept in mind when sizing sheaves or drums for a particular
rope. In general, the bending radius should be kept as large as possitle., Tables are
available for determining the minimum bending radii for all types ¢f rope.

Another consideration for the condition of bending is the '"flexibility" of ti.e rope.
This "flexibility'" is actually an indication of the bending stresses produced in the wires,
The stiffer a rope is, the higher will be the bending stresses in wires for a given bend
radius. For this reason, when relatively small-radius bends are necessary, it is de-
sirable to construct the rope of strands consisting of many wires of small diameter
rather than a few wires cf large diameter.

Interstrand Contact Stresses

When a wire rope is subjected to loading, the individual strands are pressed
against each other and the rope diameter decreases. This interstrand loading produces
high stresses at the points of wire contact. If these stresses are large enough to pro-
duce local yielding, a notch forms in the wires and the resulting stress concentration
reduces the tensile strength of the wire,

As pointed out in this report, it is possible to calculate these interstrand contact
stresses using the Hertz theory and the rope geometry. In order to maintain maximum
rope strength, it is desirable to reduce these stresses as much as possible.

For a rope under axial tension, it is possible to eliminate the interstrand contact
stresses by providirg a core that will support the strands sufficiently to keep them from
touching each cther, However, when a rope is subjected to bending or transverse im-
pact, a simple core will not prevent contact between strands. It then becomes necessary
to use other means to reduce the stresses produced by the existing contact force.

One method is to use a shaped cora that will eliminate interwire contact by provid-
ing a thin layer or core material between the strands. It is also possiule to a2 shapad
wires (noncircular cross section) for the outer layers of the strands, thus providing
area contact rather than point contact between touching wicres, This second method,
however, may tend to reduce rope {lexibility.

If it is desirable to use a simple round core and round wires, the interstrand con-
tact stresses may be reduced in four ways:

(1) By reducing the lay angle of the strands, the contact force, and thus
the contact stress, between the strands is reduced.

(2) By reducing the lay angle of the wires in the strands, the crossing angle
of two centzcting wires is made smalles and the contact stress s lesszned.

(3) By using larger wires in the outer layers of the strands, the effect of
contact stresses will be reduced.

{4) By using alte.aate lav rope — the strands alternating between regular lay
and Lang lay — two wircs in contact between strands will be parallel, thus

further reducing the contact stress.
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Stresses Resulting Frorm Hook Impact

The impact of the arresting hook on the cable tends to distort the rope cross sec-
tion zad incr2ase the interstiand contact forces. This aggravates the crossed-wire
contact siress. In addit.or, there also exists the contact stress between the rope and
the hook. The latter is affected very little by the lay angles or the characteristics of
the vope caore, but it may be r2duced considerably by use of shaped wires, Larg lay,
shaped strands, or a combination of these. The Lang lay and the shaped strands
{e. g. , flattened strands) both provide an increase in length of wire contact with the hook.
The shaped wires provide area contact rather than line contact.

In addition to the compressive stresses produced in the region cf hook impact,
there is also a longitudinal tensile wave established, which travels along the cable away
from the point of hook impact. For the case of perpendicular impact on a cable initially
at zero strain, the value of this tensile stress is given approximately by Ringleb(38) as

2,4\
o= (3 )
4g”A
where A is the cable metallic cross section. For a given cable metallic cross section
and impact velocity, this tensile stress may be reduced by decreasing the value of (Epz).
p may be reduced by decreasing the iay angles or using a lighter core material. How-
ever, the value of E depends on both the wire material used and the rope geometry.

Here it is probable that a reducticn in the lay angles will tend to raise E. This is one
example of the conflicting results that may occur due to rope-design modifications.

Stresses Produced by the Refiection of Kinks
and Loxngitudinal Waves

One of the most significant conclusions that can be drawn from the results given in
the firrst part of this report is that the maximun- tensile stress exerted on the cable is
due to the impact kink ¥; or the deck sheave. Whenr this kink hits the deck sheave, a
longitudinzl wave is initiated. It is the reflection of this tensile wave from the hook that
produces the peak cable stress. It has been shown previously that the magnitude of this
stress may he reduced by lowering the cable elastic modulus ané/or the ratio of the
cable density to the metallic cross-sectional area.

Abrasion Resistance

The abrasion rcsistance of wire rope is an important factor deterrmining the useful
life of a decx pendant. High abrasion is experienzed during aircrzft arrestment when
the cable slides across the face of the hook 2s a result of an off{-ccnter ox otlique land-
ing. The cable is again subjected tc abrasion as it is drawn back over the rough deck
into position for the following engagement, A numerical analysis of this problem was
found to be extremely difficult because of the number of variables invoived and the lack
of knowledge of their interrelationships. The derivation of an accurate nurnerical
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abrasion criterion would be a major research project in itself. However, a number of
qualitative relatiorns were identified that can be used in directing rope design for im-
proved abrasion resistance.

In general, for a cable of given diameter, it is desirable to present to the abrading
surface as large a cable surface area as possible. This means that the wires should
have a flattened shape exposed to the outer surface of the rope, and that the strands
should have a flattened shape to provide a large number of wires for contact with the
hook and deck. Also, low lay angles should be used in order that each wire on the sur-
face of the rope will have the longest possible line of contact with the hook or deck and
the tendency of the wires to spring away from the strand as they wear will be reduced.
All of these factors tend to reduce the unit pressure during abrasion, the result being a
decrease in the total depth of wear on the wires. Obviously, if the outer wires are large
in diameter, more metal can be lost before a complete wire breakage occurs. It may
also be possible to make the outer wires in a rope from a material that is more resis-
tant to abrasion than that now used.

Corrosion Resistance

Since aircraft arresting gear cable is exposed to sea water, it is necessary for it
to have good corrosion resistance. Any amount of corrosion that occurs causes stress
concentrations that promote tensile failure of the wires. Several authors, including
Sasaki, et 41.(40) , have discussed this problem and indicate the desirable characteristics
of a corrosion-preventative lubricant, They also suggest possible characteristics that
should be avoided. It is pointed out that corrosion can be eliminated by electrodepositing
a protective coating of zinc or aluminum on the wires prior to the final drawing operation.
This, however, reduces the strength of the wires by approximately 10 percent.

RECOMMENDATIONS FOR AN IMPROVED WIRE-ROPE DESIGN

As a result of the previous investigations it is possible to make a number of
recommendations for an improved wire-rope design., Recommendations that apply
generally to any deck-pendant design are:

(1) The wires exposed to the surface of the rope ghould:

(a) Be large in cross section so that wire breakage due to abrasion will
be retarded

(b) Be made of highly abrasion-resistant material (if necessary, some
reduction in the tensile strength could be tolerated)

(c) Have shaped cross sections to provide large areas for hcok-cable
and parallel wire contact.

{(2) The wires not exposed to the surface of the rope should:

(a) Be small in cross section so that bending stress will be low and the
rope will be flexible
(b) Be made of material with high tensile strength.
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The rope geomeiry shouid:

(a) Curtail the tendency of the wires to fail in shear due to transverse
impact by the hook
(b} Provide good ropc stability anc prevent excessive ''bird-caging".

The ratio of rope dersity to metallic cross section should be as low as
possible.

The rope elastic modulus should he as low as possible.
Rope fatigue life and cozrrosion resistaiice need not be primary in the

criteria for evaluating a deck-pendant design, but they should be con-
gidered in 4ny purchase-cable evaluation.

Additional recommendations applicable to '"convertional" wire rope designs - the rope
being composed of a number of strands wrapped arcund a central rope core — are:

(1)

(2)

(3)
(4)

(5)

The rope should be made up of a sufficient number of strands to
maintain adequate stability and flexihility.

The strands should have shaped cross sections to increase the length
of hook-cable and interstrand wire contact.

iang lay should be used.

The wire lay angles should be as low as possisvie without producing an
excessive amount of "bird-caging'.

The wires on the surface of the strands should have shaped cross
sections to provide large areas for crossed-wire interstrand contact.

New Cable Designs

On the basis of these recommendations it is possible to propose new designs for
arresting-gear cable. The analytical mcthods presented in this report may then be used
to evaluate these new designs and to predict their performance. Such an evaluation will
provide a comparison of the new designs with the arresting cable presently in use by in-
dicating approximate values for:

(1)
(2)
(3)
(4)
(3)

(6)

Peak cable strcss during arrestment

Peak tensile 1oads and stresses on individual wires
Cable tensile strength

Peak hock-cable contact force and contact stress
Peak interstrand contact force arnd contact stress

Peak parallel-wire contact force and contact stress within the cable.
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iz soriie cases, further analysis and comparison of the different designs allow a
predictioxn of:

(1) Elastic modulis
12) Flexibifity
{3) Abrasion resistance

(4) Impact resistance.

Figures 43, 44, and 45 show three new designs for wire ropes for use as deck
pendants. It must be pointed out that thes~ are preliminary designs chozen to demon-
strate the points suggested in the recommendations for an improved wire-rope design.
The actual practicality of these designs can be determined only through full-scale
testing.

The strand designs shown in Fligures 43 and 44 are intended for use in six-strand,
Lang-lay ropes. These ropes would be very similar to the standard 6 x 30 flattened-
strand rope presently used for deck pendants (see Figure 26). Fer similar lay angles
and outer diameters, the three ropes composed of these three different types of strands
should have nearly the same flexibility, stability, density, tensile strength, and elastic
modulus. The major difference is the use of noncircular wire in the new designs.

For the designs shown in Figures 43 and 44, the noncircular shape of the outer
wires should result in lower hock-cable, crossed-wire, and parallel-wire contact
stresses. This would increase the impact resistance of the rope and decrease the inter-
strand wire notching. Furthermore, the shape of the outer wires would provide a larger
metallic area to resist abrasion for a given depth of rope wear. This would reduce the
unit pressure during abrasion and thereby reduce the rate of metal removal. As a re-
sult, the rope abrasion resistance would also be improved.

The rope cross section shown in Figure 45 is a departure from the more conven-
tional deck-pendant designs. This rope would consist of a single strand made up of a
large number of very small-diameter wires. All wire layers consisting only of wires
with round cross sections would be laid in one direction, and all lavers containing the
""half-lock' wires would be laid in the other direction. This would contribute to rope
stability and reduce the tendency of the rope to rotate under a tensile load. The sta-
bility, flexibility, and elastic modulus of such a rope depends on the wire size, the
number of wire layers, and the lay angle of each layer. It is difficult to predict, without
experimental work, whether such a rope would be suitabie as a deck pendant, since the
flexibility and stability of this design are questionable. However, the impact resistance
and abrasion resistance of such a rope should be greatly improved over that of the cur-
rently used deck pendants. Future experimental investigations will prove or disprove
the usefulness of such rope for deck-pendant applications.

Purchase Cable Design

The above discussion has been primarily directed toward the deck-pendant prob-
lem becouse the bulk of the work on this program has had that direction. However, the
probiems for the purchase cable are, with some obvious exceptions, quite similar, and
the same solutions should be applicable,
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FIGURE 43. ALTERNATE
CABLE DESIGN NUMBER
ONE

Single strand of six-strand
rope.

FIGURE 44. ALTERNATE
CABLE DESIGN NUMBER
TWO

Single strand of six-strand
rope,

FIGURE 45. ALTERNATE
CABLE DESIGN NUMBER
THREE

Single strand consisting
of a large number of very
small diameter wires.




The exceptions are?

(1) The purchase cafile is not subjected tu hook impact as is the deck pendant.

(2} The life of the purchace cable is relatively lung sc that fatigue and cor-
rosion ai1¢ important problems. 7Thls i3 nut the case for the deck pendant
which hns a snort life of approximataly 70 load cycler, Even if the liie of
a deck pendas{ were significantly extended, this should be 1rue.

The designs of Figures 43 and 44 are recommended for experimental evaluuation
for use in purchase cables. The design of Figure 45, although ic has seveval advantages
over the present cable, may bhe too stiff fos thic zpplication. It iz algso recomimended
that an electrodzposited sinc coating be tried, both oa these designs and on the standard
purchase cable. The small lo#s in static strength of the cable due to 3uch a coating is
not expected to seriously affect cable performance, and the izcreage in corrésion re-
sistance and fatigue strength shculd be highly desirable.

EVALUATION OF A NEW WIRE-ROPE DESIGN

Consider the strand design shown in Figure 44. Assume that this design is used in
a six-strand, Lang-lay wire rope. [ u2 to the similarity hotween this repe and the 6x30,
flattened-strand rope show) in Figure 2¢, the ratios of rope density to metzllic cross-
secticnal area will be nearly the same for the same wire and core materials, Further-
more, if the wire and strand lay angles ave approximatzly the same for both types of
rope, the elastic moduli shouid also be nearly identical. For these reasons, the peak
tensile stress developed :r these two itypes of cable during aircraft arrestinent will not
differ by a significant amount (see Figure 25).

With gimilar lay angles and ouiside diameters, these two types of cable will also
have nearly the same tensile stresses on the wires for a given load. Thig stress is ap-
proximately Oy, = 1.5 T, where T is the tensile load on the zable. The actual values
may be found using Equations (13), (15), and (19). Also, the over-all tensile strengths
of the two cables 7ill be similar.

One significant differeuce beiween these two designs is in the magnitude of the
interstrand contact stress. Although the interstrand force is no different, the large
interstrand contact area provided by the new design greatly reduces the resulting con-
tact stress for this rope.

As for the 6 x 30, flattened-strand rope, the new design will have an interstrand
contact force of approximately F = 0.0373 T 1b/in. (assuming similar strand lay angles
and negligible core support). Likewise, the force supported at each region of inter-
strand contact will be approximately P = 0. 031 T pounds, For a cable tension of
85,000 pounds this load is P = 2, 640 pounds.

This load is supported almost entirely by the two "half-lock" type wires of each
strand. Thus, just as for the 6 x 30 rope, there are four points of crossed-wire con-

tact with wire crossing angles of approximately 6 = 18 degrees. This is shown in
Figure 46.
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FIGURE 46. REGION OF INTERSTRAND CROSSED-WIRE CIMTACT

Fox a surface v-idth of 0. 055 inch for the "half-lock' wirex, as wculd be the case
for 2 1-3/8-inch cable using the strand cesign shown in Figurce 44, the lotal contact
area available to support the load P,ll is

(0.055)% 2
(4) =5~ ~ 0,04 in,

The resulting contact stress, neglecting siress concentralion, is

2640

T — /4 Z
0. 04 66,000 1b/in.~ .

o

This is much lower than the theoretical contact stress of 1,600, 030 1b/in.? found for the
6 x 30 flattened-strand rope. It is felt that witl: this riew design, the problem of inter-~
strand wire notching is virtually eliminated.

A similar reduction in contact stress can also be expected for the area of contact
between the wires and the hook.

Thus, it is found that the use of shaped wires greatly improves the interstrand aad
hook-cable contact stress situation. Furthermore, as discussed previously, the
smoother surface of the new rope provides a much larger effective area to reeist abra-
sion. This reduces the unit pressure du_ing abrasicn and thereby reduces the rate of
metal removal.

It appears, upon initial evaluation, that a Lang-iay deck pendant made up of
strands of the design shown in Figure 44 would he significently superior to the flattened-
strand rope presently in use. The degree or this superiority can be detexrmined oniy
through experimental evaluation.
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