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This report discusses the technical  f e as i b i l i t y  of app lying an
internal  f r i c t ion  damping, nondes t ruc t ive  evaluat ion techn ique for
syn the t ic  ropes . App l icat ions for s y n t h e t i c  ropes include mooring
lines , towing hawsers and lines for single point mooring s (SPM ) in
deep water ports (DWP) . The theory of internal  f r ic t ion  damping
is presented as it has been h i s t o r i c a l l y  app lied to meta l l i c  mate-
rials . The report then discusses the methodology for application
of the internal  f r i c t i o n  d amping technique to synthe t ic  rope mate-
rial and construction . The experimental apparatus and specific
laboratory technique as applied to six inch and eight inch circuni-
ference rope is next discussed in detail. The report then dis-
cusses the experimental results and relates the test results to
f e a s i b i l i t y  of employ ing the test  technique as a guideline device
for rope de te r iora t ion/per formance . The report also relates this
discussion to cha rac t e r i s t i c s  of the ropes tested under both wet
and dry conditions. The experimental results Section concludes
with a comparison of the e f f e c t  of the in ternal  ~~ict ion damping
for  various synthetic rope failure mechanisms .r’The report ends
with specific conclusions and recommendations ~~r further inves-tigation into large synthetic rope testing and~ i~~pection for theultimate feasibility determination for the potenti~ l developmentof DWP hawser performance hardware .
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ENGINEERING FEASIBILITY OF INTERNAL
FRICTION DAMPING AS A NONDESTRUCTIVE

EVALUATION TECHNIQUE FOR SYNTHETIC ROPES

— 

SYNOPSIS

One of the major requirements for the safe operation ,

maintenance and inspection of single poin t moor ing hawsers
used in deepwater ports is the development of a simple and

reliable nondestruc tive evaluation techn ique tha t can be used
in-service under the conditions of the ocean environment . Con-

ventional nondestructive techniques including x-ray , ul trasonic ,

magne tic particle , dye pene trant and acoustic emission are not
suitable for this application for various reasons discussed in

this report .

A relatively new technique called Internal Friction Damp-
ing has been recently developed and has been successfully used
in several applica tions including pressure vessels , drill string

pipes and aircraft wheels . Further developments are underway to

extend this technique to wire ropes in mining app lications , LNG
tankers for maritime industry , offshore towers for the offshore

industry and nuc lear power plant components for the nuclear en-
ergy indus try . Because of the unique advantages offered  by this
technique for the inspection of SPM hawsers used in deepwater

por ts , the U. S. Coast Guard initiated a preliminary inve stiga-
tion to examine the technical feasibility of extending the in-

ternal friction technique for synthetic ropes . This program

was initiated as a recommended extension to previous USCG deep-

water port programs and was evaluated as a technical feasibility

program because of the unique application to synthetic rope ma-

terials .
A laboratory test facility was developed for investigating

H the various aspects and the experimental problems associated with

the synthetic ropes were resol~’ed . The results of this program
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clearly indicate that the internal friction nondestructive

evaluation technique is app licable to synthe tic ropes of bo th
six inch circumference and eight inch circumference . There is

also evidence to suggest that the measurement of the internal

f iction will not only de tect impending failure , but can also
b~ correlated to the remaining strength of the rope . Three

different materials including nylon , Dacron and polypropy lene
were evaluated using three different constructions of rope .

Both new and used ropes were studied using two different sizes.

The results of these investigations show that this technique

can be successfully extended to full-size SPM hawsers in-ser-
vice .

However , fur ther work is needed to accomp lish this goal.
For examp le , engineering considerations such as the specific
rope construction design , various synthetic materials of fab-

rication , preload , in-service deterioration , failure mechanisms ,

water absorp tion , and environmental degradation including ultra-

violet damage need to be evaluated before this technique can be
used in the f i eld . Detailed recommendations to meet this objec-

tive are also included in this report .
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ENGINEERING FEASIBILITY OF INTERNAL
FRICTION DAMPING AS A NONDESTRUCTIVE

EVALUATION TECHNIQUE FOR SYNTHETIC ROPES

EXECUTIVE SUMMARY

The “Deepwater Ports Act of 1974” (Public Law 93-627 ,

1975) enacted legislation which authorized the Department

of Transportation (DOT) to license the construction and

operation of deepwater ports off the coast of the United

States . Pursuant to the Deepwater Ports Act , the Uni ted
States Coast Guard (USCG) conducted research in technical

areas r elating to deepwa ter por t desi gn , cons truc tion and
operation . The purpose of the research was to utilize

technology in order to min imize any adverse environmental
impacts .

A major requirement fo: ;he deepwater port construc-

tion and opera tion is the desi gn of the mooring sys tem .

Therefore , a pr imary aspe ct of the research program was the
development of a report entitled , “Guidelines for Deepwater

Por t Sing le Point Mooring Design.” (l)* This study investi-

gated and provided guidelines for establishing design moor-
ing loads for single point moorings (SPM) and the design of
the SPM for load retention . Within the scope of the report ,

additional areas of investigation were recommended in order
to develop nondestructive means of determining new rope

strength because “A reliable means of determining the break-
ing streng th of new large diameter synthe tic rope by nondes-
tructive testing as part of in-plant inspection is needed .” ( l )
Moreover , the report further recommended that means and prac-

tices for determining used-rope strength be developed because

~Numbers in parentheses refer to references at the end of
this report .
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“There is also a need for a method of quickly , easily and re-
liably determining the strength of used rope through the in-
spection and nondestructive testing in the field. ” (1)

Therefore , in order to assist further in the charter of

the Deepwater Ports Project (DWP) and to address the recom-

mendation of the SPM guidel ines study, DAEDALEAN ASSOCIATES ,

Inc . (DAI), under contract to the USCG , has conduc ted an ini-
tial technical feasibility study regarding the application

of a nondestructive evaluation technique for detecting incip-

ient failure and in-service deterioration of synthetic ropes.

The ra tional e and mo tivating force for the initiation of this
feasibility program lies in the fact that presently there
does not exist a nondestructive eve’.u at ion sys tem which can
evaluate synthetic rope specimens subject to field service

and field degradation . Current technology for rope evalua-

tion consists of establishing engineering load carry ing es-
tima ces which are obtained f r om cyclic loading and failure
tests. Service loads are established by app lying a factor
of safety criteria to the load carrying test results. Syn-
thetic rope rejection is decided by time in service and the
rejec tion cr iteria is comple tely unrela ted to load cycles of
field service conditions . Presently, SPM hawsers are re- 1:
placed at the Port Managers discretion , but typically semi-

annually in accordance with SPM forum recommendations.(2)

There are no established in-service standards for the spec-

ification of hawsers and marine towing or mooring lines , and
exis ting field classification is sporadic and varies widely
from port to port and from user to user . Therefore , many
ropes are prematurely discarded or permitted in-service loads

that exceed their safe load carrying capacity because of the

established rejection criteria based solely upoti time in-

service . A nondestructive test technique which could detect
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material degradation resulting from in-service conditions and

at the same time influence safety criteria , establish safety
standards and alleviate large inventory requirements would

be beneficial to the industry .

Historically, nondestructive testing is a means of eval-

uating the formation and growth of cracks in homogeneous mate-

rials and/or structures . Most nondestructive testing to date

has been performed on metallic materials with acoustic emission

(AE) and ultrasonic test (UT) techniques being widely employed .

An additional nondestructv~ evaluation (NDE) technique has
been developed recently which utilizes the internal friction
damping (IFD) properties of the materi4l and measures the
dynamic response of the structure . When a ma terial deterio-
rates in service , the internal structure of the material changes

and affects the damping properties . Because internal’frictiod

is an inherent material property for synthetic materials and

elastomers as well as metallic materials , and because of the
basic applica tion problems tha t exis t in applying AE and UT
to synthetic ropes ; a comparison of the IFD-NDE technique to

AE and UT would conclude tha t the design and construction of
the rope would preclude any reasonable responses from AE and
UT inputs. For example, the rough texture and numerous rope
strand in terfaces with corresponding void spaces would be
identified as crack initiation locations with UT. Moreover ,

the coupling pressure for AE would have to circumferentially

contact the rope for adequate output response. Therefore ,

any anomaly in the rope surface would produce erroneous AE
results. The IFD-NDE technique utilizes input and output

transducers that need not contact the synthetic rope and

therefore are not sensitive to coupling pressure . This major
advantage of the IFD-NDE technique regarding a coupling method

that is insensitive to pressure simpl3iies the test technique
and increases the reliability of inspection without causing

variation in data reproducibility . Similar comparison~
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and conclusions can be made regarding the advantages of IFD
when evaluated with AE and UT in regard to the signal to noise
ra tio ; the input signal to output signal ra tio ; the effec t of
specimen geometry on the inspection techDique ; and the frequen-
cy of test in relation to the ability to locate material flaws

and degrada tion . Of all the existing NDE techniques , IFD
alone holds the possibility for defining the extent of rope

deterioration in-service and for establishing inspection
standards . Therefore , this program specifically addresses

the feasibility of evaluating the IFD-NDE technique to syn-

thetic rope samp les .

Application of the IFD-NDE technique involves monitoring
the vibrational response of test material or specimen . The

specimen is vibrated at a resonant frequency , excitation source H

is removed , and the natural decay of the vibration is monitored.

As a material experiences degrada tion from fa tigue , abrasion ,

etc., the properties of the material change which causes a high-

er rate of energy absorption . This change is reflected in an

increase in the measured internal friction damping values .

The changes in the internal friction are recorded as a function

of the fatigue or stress cycle history , allowing the character-

ization of impending material degradation and failure (crack)

site formation .

Various failure modes can be observed by monitoring
changes in the internal friction of the material. These include

stress cracking , corrosion fat.igue , hydrogen embrittlement

and cyclic fatigue cracking . A predic tion capability of the
technique arises from the changes that occur in the specific

damping capacity as the material undergoes deterioration . When

the I~W/W* values move outside a statistical confidence bandwidth

~~W/W is the specific damping capacity. It is the change in
system energy per cycle per total initial system energy .
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about the baseline da ta , a failure mechanism can be said to be

at work and that incipien t failure has been initiated wi th the
formation of crack sites .

The ins trumentation package emp loys commercially available
electronic equipment that is sensitive to amplitude and frequen-

cy analysis. The input , or source of excitation , is normally

a voice-coil type mini-shaker or an electro-magnetic field trans-

ducer . These transducers vibrate the specimen and provide the

input signal to the material. The output response is the natural

decay of the vibration which is processed through a frequency
analyzer . This allows for selective filtering of the signal

and/or signa l gain if a very low output signal is ob tained .

The decay response of the material , af ter the exci tation source
is removed , is monitored on an oscilloscope or strip chart level
recorder . The leve l recorder au toma ticall y provides a pernia-
nent record by virtue of its operation while a Polaroid TM pho to-
graph serves as the record f or the oscilloscope disp lay . Data

is reduced by measurement of the amplitude change in signal ,
and the specific damping capacity (i~W /W) is calculated accord-
ing to an established set of equations. A portable mini-computer

is curren tly being phased into the da ta processing opera tion ,

utilizing an Analog to Digita l (AID ) conver tor and will rep lace
the oscilloscope/ level record er and hand reduction process .

This capabil ity will provide immediate specific damp ing capaci ty
values , and will therefore produce “in-situ” information con-

cerning the extent of rope deteriora tion .

Adoption of this technique for commerical and industrial
use is taking place (or being aided) through various technology
transfer applications . The demonstrated record of prior experi-

ence in app lying the IFD-NDE technique to various metallic
struc tures and componen ts has provided base line da ta and f ield
service results for: 1) Bar test specimens for pressure vessel 

-

base material ; 2) Pressure vessels for hydrostatic tests;
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3) The Ocean Simulation Facility Hyperbaric Chamber in Panama

City, Florida and U. S. Navy Submarine Fluid Dynamics Simula-

tion Fac ili ty in Annapoli s , Md .; 4) Nuclear reactor materials

and components for the Nuclear Regulatory Commission , Wes ting-
house Electric Corp . (Advanced Reactor Division), General
Electric Corp . (Nuclear Reactor Division), and the Electric

Power Research Institute; 5) Drill string pipe for geothermal

and offshore drilling applications for Tom Brown Drilling Co.;

6) Model offshore tower structures for the Interior Dept., U. S.

Geological Suryey ; 7) Laboratory application to wire rope for

the Bureau of Mines and Department of Energy . These programs

include labora tory data and f ield app lication of the IFD-NDE
technique to homogeneous metallic materials for the majority

of the work performed.
An outline of the phase progression for a previous program

can serve as an example for interested agencies to follow .

Specifically, a three phase program for the Civil Engi-
neering Laboratory (CEL) has been completed successfully

utilizing the IFD-NDE technique . Initial phase of the program

involved feasibility testing of uniform bar test samples of

representative steel types , used in the construction of CEL

pressure vessels. These were I” x 1” x 12” bars of A5l4 and
A537 steel. A major point of this study was the indication

of a weld type mismatch to the base metal. Following the

successful feasibility sti.~dy concern ing the bar test spec imens ,

a second phase was completed . Eight inch diameter by 37 inch

long pressure vessels of similar material as the bar specimens ,

were evaluated . Pressure cycling of these vessels was mon-

itored by the IFD-NDE technique . Successful completion of

these tests promp ted the app lication to two larger (18” dia-
meter 60” long) pressure vessels. Prediction of early failure
in thes e vessel s wa s accomp lished . CEL then gran ted an exten-
sion for a third phase of the program . This phase involved

ES.6
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the in-situ evaluation of two hyperbaric chambers at the Ocean

Simulation Facility (OSF) in Panama City, Florida and the

Submarine Fluid Dynamics Simulation Facility (SFDSF) in Annapolis ,

Md . Subsequent field data indicated satisfactory conditions

at the OSF , however a crack was correc tly identified at the
SFDSF facility.

The above results indicate that the technical feasibility

and field use of the IFD technique has been successfully demon-

stra ted on numerous occasions for homogenous metallic materials .

Based on these, test results and the applicability of the test

technique , the feasibility of evaluating non-homogenous visco-

elastic materials was initiated.

Fur thermore , in order to identify a technical feasibility
program for app lying the IFD-NDE technique as a detection system
for measuring degradation and impending failure of hawsers ,

mooring lines and towing lines , the following overall objectives

were identified as the Program Plan :

• Evaluate the feasibility of applying the IFD-NDE tech-

nique to synthetic ropes .

• Generate the required base line engineering da ta for
prototype synthetic rope specimens .

• Design and develop the necessary apparatus including

individual subsystems for full scale rope evaluation .

• Field test the prototype system under actual in-service

operating conditions in order to demonstrate the asso-

cia ted performance and reliability of the equipment and
techni que .

The tasks required to mee t these objectives must be divided
into several phases . A logical approach would require Phase
I to establish technical feasibility , identify system lirnita-

tions , and address laboratory -data generation for existing

rope sizes and construction . Phase II would address an appli-

cation of the test procedure for detecting impending failure

ES .7
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under cyclic loading for full scale rope sections. Phase III
would address the in-service test and evaluation of the system
for field performance .

This report addresses the initial phase (Phase I) for
technical feasibility evaluation and laboratory data generation .

The purpose of the initial phase of this program is to charac-
• terize the technical feasibility and applicability of the IFD-

NDE technique ~or six inch and eight inch circumference syn-
thetic ropes commonly used in port operations .

This is the first application of a NDE technique to syn-

thetic ropes . Within the confines of the test matrix , it was
realized that all possible scenarios for even one application
could not be pursued . The approach taken was that of ,deter-
mining technical feasibility of applying the IFD-NDE technique

to six and eight inch circumference synthetic ropes , with the
promise of future use for evaluating degradation in large dia-

meter hawsers . Moreover , it was not L&&e purpose of the report

nor was it wi thin the scope of the program to develop par tic-
ular standards for rope deterioration , bu t ra ther to assess
the generic feasibility of the concept for the specific non-
metallic area of synthetic ropes. The test matrix and result-
ing test data was designed in order to measure general rope
performance as related to the specific damping capacity measure-

ment. The’major failure mechanisms for synthetic ropes such

as abrasion, ultraviolet deterioration , long term immersion
in water and oil , were addressed only from the standpoint of

the general performance of the rope . Therefore , the cumula-
tive contribution of these failure modes was measured , and

there was no attempt made to identify the specific contribu-
don for each failure mode on the speci fic damping capacity

measurements . The initial phase consisted of modifying the

existing equipment and technique in order to generate th~ re-

quired engineering data for typical synthetic rope samples

-  
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obtained from rope manufacturers and from field service. This
repor t presen ts the da ta genera ted and conclusions developed
as a resul t of the study.

The rationale for employing six inch and eight inch syn-
thetic ropes for this initial feasibility program is found in
the fact that:

• There exists an abundance of accummulated breaking strength

da ta for these rope sizes ;

• These rope sizes have current widespread availability

and us e as towing and mooring lines ;

• The materials of construction are the same materials

used in the fabrication of the SPM hawsers.

The test matrix for this program consisted of rope speci-

mens of two sizes : six inch circumference and eigh t inch cir-
cumference. Three strand twisted , eight strand plaited , and
doubl e braided cons truc tions were evalu ated for nylon , Dacron TM

and polypropylene materials. Samson Ocean Systems , Inc.;

American Manufacturing Co., Inc . ; Columbia Cordage Co.; and

Southwest Cordage Co. supplied the new rope specimens for the

various cons truc tion and ma terial combina tions . Six inch and
eight inch circumference rope specimens of the various materials
and cons truction types were paired wi th like ma terials , sizes
and construction types for used rope specimens . Twenty-four

new rope samples were obtained , representing 17 different types
(i.e.; size , material and fabrication) of rope. However , lack
of availability for various types of used rope necessitated

this study being confined to eight matched pairs of new and
used rope specimens . Therefore , eight of these 17 different

types were paired with used ropes of the same types , giving

a total of 16 rope specimens which were evaluated . The matched

pairs were tested under both dry and laboratory wet (saturated

for 24 hours in synthetic seawater) conditions . Table ES-l

shows the siz e , construction and materials of fabrication for

the ropes tested.
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The test procedure consisted of applying a tensile load

on the rope specimen and vibrating the rope under tension .

The natural decay of the vibration was measured and the data

was translated into the speoific damping capacity. The m i -
tial rope specimens were three foot lengths . However , diff i-

culty was encountered in producing vibration in three foot

lengths of the six inch and eight inch circumference rope
specimens because of the low length to radius of gyration
(1/r) ratio . Therefore , the tes t app ara tus was modified in
order to vibrate six foot length of rope. This provided h r

ratios of approximately 100 and these sections were easily
vibrated. The test results indicated that the synthetic rope

specimens could be induced to vibra te at a na tural resonant
frequency and the associated specific damping capacity could

be measured.

The test procedure for the six foot specimens correlated

the measured specific damping capacity (i~W/ W) to the appli ed
tensile load on the rope specimen . The L\W/W value varied as

the tension on the rope was increased in the range of 1% to

107~ of breaking strength. When the tension was increased in

the range of l5%, to 20% of breaking strength , great variability

was noticed in the measured L~W/W values. Therefore , these
earl y results promp ted a more thorough inves tigation using
three new six inch circumference , three strand nylon rope
specimens . Tes ts conducted on these rope s ind ica ted tha t the
factor causing the variability of AW/W values was the length

of time for which the particular tension level had been main-

tained.

The rope specimens exhibited a range of linear elastic

behavior which approximated the working load range . Fur ther
investigation on the time dependent behavior of the measured

specific damping capacity resulted in determining that when

the rope tension was increased from zero and held at a constant
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value within the working load range , the ~W/W value decreased

over time until a stable value was obtained after 60 to 100
minutes (Figure ES-h). Of considerable importance to the pro-

gram was the fact that the s-table specific damping capacity

values remained at an essentially constant level throughout
the range of linear elastic behavior .

No ting that the measured specific damping capacity is
independent of the level of tension (Figure ES-2), above some
minimum ten sion , resulted in important test ramifications .

These results indicate that :

1. The specific damping capacity measurements

agree wi th the theore tical under stand ing of
the viscoelastic behavior of the synthetic rope.

2. The independence of the measurement eliminated

the need to test every rope specimen at a mul-

titude of tension levels and therefore allowed
more rop e sec tions to be investiga ted under
this program than would have been otherw ise
poss ible .

3. There were occasions during the course of the

program when the fundamental frequency was very

close to the 60 Hz power frequency, caus ing
difficulty in data analysis because of inter-
ference and “beating” of the dr iven resonance
and the 60 Hz noise provided by the electro-
hydraulic tensioning appara tus . Knowing tha t
AW / W was independen t of the level of tension
allowed the tension on the rope specimens to
be increased or decreased in order to change
the resonant frequency significantly to allow
the 60 Hz noise interference to be electron-
ically f i l tered .
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4. For possible future field applications, a
precise level of tension will not be required
so long as the tension is approximately con-
stant and is within the range of linear elas-
ticity .

It was also found that rope specimens which had experi-
enced stresses in excess of the elastic limit during early
testing exhibited specific damping capacity values 2O7~ higher
than a similar virgin specimen. This is a preliminary indi-
ca tion of the ability of the internal friction damping NDE
technique to detect material degradation ~in synthetic ropes .

Within the confines of the test matrix , comparisons were
made of the specific damping capacity values on dry and lab-

oratory wet rope specimens . For polypropylene ropes , the
measured specific damping capacity was lower when tested wet
than when tested dry . It is hypothesized that because the

polypropylene ropes ar e construc ted of hard , nonabsorbent,
monofilament fibers , the water acts as a lubricant, reducing
the friction between the fibers and consequently reducing the
‘1imp ing . When ny lon rope specimens were tested under the lab-
oratory wet condition , the associated values were always higher

than when tested dry . DacronTM rope specimens also exhibited

p 
a general increase in ~W/W values when tested wet. Used

DacronlM ropes showed a larger difference between wet and dry
values than did new ropes of the same type . Fur thermore ,

Poly-Dac specimens (three strand polypropy lene with DacronTM

outer fibers) exhibits a 40°!~, to 60% increase when tested in

the laboratory wet condition as opposed to dry.

The results of the test program which compared the new

and used specimens are provided in the following findings :

1. Three of the matched pairs contained used
specimens which showed no visible signs of
deterioration . Measurement of the specific
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damping capacity also indicated no evidence

of material deterioration.
2. The six inch circumference three strand nylon

rope specimen appeared to be work hardened
but showed no difference in specific damping
capacity over the new specimen. Two new
specimens which had been overstressed con-
sistently gave 207~ higher ~W/W values than
a virgin specimen when tested under both dry
and laboratory wet conditions .

3. Two of the matched pairs contained used rope

specimens which showed visible deterioration

with numerous abrasions and cut and broken

strands . Specific damping capacity values

for the used specimens were between two and
three times greater than for the new specimens .
Both used specimens subsequently failed under

load tes ting .
4. Comparison of the percent change in ~W/W fron

new to used rope sections with the percentage

of original breaking strength at which the

use~t ropes failed , indicated that a correla tion
between normalized specific damping capacity

versus the percentage of rating breaking

strength for abraded ropes. Test results
for the comparison between new and used

H eight inch circumference, three strand poly-
propylene specimens were inconclusive.

5. The measurements of specific damping capacity

for the six inch circumference , three strand
Poly-Dac specimens showed an anomaly in that
the first used specimen tested showed no
difference in AW/W from the new specimen.
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Visually, the specimen was only moderately
abra ded however , it failed under a load of
20 ,000 pounds when fa tigue cycling was attempted .

After completing the testing of the -eight matched pairs
of ropes , a six inch circumference , three strand nylon rope
was subjected to stress cycling using a tensile load in excess
of the upper limit of the range of linear elasticity . Sub-
sequen t testing yielded a ~W/W value approximately twice that
of the virgin specimen .

Based on the test results of the program , this report
concluded that monitoring the dynamic response of synthetic

ropes as a function of the work-cycle history is a viable ,
nondestructive technique for detecting impending failure and
material degradation due to fatigue and abrasion . The results

of this program are an important milestone in accomplishing
the overall objective of utilizing the internal friction damp-

ing nondestructive evaluation (IFD-NDE) technique in order to

detect impending failure and/or deterioration of SPM hawsers ,

mooring , towing and other marine lines .
The results of this program indicate that the IFD-NDE

techn ique is app licable to synthetic ropes of both six inch
circumference and eight inch circumference. Applicability

has been demonstrated for all three materials of fabrication

and constructions . Moreover , the initial test results also

indicate a probable correlation between specific damping

capacity and remaining strength of the rope specimen (Figure
ES-3). —

As a result of the tests , this report concludes that :

1. The measured specific damping capacity is

dependent upon the length of time that a
constant tensile load has been maintained .
The measured specific damping capacity de-

creases over time until the rope specimen
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reaches equilibrium , at which time a stable
minimum value of specific damping capacity

is obtained .
2. Proper utilization of the technique for syn-

thetic ropes requires the tension to be main-
tam ed in the linear elastic range, as tension
levels below this range will lead to inaccurate
measurements of 1~W/W and tension levels above

this range cause permanent deformation of

the specimen .

3. A minimum ratio between unsupported length

of rope and radius of gyra tion of the rope
cross-section (l/r) of approximately 100 is
needed in order to produ ce the stable vibra-
tion necessary to utilize the internal fric-

t ion damping technique .

4. The input signal strength and the output

signal strength are not critical , thereby
el imin ating the need for prec ise pos itioning
of the transducers .

Th is repor t also makes several general conclus ions con-
cerning measurement of specif ic damping capacity for dry
specimens versus saturated specimens . These conclusions are

enumerated below and discussed in detail in S’ection 4.4 of

the report. However , it must be realized that these con-
clusions are qualitative in nature and are general conclusions

based on a limited number of tests and on an associated limited
data base. More specific quantitative conclusions will be
possible after additional testing is accomplished.

1. Saturated polypropylene ropes generally have
a lower measured specific damping capaci ty
than the same ropes tes ted dry .

2. Satura ted ny lon and DacronhM ropes generally

ES .19 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - _______________--

-~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —- 
~~~~~~~~~~~~ - - :  

- —  
-
~~~~~~



~ -- -
~~ 

- -- -

have a higher measured specific damping capa-
city than the same ropes dry .

3. It is feasible to conduct the technique under

either condition , as the eight- inch three
strand DacronTM spe cimen which exper ienced fail-
ure had significantly hi gher specif ic  damping
capacity values than the new specimen under

both conditions .

4. Correlation of specific damping capacity

to r emain ing streng th app ears to be imme-
dia te ly feasible for dry rope specimens .

5. Correlation of specific damping capacity

to r emaining streng th for sa tura ted spec-
imens appears to be feasible. However ,

fur ther inves tigation is necessary in order
to quantify all the effects of water satu-

ra tion such that meaningful correlations
can be made .

In reviewing the above listed conclusions , the appl i-
cation of the IFD-NDE technique to the synthetic ropes is seen

to be feasible. However , the conclus ions are limi ted , stemming
from the lack of a representative data base. Because of these
limitations and the results of the application of the technique

to synthetic materials , the following fur ther work is recom-
mended as a continuation of this initial feasibility program :

1. Additional data needs to be acquired to

determine the feasibility of correlating

synthetic rope conditions to remaining
useful life .

2. Additional data is required to refine the

length to radius of gyra tion cons traint
indicated in the results.
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3 .  A prototype design and working model of a

field test machine is required to implement
the field IFD-NDE technique .

4. The acquisition of a field data base would be
required in any future work to be performed .

5. Other vibrational modes , materials , con-
structions and tests should be performed
on laboratory specimens to define adequately
the entire range of expected results for

specific damping capacity measurements .

6. Specific and major failure mechanisms of

ropes , sections , lines , and hawsers should
be adequately defined for the purpose of
establishing quantitative failure guidelines.

In order to develop the internal fr iction damping technique
to full utilization for synthetic materials , other work outside
the scope of the present program would be required. This in-

cludes :

1. Fatigue cycle monitoring of full size hawsers
would accelerate the transfer of this technology

to the SPM hawser safety program . The prelimi-
nary correlation made under this program between
remaining strength and specific damping capacity

should be refined . This work would permit a cor-
relation to be made between specific damping ca-
pacity and remaining useful life for full size
hawsers subject to cyclic fatigue. The inclusion
of environmental degradation in the test matrix
via exposure to ultraviolet radiation , salt water
immersion , etc . of cer tain samples would permit
quantifying the effects on the specific damping
capacity value of the various environmental forces .

L 
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This work may be expedited through interaction
with Coordinated Equipment Company in California ,
as Coordinated Equipment has the apparatus for
fatigue cycling full scale hawsers.

2. Acquisition of field data to acquire adequate
information on all Coast Guard approved lines ,
ropes , braces and hawsers, as well as spliced
sections , eye splices , etc . This information
would allow the determination of standard
regions of safe operation for these lines,
based on the correlations which could be made
to specific damping capacity .

3. Feasibility studies are suggested where other
synthetic materials are used in marine appli-
cations. Some areas where feasibility studies
should be performed are flcating hoses used in

conjunc tion with SPM systems , hovercraft skirts ,
buoy mooring lines , composite structural mate-

rials. Investigations should also be conducted
to determine the feasibility of utilizing the
internal friction damping technique as an aid
to quality control at the point of manufacture
for various items used in the marine industry .

In conc lusion , the successful contribu tion of the IFD-
NDE technique to the investigation for a nondestructive test

technique applied to synthetic materials has been defined .
Specifically , the first study of applying the technique to

six inch and eight inch circumference synthetic rope specimens
has shown feasibility of application to synthetic ropes . Rope
specimens have been found to have characteristic repeatable

specific damping capacity values , which are affected by de-
gradation due to fatigue and abrasion . Based upon the test
data , the technique is applicable not only to small and’ medium

ES.22
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size hawsers, but also full size SPM hawsers. Further work
leading to utilizing this technique for full size SPM hawsers
has been recommended and is strongly suggested . This technique
may also be applicable to many other synthetic materials ,
both for field evaluation of items in-service and for quality
control of newly manufactured items .

All of the objectives of the synthetic rope feasibility
study have been met. Ropes of various synthetic materials,

constructions and sizes have been tes ted , bo th dry and in the
saturated laboratory wet condition . The data was analyzed and

specific damping capacity values were correlated to the visible
condition of the ropes . Differences between new and used ropes
of similar size, material and construction were noted. Dif-
ferences between the values obtained in the dry and laboratory
wet conditions were also noted.

Conclusions have been drawn from the results. Where firm
conclusions could not be made but trends were noted , these were
discussed and the work needed to arrive at firm conclusions was

identified . Recommendations for further work needed to bring

L the IFD-NDE technique to full utilization in the evaluation of

synthetic ropes and hawsers have been made . Recommendations
for fur ther work in rela ted areas and for feasibility studies
for other synthetic material marine applications have also been

made .
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ENGINEERING FEASIBILITY OF INTERNAL

FRICTION DAMPING AS A NONDESTRUCTIVE
EVALUATION TECHNIQUE FOR SYNTHETIC ROPES

1.0 INTRODUCTION

The “Deepwater Ports Act of 1974” (Public Law 93-627 ,

1975) enacted legislation which authorized the Department of
Transportation (DOT) to license the construction and opera-

~ion of deepwater ports off the coast of the United States.

Of pri m ary concern to the licensor is tha t the licensee of
the deepwa ter por t can demons tra te the util iza tion of bes t
available technology in order to minimize any adverse envir-
onmental impact. Pur suan t to the Deepwater Por ts Ac t , the

United States Coast Guard (USCG) conducted research in tech-

nical areas rel ating to deepwater por t des ign , cons truc tion ,

and operation .

A major requ iremen t for deepwater por t cons truc tion and
opera tion is the design of the mooring system . Therefore , a

primary aspec t of the research program was the developmen t of
guidelines for deepwa ter por t sing le point mooring design.. (I)
This study investigated and provided guidelines for estab-

lishing design mooring loads for sing le poin t moorings (SPM)
and for the des ign of mooring components of SPM ’s. Within

the scope of the repor t , addi tional areas of inves tiga tion
were recommended in order to develop nondestructive means of

de termining new rope streng th because , “A reliable means of

de termining the breaking streng th of new , large diameter syn-

the tic rope by nondestructive testing as part of in-plant in-
spection is needed .” Moreover , the repor t fur ther recommends
that means and practices for determining used-rope strength

be developed because , “There is also a need for a n~ethod of
quickl y, easily and reliably determining the strength of used
rope through the inspection and nondestructive testing in the
field. ” (1)

1.1
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L
Therefore , in order to assist further in the mission of

the Deepwater Ports Project (DWP), and to address the recom-

mendations of the SPM guideline study , DAEDALEAN ASSOCIATES ,

Inc. (DAI) under contract to the USCG has conducted an m i -
tial technical feasibility study regarding the application

• of a nondestructive evaluation techniciue for detecting the

incipient failure of synthetic ropes used in single point
moorings of ships . The nondestructive evaluation technique
utilizes the phenomenon of internal friction of the synthetic

rope for detecting incipient failure modes. Under the pres-
ent program , this technique has been utilized for the nonde-

structive evaluation of “as-received” rope sections and for
“in-service” rope specimens with various degrees of degrada-

tion .
1.1 Backgroun d

Deepwater ports for very large crude carriers (VLCC)
are an essential element to the solution of our nation ’s en-
ergy transportation needs . VLCC ’s increase the efficiency
of oil transport by supp ly ing larger quantities per ship as
well as reducing the potential of cr itical oil shor tage trans-
portation occurrences to the United States .

1.1.1 SPM Definition

Following Exxon (1), an SPM system for tank-
ers is defined; the SPM for tankers consists of an integrated
mooring and cargo transfer system which incorporates either

a cargo swivel concentric with the mooring system or a moor-
ing swivel concentric with the cargo sys tem so the tanker can
freely swing ar ound the mooring in response to the environ-
ment while simultaneously transferring cargo .

The singl e po in t mooring sys tem is an ideal
system for mooring VLCC ’s because , “The tanker is free to a-
lign itself into the environment at an SPM , min im izing moor-
ing forces. Thus , the tanker can remain moored and continue
transferring cargo in environments more severe than could be

1.2
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tolera ted at moorings , such as piers and multiple buoy berths ,

where the tanker is held in a fixed heading . One of the prin-
ciple advantages of an SPM is it can be loca ted offshore in
uncongested deepwater instead of in protected , crowded bar-

bors and bays.” (1) Several SPM sys tems have been desi gnc~~,
including the catenary anchor leg mooring (CALM), the single
anchor leg mooring (SALM) and the tower type SPM . Of these

three principle types of SPM , the CALM is presently the most
used . Figure 1 i l lustra tes a typical CALM system .

A further advantage to the port operator of

the SPM over multipoint mooring is a reduction in capital

equipment cost resulting fr om the reduced amoun t of rope re-
quired for handling the ship. 

-

1.1.2 SPM Hawser Replacemen t
Pre sently, SPM hawsers are replaced at the

por t manager ’s discretion , usually quarterly or semi-annually
in accordance with SPM Forum Recommendations . (2) This is a

preventive measure undertaken to reduce the possibility of a

hawser failure . Hawser failures are most likely to occur dur-

ing storms , when high seas and strong curren ts induce addi tion-
al stresses on the hawser . Failure of the hawser could result

in ex tensive damage to the deepwa ter por t due to a coll ision
between the ship and the mooring buoy . Hawser failure could
also resul t in ecol ogical damage due to an oil spill if the
failure should occur during loading or unloading operations .

The capability to detect loss of mooring line
integri ty and impending failure of these lines using a nonde-
structive evaluation technique would avoid failures which re-

suit in the aforementioned damages . Moreover , such a technique
would allow the hawsers to continue in service as long as the

operational criteria for service is met. Proper utilization

of such a technique would minimize the costs associated with

both potential hawser failures and premature hawser rep lace-
ment , and would assist the shipping and transportation indus-

tries in the application of state-of- the-art technology .

1.3
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• ]..l.3 IFD-NDE Background

In order to present a chronological repre-
sentation of laboratory test data to full scale application

and field usage , the following three phase program regardin g
manned hyperbaric pressure chambers is discussed . Initially,

bar specimens one inch square by twelve inches long wer e eval-
uated for the U. S. Navy , Naval Facilities Engineering Command
(NAVFAC). These bar specimens were fatigued in f lexur e uti-
lizing three point loading to a total of iO~ cycles to frac-

ture . The materials were ductile steel (A514 and A537) with

yield stresses of 100KSI and 12OKSI. Six bars were notched

and welded while the remaining six bars were notched and did

not contain any welds. Base line data was evaluated for all

bars before fatigue cycling began . Data was obtained at con-

venient in terva ls throughout the load cycle history of the

bar specimens. Measured IFD values indicated incipient crack

forma tion in all 12 bars , wi th cra cking being pred icted from
6O7~ to 9Od/~ of the ultimate load cycle life of the various bar

combinations (i.e., welded A5l4 , unwelded A537 , etc.). An

important conclusion from the appl ied testing enabled the
iden tification of a mismatch of weld ma ter ial to base ma-
terial to be made . This conclusion was supported by test data

and subsequen tly confirmed by NAVFAC personnel.
The Naval Civil Eng ineering Laboratory (CEL)

extended the app lication of the IFD-NDE technique to pressure
vessels of similar material as the bar specimens . Eigh t inch
diameter by 37 inch long pressure vessels (.337 inch wall

thickness) were constructed of Schedule lOO-A53 steel. The

vessels were no tched along the long itudinal axis at the mid-
span so that failure would occur in approximately 10” load

cycles. The pressure vessels were failed by apply ing pre s-
sure cycle loads of 3 ,000 psi ; cycling the pressure between

extremes of 50 psi and 3,000 psi. Base line data was collect-

ed and the fatigue cycling was initiated on the five pressure

1.5
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vessels. In all cases the IFD-NDE technique predicted in-
cipient failure of the pressure vessels. The results of the

tests indicated that the prediction of failure could be cor-

related to the measured specific damping capacity. Moreover ,

the prediction of incipient crack formation occurred at 807~
to 90% of the ultimate life of the pressure vessels. The

logical extension of the IFD-NDE technique from thin walled
pre ssure vessels was fur ther confirmed by the results of thick
walled pressure vessel tes ts .

Two addi tional pressure vessels 60 inches in
length and 18 inches in inside diameter with a three inch wall

thickness were evaluated utilizing the IFD-NDE technique . These

vessels were evaluated with the previously es tablished tes t
procedure which resulted in a f ailure prediction at 2 ,000 pres-

sure cycles f or Vessel 1 and 10 ,000 pressure cycles for Vessel

2. The vessels failed after 3 ,000 and 14 ,000 cycles respective-
ly al thoug h they were designed to rup ture at approxima tely
100 ,000 cycles. The prediction of failure in the pressure ves-

sels also indicated the loca tion of the crack tha t was correc t
wi thin three inches of the actual crack (well within the limi-
tation of the ins trumen ted quadrant of the vessel). The fail-

ure was caused by an end plate failure in a butt weld. The

pressure vessel did not crack along the machined notch as it

was designed to do .

The resul ts of the previously repor ted pro-
grams led to the app lication of the IFD-NDE technique to two
large and comp lex hyperbaric pressure chambers . Results of

tes ts conduc ted on laboratory pressure vessels provided base
line data on the Ocean Simulation Facility (OSF) pressure

chamber in Panama City , Florida and the Submarine Fluid Dy-

namics Simulation Facility (SFDSF) in Annapolis , Md . The
OSF has three major systems which consist of a main chamber

15 feet in diameter and 40 feet long , a transfer chamber 12

feet in diameter and 15 feet long , and five smaller connected

1.6 
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chambers measuring six feet in diameter and six feet long .

Various on-site inspections including base line evaluation

of the OSF pressure chamber have indicated no incipient crack

formation has taken place. This result has been confirmed

by frequent in-service inspection by the -U. S. Navy Inspector

General’ s proof load pressure cycle tes ts .
Additional IFD-NDE results were acquired on

the SFDSF for both base line and in-service conditions . The

results of field tests indicated that an incipient crack was

forming near a relief valve weld. Subsequent hydros tatic
tests at ll07~ of y ield opened the crack and demon stra ted the
successful application of the IFD-NDE technique in isolating

and predicting the crack forma tion .

In addition to the pressure chamber tests ,

various componen t par ts (cap bolts , bypass lines , primary

piping sys tems , etc.) of nuclear reactors have been evaluated

and are in the process of being field tested utilizing the

IFD-NDE technique . The nuclear industry ’s inspection pro-

cedures are required to identif y incipient failures because
of the inherent safety requirements of the system . The field

service test conditions in the reactor environment require in-

ternal pre ssure of 1100 psig, 288°C fluid temperature with flow
condi tions of 2500 gpm and mechan ical loading of 1370 psig for
the calculated hoop stress in the feedwater pipe system . More-

over , the application of the IFD-NDE technique to drill string

pipe , an offshore platform model and wire rope specimens , con-

firmed the expected results of incipient cracking , ma ter ial deg-
radation and failure detection . The drill string pipe program

initially identified the correlation of measured specific damp-

ing capacity to a measure of time of use of the drill pipes.

The internal fr ic tion damping values were recorded f or numer-
ous tests along with base line values and associated confidence

limits . The generated data base enabled a mathematical model to
be postulated that accounted for various individual and combined

1.7
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forms of degradation and failure . The established failure

criteria that was based on the accumulated data was then cor-

related to the internal friction damping measurements. Thus ,

the rejection criteria based on IFD measurements for individ-

ual and combined failure modes was established . This rejec-

tion cri teria wil l  be evalua ted by field data and will con-
firm the failure mechanism model. A specification based on

the failure mechanism model and the rejection criteria that
* utilizes the IFD measurements is being established for drill

string pipe . This specification will enable the user to de-

fine adequately that time in the load cycle history of his

drill pipe that the pipe can no longer function as it was in-

tended. The evaluation and confirmation of the failure mech-

an ism model through field testing is being performed at this
time .

1.2 Objectives of Program

A complete research and development effort for the

application of a nondestructive evaluation technique for de-
tecting impending f ailure of SPM hawser s and mooring lines
would be carr ied out in a three phase program . The follow-

ing overall objectives are required in order to complete

this program :

PHASE I

• Evaluate the feasibility of apply ing the
IFD-NDE technique to synthetic ropes.

• Generate the required base line engineer-

ing data for the specific app lication to

syn thetic ropes used in mar ine scenarios ,

par ticularly as rela ted to potential DWP
usage . 

- -
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PHASE II

Design and develop the necessary apparatus
including individual subsystems for testing

and evaluation in the field.

PHASE III

• Field test the prototype system under actual

in-service operating conditions in order to

evaluate and demonstrate the associated per-
formance and reliability of the equipment and

technique.

This document presents the final report for the ini-
tial phase of technical feasibility evaluation and laboratory
data generation . The purpose of the initial phase of this pro-

gram has been to answer specific questions regarding the fea-

sibility and applicability of an internal friction damping non-
destructive evaluation technique for six and eight inch circurn-
ference synthetic ropes commonly used in port operations . The
initial phase consisted of modification of the existing equip-
ment and technique , and then the generation of the required en-

gineering data for typical synthetic rope samples obtained from
both rope manufacturers and field service.

1.2 .1 Task Statements

In order to address the purpose of the tech-

nical  feas ibili ty and labora tory data generation (Phase I),
specific tasks were performed. The program contained the fol-

lowing seven tasks .

TASK I - Modify the internal friction

damping ins trumentation sys tem
for synthetic rope application .

1.9 
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TASK II - Procure synthetic rope samples

from American Rope Manufactur-

ing Co., Columb ia Cordage Co.,

Southwestern Cordage Co. , and
Samson Ocean Systems , Inc.

TASK I I I  - Obtain the specific damping ca-

pacity (internal friction damp-

ing) respon se of the “as manu-
factured” sections of six and

eight inch circumference rope

sections.

TASK IV - Obtain from port operators , tank-
er operators , and towing compa-

nies samp les of used rope sec-

tions identical in material ,

construction and size to the

“as manufactured” rope sections .

TASK V - Measure the specific damping

capacity response of the used

rope sections.

TASK VI - Analyze and correlate the spe- -

cific damping capacity response

for “as manufactured” rope sec-

tions and compare to used rope

sections of the same size , con-

struction and material.

TASK VII -- Prepare a Technical Report and

progress reports that refl’ect

the salient accomp lishments of
the program at specified inter-

vals.

1. 10 
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This report presents the data generated and

conclusions developed as a re sul t of the stud y. Section 2 of
the report discusses the theory and app lication of internal
friction damping . Section 3 discusses the experimental ap-

paratus and measuring technique . Section 4 is a discussion

of the experimental results. The conclusions and recommenda-

tions are discussed in Sections 5 and 6.

1.3 Scope of the Program

The scope of the techn ical fea sibility program has
included six and eight inch circumference rope . The rope con-

di tions were tested “as received” and after field service. Both
laboratory we t* and dry conditions were evaluated. Three con-

structions (three strand twisted , eight strand br aided and dou-
ble br aided) were analyzed and included in the overall scope of
work . The three common materials of construction that were uti-

lized were nylon , Da cron and pol ypropy lene . The specific type

of ny lon used in each rope specimen is unknown .

Several different manufacturers provided the new rope

sections . The used rope sections were obtained from several ma-

rifle towing companies and related marine industries . Matched

pairs of new and used rope were tested in regard to the mate-

rial , the construction and the circumference. The ropes were

tes ted in six foo t se ctions under tensile loads which varied
from 5% to 20% of the breaking strength . Nominal applied load

to the six inch circumference rope was 10,000 pounds , and the

associated applied load tb the eight inch circumference rope
was 20 ,000 pounds . Specific damping capacity measurements

were made as a func tion of the es t~ablished time dependency
of the test interval. These measurements were used to eval-

uate the technical feasibility of utilizing the specific damp-

ing capacity for synthetic rope (hawsers) applications .

* Laboratory wet = Soaked for at least 24 hours in synthetic
sea water solution .
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2.0 THEORETICAL DEVELOPMENT OF INTERNAL FRICTION DAMPING

The theory preset~ted in this chapter includes a discus-

sion of internal friction damping on macroscopic and micro-

scopic scales. The macroscopic view of internal friction

damp ing is a relaxation process. The microscopic view con-

siders the motion of dislocations which are pinned down by

impurities and other dislocations . These two views are eval-

uated from the thermal diffusion coefficient and from the ac-

tivation energy required to pass two dislocations over each

other .

2.1 Internal Friction Damping of Materials

It is well known for over a century that materials

manifest deviations from perfect elastic behavior even at small

stress levels. Zener (3) called this behavior “anelasticity .”

Since real solids are never perfectly elastic , some of the ir
mechanical energy is always converted into heat. The various

mechanisms by which this occurs are collectively termed as in-

ternal friction damping . Moreover , real solids exhibit a hys-

teresis loop whereby the stress-strain curve for decreasing

stresses does not exactly retrace its upward path . Even though

the offset in the magnitude of the hysteresis loop is negligi-

ble for static loading , it is an important factor in the mate-
rials ’ dynamic response. In addition to hysteresis , vi scoelas-
tic materials exhibit mechanical relaxation by an asymptotic

increase in strain resulting from the sudden application of a

fixed stress; and conversely , by an asymptotic relaxation in

stress whenever they are suddenly strained . This mechanical

relaxation has an associated relaxation time , the direct re-

sult of which is the severe attenuation of vibrations when-

ever the imposed frequency has a period that approximates the

relaxation time .

2 .1. 1 Specific Damping Capacity Definition

The most direct method for defining inter-

nal friction damping is by the specific damping capacity.

-- 
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Precisely, the specific damping capacity, Y , is defined by:

Y E [1]
w

where : -

t~W = the energy dissipated in one cycle , and

W = the total energy of the cycle .

The mechan ism by which the energy is di ssipated may be any
one of the following (4):

1. relaxation by thermal diffusion ,

2. relaxation by atomic diffusion ,

3. relaxation by magnetic diffusion ,

4. relaxation by ordered distributions ,

5. relaxation of preferential distribu-

tions ,

6. stress relaxation along previously

formed slip bands ,

7. stress relaxation across grain bound-

aries , and
8. stress relaxation across twin inter-

faces.

2.1.2 App lication of Internal Friction Damping
The phenomenon of in ternal f r i ction damp ing

of ma terial .s is used throughout the world to test authentic-
ity of coins , the soundness of castings , the opera ting condi-
tions of ra ilroad wheels , and the quality of musical instru-

rnents and glassware by listening to the tone and duration of
sound. (5) The study of internal friction damping has been

very useful as a research tool in physical metallurgy , in vi-
bra tion control of high speed mi ssi les , p lanes , and vehicles ,

in fa tigue of ma teri als , and in the study of the mechanical
proper ties of viscoelastic material s from the stand poin t of
theoretical and analytical verification . There are various

technical terms to characterize this phenomenon : internal

2.2
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friction damping , logarithmic decrement , hysteretic constant ,
viscosity , elastic phase constant , specific damping capacity ,
and so on. For the purposes of this report , internal fric-
tion damping describes the technique for utilizing the speci-

fic damping capacity of the synthetic rope . Internal friction

damping measurements are a standard technique (6-11) for eval-
uacing how energy is absorbed as a function of changing mate-

rial variables . These material variables include the grain

size , the chemical composition , interstitial elements , dislo-
ca tions , precipitate particles , strain rate effects , etc . The
study presented in this report is the first research under-

taken to app ly the internal f r ic tion damping nondes truc tive
evalua tion technique (IFD-NDE ) to a nonlinear elastic mate-
rial .

2.2 Macroscopic Evaluation of Internal Friction Damping

From the theory of elasticity based on Hooke ’s Law ,

a body is considered in equil ibrium under the act ion of applied
forces when the elastic deformations take on static values . Many

solids do not depart seriously from this perfectly elastic be-

havior for small  def orma tion s and the ob tained resul ts agree
well with the predictions from the elastic theory . Within the

realm of Hooke ’s Law , the onl y d i f f e rences be tween ind ividual
solids results from differences in their elastic constants and

their den sities . However , when sol ids are subjected to for ces
tha t are rapidly chang ing , the response to these for ces mus t be
considered in terms of the dynamic el astic proper ties of the

H material. (12)

Real solids are never perfectly elas tic , so when they
are set in vibra tion , some of the mechanical energy is always
conver ted to hea t. Thus , durin g vibra tions , the na tural oscil-
lations of the specimen decay even if it is environmentally iso-

lated. The various mechanisms by which this occurs are collec-

tively termed as internal friction damping . The vibrational

amp litude of a specimen should , in the absence of internal

2.3

I
— - - — -  - /

_

_
• - -

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- -

~~~



Pr- “ 
-•,•--—- - - •- ---------- -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
.-.- -----

------ -•-------— - -- - - - - - - - - - -
~~~~

-- ---- - -— - -—- - -  -- --_ —- ----- _______

L.

friction damping , increase indefinitely when vibra ting at its
resonant frequency ; but , in practice , this amplitude always as-
sumes a finite value . Moreover , real solid s exhibi t a hys tere-
sis loop whereby the stress-strain curve for decreasing stresses

• 
- does not exactly retrace its upward path . Even though the mag-

nitude of the hysteresis loop is negligible for static loading ,
it is an impor tant fac tor in the materials ’ dynamic response.

In addition to hysteresis , viscoelastic materials exhibit me-

chanical relaxation by an asymptotic increase in strain result-

ing from the sudden application of a fixed stress; and converse-
ly, by an asymptotic relaxation in stress whenever they are sud-

denly strained. This mechanical relaxation has an associated

relaxation time , the direc t result of which is the severe at-
tenuation of vibra tions whenever the f r equen cy of vibr ation has
a period tha t approxima tely equals the relaxation time . As pre-

viously stated , the most direct method defining internal f r i c-
tion damping is the ratio ~W/ W , where AW is the energy di ssi-
pated in one cycle and W is the total elastic energy of the

• cycle. This ratio is called the specif ic damping capacity
and can be mea sured for a given response frequency of the
specimen .

2.2.1 Internal Friction Damping as a Relaxation

Process
For viscoelastic materials , it was shown by

Zener (13) that internal losses are the contributing factor

for internal friction damping ; and therefore , the mechanism
of internal friction damping is described herein as a relax-

ation process. For vibrations whose frequencies are compara-

ble with the time required for the relaxation process , there
is an irreversible conversion of mechanical energy into heat

which appears as internal friction damping . Zener (14) has

solved this heat transfer problem , and for vibrating strings

the specific damp ing capaci ty is g iven by:

2.4
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where y = (i~/h)2D , and D is the thermal diffusion coefficient ,

The maximum specific damp ing capacity occurs at frequency f0
which is obtained from equation [2] as:

The impor tan t phys ical in terpre ta tion of thi s work is tha t in-
ternal friction damp ing is a relaxation process. This process
is governed by a characteristic time which corresponds to the
“peak” frequency and is referred to as the relaxation time .

Moreover , the internal friction damping resulting from the re-
laxation and diffusion process occurs whether or not the solid

is homogeneous . Within any viscoelastic material , neighboring
grains may have dif feren t crys tallographic directions with re-
spect to the direction of strain . Randall , Rose and Zener (15)
have measured the internal f r i c tion damping in specimens of var-
ious grain sizes and found that , at the frequencies used , the

maximum damping occurred when the size of the grain has an am-

plitude close to that predicted by equation [3]

2.2.2 Logarithmic Decrement

The specific damp ing capacity and associated

dynamic response of the material is characterized by the damp-

ing coefficient or logarithmic decrement which can be expressed

as:

i~~~~ / A~~
= (-11 l l n  —

~~~ 
‘
~ [ 4 ]

\ N /  \ 
An/

where ~ is the damping coefficient , A0 is the vibrational am-
p litude of the reference cycle , and A~ is the vibra tional am-
p li tude af ter N cycles . From the determinat ion of a , the
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specific damping capacity (~W/W) for materials is calculated

from the following equation :

= i_e 2a [51

2.3 Microscopic Evaluation of Internal Friction Damping

The macroscopic development of internal friction
damping is a relaxation process. The microscopic evaluation

determines the motion of dislocations that are pinned down by

impurities and other dis loca tions . The mi croscop ic evalua tion
is based on the mechanical behavior of grain bound ary slip for
viscoelastic materials.

2.3.1 Gra in Boundary In terac tion
Ke (16) used the ideas of internal friction

damping as a relaxation and diffusion process in order to eval-

uate the mechanical behavior of grain bound aries for polycrys-
talline-materials . By conduc ting exper imen ts on the damp ing
characteristics of pure ma terials , the corre sponding in ternal
friction damping produced by grain bound ary slip was investi-
gated. Moreover , Ke showed that internal friction damping

could be rela ted to gr ain boundarie s behavior as a viscous ma-
terial , and an elemen tary model f or vi scous slip along the
grain boundary was constructed . The result of the model re-

lates the coefficient of viscosity n of polycrystalline mate-
rials to their relaxation time T as follows :

T [6)

where d is the effective grain boundary thickness , E is the
Young’s Modulus , and m is the grain size . Ke computed the
coefficient of viscosity for pure aluminum by determining
the elastic modulus from the natural frequency of vibration

and by determining the relaxation time from internal friction
damping measurements.
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i~. 2.3.2 Disordered Groups

Ano ther approach to the mechanism of viscou s
slip along the grain boundary was developed by Orowan (17),

who considered disordered arrangements of atoms which are re-

ferr ed to as “d isordered group s” or dislocations . By deter-

mining the stress distribution around the two critical atoms

in the “disordered group ” , and by determining the shear pro-
cess by which they can pass over one another , the fol low ing
expression was obtained for the coefficient of viscosity of
in tercrys tal l ine slip as:

= (+) e}h hIP~
T [7]

where the activation energy H is that which is required to

pass the two critical atoms over each other , and s is the

density of “disordered groups .” By observing the vi scous
behavior of grain boundaries under small shear ing stre sses ,

King , Cahn , and Chalmers (18) showed tha t the me chanism of
grain boundary slip in terms of “disordered groups” experi-
mentally satisfied the mechanical behavior of the boundary.

2.3 .3 Stress Relaxation Across Grain Broundary

Prior to Orowan ’s work , Ke (19) had consid-

ered the relaxation dependence of internal friction damping

and of the modulus of elasticity for aluminum as a fun ction
of the frequency and the grain size of the specimen . It was

demonstrated that the manifestations of internal friction

damping can be expressed as a function of the parameter

(m• f ‘ e~/RT), and a relationship was experimentally ob-
tam ed for the specific damping capacity of aluminum as
follows :

- 

- 

~ (m. f’ e
H/RT) [8)
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where H is the activation energy associated with the stress

relax at ion acros s the grain boundary arising from the viscous
behavior of the grain boundaries.

2.3.4 Dislocation Density

A contributing factor to the internal fric-
tion damping results from the motion of dislocations which are
“pinned down” by impur ities , precipitates , and other disloca-
tions . Internal friction damping for viscoelastic materials

is sensitive to the amount of previous cold work and to the
chemical composition of the material. (20) By peforming in-
tern al f r i c tion damping measuremen ts made over several orders
in magnitude range , Koehler (21) considered the effect of im-

puri ties on the logari thmi c decrement. Viscoel astic specimens
were subjected to external shearing stresses for a large range

of f requencies and it was assumed that since d i f f u s i on is an
extremely slow process at room temperature , the impurity atoms

are comp le tely unable to follow the alternating stress. The

dislocations were , therefore , anchored to the impurity atoms ;

and it was further assumed that the portion of the line dis-

location between two impurity atoms oscillates on its slip

p lane like a stretched string . Thus , the fewer the impuri-
ties , the longer is the string length. Koehler solved the

governing differential equation relating the applied shear-

ing stre ss tending to move the dislocation along its slip
plane to the equation of motion of the pinned-down disloca-

tion loop .

2.3.4.1 Dislocation Disp lacemen t
Koehler obtained expressions for

the avera ge displacemen t of a disloca tion of a g iven leng th
and for the shearing strain produc ed by this single loop in
a cube of material of edge , L. Furthermore , from a consid-
eration of a random distribution of atoms of solute along the

di slocation line , an expression was obtained for the prob abil-
ity of finding two impurities separated by solvent atoms . The
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probability is directly proportional to the concentration of
impurities , c , along the dislocation line . Finally , the log-
arithmic decrement was calculated by obtaining expressions for
the energy loss per cycle and the total vibrational energy in
the cycle . The specific damping capacity was found to vary
with concentration of impurities as:

t~W NBp 3 [ 9 ]
W c~~L

3 E

where p is the interatomic spacing , N is the number of atomic
lengths of dislocation line , and B is the damp ing force acting
on the dislocation . Experimental verification of equation [ 9 ]

is found in the fact that internal friction damp ing measure-

ments conducted on copper alter 40 hours exposure ~~ t 1 ,000~.C
in a vacuum showed that the logarithmic decrement was one or -

der of magnitude greater than the logarithmic decrement of cop-

per af ter 20 hours exposure at 1,000°C in hydrogen at atmos-

pheric pressure . This dislocation concentration was further in-

creased when a small percent by weight of iron was added t o  cop-

per during melting and exposed to the above vacuum anneal. The

logarithmic decrement for the copper-iron alloy decreased t~~ -o

orders of magnitude as compared to initial copoer measurements.

2.3.4.2 Pinning of Dislocation Lines

Further verification of the theory

- 
t regarding the change in internal friction damp ing by the pin-

ning of free lengths of dislocation lines by impurity atoms is

presen ted by Thompson and Holmes. (22) Internal friction damp-

ing measuremen ts were made on copper test spe c imens subjected
to neutron bombardment. The investigators showed that the neu-
tron damage adds to the effective impurity p inning already pre s-
ent through interstitial and vacancy atoms .

2.3.4.3 Relationship of Dislocation Density

to Speci f i c Damp ing Capacit~y
By elimina ting the viscosity term

from equations [6] and [7], the following expression is obtained :

~~ 
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4 ET = ~ e~~
’RT [10]

substituting the exponential term into equation [8] gives:

[11]

At the “peak” frequencies , r - 1/f 0 f. Therefore , rf ~l

for frequencies in the vicinity of the “peak” ampl itude fre-
quency . Equation [11] then becomes:

i~W dE_ c ~ __ .
~~~~~ [12)

w T

This shows that the specific damping capacity is proportional

to the dislocation density , s , which is the number of disorder-

ed pairs or the disordered density of the material. The dis-

ordered density of a material increases as the number of load

repetitions increase. Figure 2 (23) illustrates the increase 
—

in the dislocation density as a function of the number of load

cycles (ln N).

For cyclic loading of rope materials ,

slip bands (arr ays of dislocations) will  widen on the tensile
cycle by sl ip interf erence , producing cross-slip dislocation .

On the relaxa tion cycle , dislocations at the edge of the band s
are forced back through regions of relatively high def ect den-
sity . Interactions between these dislocations and loops , point

defec ts , and other disloca tions e f fec tively str ain the exis ting
structure so that nucleation of new slip lines is subsequently

favored over widening of the old ones. Snowden and Crosskrentz

(24) have investigated the dislocation structure by transmission

electron microscopy . Figure 3 experimentally illustrates that

the internal friction damping is closely correlated to the
strain in the outer layers of the test specimen . This figure
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also shows the close dependen t rela tionsh ip between the in-
ternal friction damping and the strain in the outer layer.

Moreover , it was observed that tangles formed on separated

primary slip pl anes af ter only a few loading cycles. With

continued cycling , these tangles spread Into unstrained zones

parallel to the slip planes. Transition from initial harden-

ing to saturation coincided with the fo-rnation of a rather

loosely knit , but regular cell structure . This structure

remains rel atively stable throughout thL bulk of the useful
fa tigue life of the material. Dislocations and dislocation

debris from this cell structure interacted at strain centers

in the material. When the so-called “dormant” phase (25) was

over (i.e. , when dislocations were no longer able to move

f r eely due to increasing debris and new slip and dislocation
climb would initiate the crack formation process), the crack

initiation slowly grew (Stage I) with each strain increment;

and then with increasing rapidity (Stage II), until the re-

maining cross-section fiber became small enough to break corn-

pletely in a single tensile stroke . It is the defect distri-

bution from the cell structure that is related to the specific -

damping capacity of the material. Moreover , corrosion fatigue

stress accelerates failure because the corrosive media prefer-

entially attacks the strain centers of the dislocation inter-

actions and passivating f i lm s (26)  .
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3.0  EXPERIMENTAL APPARATUS AND TECHNI QUES

This section details the experimental apparatus including

the internal f r i ction damping (IFD) nondestructive evaluation
(NDE ) ins trumen tation equi pment necessary for data generation .

The equipment necessary to generate the input response and mon-

— itor and anal yze the output decay is discussed along with the
necessary data reduction techni ques.

The data analysis and reduction techniques are discussed

- along with the associated equipment , both hardware and soft-

ware that are required for the app lication of the IFD-NDE tech-

nique to synthetic rope . Included is a discussion regarding
the design and construction of the synthetic rope specimen sup-
port apparatus , the special mounting fixture , and the loading

device . A schemat ic  r e p r e s e n t a t i o n  of t he  e le c t r o n i c  equi p-
ment , the suppor t  a p p a r a t u s  fo r  the  rope spec imens  and the
h ydraul ic  loading dev ice  in shown in Fi gure  4 .

3. 1 Descr ip t i o n  of I F D - N D E Ln~~trur uentat i n

The internal friction damping technique requires

an input pulse and an associated output si g n a l .  The s p e c i f i c
damping capacity is determined from the resultant decay curve

of the output  s igna l .  Rep re sen t a t i ve  damping decay curves  in-

dica t ing  changes in the i n t e r n a l  f r i c t i o n  for  inci p ient  crack
detection are shown in Figure 5.

3. 1.1 Input Pulse

A continuous per iod ic  si gnal  at a spec i f i c
frequency is supplied by an electronic oscillator which in-
duces vibration into the synthetic rope specimen . In app li-
cation , the technique uses the input of periodic excitation

pulses . The input pulses are generated by a beat frequency

oscillator gated through a tone burst generator to a perma-

nent magnet vibration transducer. The beat frequency oscil-

lator supplies a continuous periodic signal at a specific

frequency and a tone burst generator is used to gate the

3.1
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signal from the oscillator into a series of discrete pulses.

The generator controls the pulse duration and the time inter-

val between pulses. The noncontact , magnetic , vibra tion in-
put transducer converts the electrical pulses from the gener-

ator into mechanical vibrations . A gating device control s the
duration of the input signal and simul taneously triggers the
storage oscilloscope in order to record the vibrational decay .

3.1.2 Vibrational Response

The electronic signal provided by the osc il-
loscope is converted into mechanical vibration through the mag-
netic input transducer which produces a variation in the mag-

netIc field on a steel disc attached to a rope . The vibration-

al response is measured by a noncontact magnetic output trans-

ducer. The output transducer converts the vibrational response

of the rope to an electronic signal. The signal from the Out-

put transducer is filtered and amplified by an audio frequency

analyzer and disp layed on a storage oscilloscope. The specific
damping capacity is determined from the decay curve of the in-

put pulse. The magnetic output transducer converts the vibra-

tional response of the specific component to an electrical sig-

nal. The output signal from the ou tpu t transducer is f i l tered
by an audio frequency analyzer and the output decay curve is

disp layed on a storage oscilloscope which is externally trig-

gered by a synchronous output from the tone burst generator.

Measurements of the vibration decay are made

between pulses with an output transducer . The generation of

these pulses requires an oscillator coupled to a tone burst

generator. On the pick-up side , the uni t measures a wide
range of damping levels , and various degrees of amplification

in time and in signal strength . The amplification units will

consist of a voltage amp lif ier for the amp litude of the re-

ceived signal and an oscilloscope for the spread in time of
the received signal.

3.4
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L The selection of the major components has to
satisfy practical requirements to allow meaningful interpreta-

tion of results. Such design criteria require :

1. Frequency range : 20- 20,000 Hz
2 . High pick-up sensitivity -

3. High signal/noise ratio
4. High accuracy of measuremen ts
5. Hi gh amp l i f i cation (100 dB)
6. Minimum harmonic distortion

A comparison of available off-the-shelf equip-
inent led to the selection of several commercially available in-
struments.

3.2 Description of Instrumentation

A description of the electronic components and of the

test apparatus is given in this section . The selected components
are assembled as shown in Figure 6.

3.2.1 Beat Frequency Oscillator

The beat frequency oscillator is a precision

signal gener ator covering the range of 20 - 20 ,000 Hz. It op-

era tes on the he terodyne pr in cipl e using two hi gh frequency
os cillators , one of which resonates at a f ixed f r equency wh ile
the frequency of the other can be varied. The required audio
frequency is then ob tained by mixing these frequencies to pro-
duce a beat frequency . The purpose of the frequency oscilla-

tor within the test apparatus is to generate a continuous oe~—

riodic signal that will be reduced , at a later stage , into a

series of pulses .
3.2.2 Tone Burst Generator

The tone burst generator operates as a high

quality fast switch that alternately interrupts and passes an

input signal. The tone burst generator interrrupts a continu-

ous tone into a series of bursts applied to the input . The

instrument controls the burst duration and interval between

3.5
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burs ts by counting the number of cycles or by actually timing
the duration and interval. The purpose of the tone burst gen-

erator within the test apparatus is to reduce into pulses the

continuous signal generated by the frequency oscillator . The

tone burst generator controls the pulse duration and the time

be tween pulses.
3.2.3 Magnetic Exciter and Output Transducer

The noncontact magnetic vibration transducer
is a small vibration exciter covering the force range up to 7
Newtons (1.5 lbf). I t has a wide f re quency range with low
cross-motion . The purpose of the exciter within the test ap-

paratus is to convert the electrical pulses into mechanical

vibrations . The AC signal generated by the oscilla tor pa sses
through an in ternal coil which surr ounds a magnetic pole , and
induces a f lux  change in the magne tic f ie ld  before the tr ans-
ducer. The magnetic output transducer is a variable reluctance

device which can be used as a velocity sensitive vibration out-

put transducer or as an electromagnetic vibration exciter . The

output transducer consi sts of a cy lindri cal permanen t magne t
within a Teflon Th base coil. The winding combines high sensi-

t i v i t y  with low internal  impedance . Both coil and magnet  are
electrically isolated from the housing .

The magne tic output transdu cer r espond s to
excitation of the syn the tic rope under load by gener ating an
AC outpu t vol tage propor tional to the rope def le ct ion . The

purp ose of the pickup within the test apparatus is to measure
the vibra tional respon se of the spe cimen when dr iven by the
exci ter . Syn the tic ropes are no t magne tic which requ ired the
use of p discs (easily magne tized me tal disc s) to establ ish the
input location and a similar output location . The use of these
discs in no way al tered the na tural re sponse of the syn the tic
rope .

- _ _ _ _ _
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3.2.4 Frequency Anal yzer
The audio frequency analyzer has been de-

signed expecially as a narrow band sound and vibr ation ana-
lyzer , and is of a constant percentage bandwidth type . It

consists of an input amplifier , a weighting network , and a
selective amplifier section (band pass filter) . Its purpose

within the test apparatus is to filter and amplify the out-
put signal provided by the magne tic outpu t transducer .

3.2 .5 Storage Oscilloscope and Level Recorder

The stor age oscilloscope is con trolled by
a voltage amp l i f i e r  for  the ver t ical  axis and a time base
for the horizontal axis. The voltage amplifier , amplifies
the signal from the frequency analyzer , and allows ver tical
amplitude adjustment to the signal. The time base controls

the sweep rate of the elec tron beam in the horizon tal direc-
tion . The osc illoscope is ex ternal ly triggered by the ga ting
device so that the beam trace beg ins simul taneously wi th the
interrup tion of the input signal to the input transducer . The

tra ce con tinues as the vibr ation of the rope decays , recording
the output amplitude as a function of time . A photograph is

taken of the stored trace and later analyzed to yield the spe-

cific damp ing capacity value (AW / W) . An examp le of the decay

r curve as recorded by the storage osci lloscope is shown in Fig-
ure 7.

A second alternative for signal record ings
is given by a level recorder combined with recording paper .

The level recorder is designed to record the RNS , Average or
Peak Leve l of an AC signal in the range from 2 Hz to 20 kHz.
Recordings are mad e on preprinted line or frequency calibrated
strip- chart paper as functions of either time or frequency .

Its purpos e within the tes t appara tus is to make a permanen t

recording of the ou tpu t signal from the accelerometer.
3.2.6 Description of Test Assemb ly

The beat frequency oscillator generates a

3.8
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sinusoidal signal of a predetermined frequency . This signal
is transformed into a series of pulses by the tone burst gen-
erator . The generator sets the length between pulses and the
pulse duration . The output from the tone burst generator drives
an elec tromagne t exci ter , which thr ough the p discs , vibra tes

- 
- 

the specimen . The amplitude of the vibrations are regulated

by the beat frequency oscillator .

The vibrations within the specimen are picked
up by the output electromagnet and amplified by a voltage am-
plifier. Before amplification , the signal is filtered to elim-
inate secondary vibration from the output signal. The voltage
amp l i f ier and f iltering system are combined into the frequency
analyzer . The signal is recorded on a storage oscilloscope or
wi th  a leve l recorder .

3.2.7 Instrumentation Calibration

The calibration of the test appara tus is per-
formed in two steps. The driving signal is calibrated during
the first step and the output decay signal is calibrated as a
second step

To cal ibrate  the driving signal , a continuous

vibration of the specimen over the frequency range of the beat

frequency osc ill ation is made . This procedure enables the de-
terminat ion of the na tural frequen cy of the rope specimen , since
each specimen has a different frequency . The pulsed input sig-
nal is generated to op timize the signal parameters (pulse am-
pl itude , pulse duration and pulse periodicity).

The cal ibra tion of the outpu t vibra tion decay
for  accura te re cordings consis ts of two par ts . Firs t , the out-
put signal amp li tude is op timized using d i f feren t levels of am-
p lification . Then , the time spread of the vibration decay is

set to occupy between 5 to 10 centimeters on the disp lay of
the oscilloscope.

At this poin t , the calibration of the experi-

mental test apparatus is completed and a permanent recording

3.10
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of the output signal can be performed . This permanent record-

ing can be achieved ei ther on the oscilloscope ‘s tora ge memory)
or on the level recorder (tracing of the decay slope on cali-

brated strip-chart paper). A complete discussion of the oper-

ation of the IFD instrumentation equipment can be found in

Appendix A .

3 .3 Design and Construction of Specimen Load Fixture
3.3.1 Support Frame

The initial rope support system allowed for

testing of a three foot section of rope . The rope ends were

epoxied into cy lindrical end fittings. One end fitting was

attached to the support frame ; the other was attached to the

hydraulic power cy linder . Using this system , the vibration

of the three foot length of rope could not be monitored. The

rope stiffness at this length was greater than the correspond-

ing force of vibra tion being app lied by the elec tromagne tic
transducer. Therefore , further modification of the test ap-

paratus was undertaken . The support frame was lengthened so

that a six foot length of rope could be tested. Testing was

initiated using this system , app lying loads through the hy-
draulic power cy linder up to 1,700 pound s on the six inch cir-
cumference rope specimens and up to 3,400 pounds on the eight

inch circumference samples . However , the f ollowing f indings

r led to the des ign and construction of a comp lete new rope sup-
port and tensioning apparatus .

1. Resonant frequencies of the ropes were

in the neighborhood of 20 Hz when loaded
to the tensions given above . This is the

lower limit of the frequency analyzer.

2. Specific damping capacities varied for

the ropes tested when the tension was

increased throug h the range of loading
indica ting that the load on the ropes

3.11
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was insufficient to produce elastic be-

havior .
3. Ac tual working loads on the ropes beyond

1,700 pounds and 3,400 pounds , respective-
ly, were not attainable because of failure

— 

of the epoxy which secured the ropes in-
side the cylindrical end fittings.

4. More meaningful data to actual field con-

ditions could be generated if the specific

damping capacity information was obtained

wi th the rope samp les under a load approx-
imating in-service working loads ; i.e., 10
to 17 percent of “breaking strength .” (2)

3.3 .2 Rope Support and Tensioning Systeth

Because of these findings , a new rope suppor t
and tensioning system was desi gned and cons truc ted . The ele-
ments of the new system allow loads up to 65 ,000 pounds to be
applied . The major structural elements of the support system

are two struc tural steel channels , 10 feet long , which are des-

ignated C8 x 11.5 (8” depth , ll.5#/ft.). These each have a

cross-sectional area of 3.38 in2 , which allows a maximum load
of 135 ,000 pounds under short column loading conditions . A

reinforced steel p la te at one end provide s suppor t for the
nonmoving end of the rope and braces the two channels . A hy-

draulic power cylinder is mounted at the opposite end to load

the rope specimens in tension . Two bridges are p laced be tween
the channels , six feet apart to control the length of rope be-

ing tes ted . Figure 8 schematically illustrates the rope sup-

por t and tensioning appara tus . Figure 9 is a photograp hic
view of the support system .

3.3.3 Hydraulic Power Cylinder

A hydraulic power cylin~9r was obtained which
has a five inch diameter bore and 20 inch stroke . The long

3 .12  
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stroke minimizes repo si tioning o f the cy linder as rope spe ci-
mens elongate under load. The piston area for the cylinder

under tensile load is 14.75 in2 , giving maximum tens i le  load
capabil ity of 74,000 pounds at the rated static pressure. Di-

rectional control of the hydraulic cylinder is effected by a
double ac ting direc tional valve which is activa ted by two sole-
noid relays . Figure 10 is a photographic view of the power
cylinder attached to the base plate .

3.3.4 End Fittings

End fittings for the ropes were designed and
fabr icated, allowing high tensi le forces to be applied wi thou t
the ropes breaking loose from the end fitting device . The end

fittings are similar in design to a reduced shear stress end

fitting patented by the U. S. Navy under U. S. Patent Number

3 ,960 ,459 . Figure 11 illustrates the Navy system . The modi-

f ied desi gn provides for the hawser to be imbedded in a con i-
cal plug of castable epoxy and surrounded by a steel member
having a complimentary tapered surface. The steel member acts

as the mold for the castable material . The tensile stress is

distributed over the surface of the tapered plug , ther eby pre-
ven ting localized stress concentrations . This fitting design

4 dif f e r s  from the Navy f i tting design in that the entire steel
portion can be removed from the rope and re-used. Figur es 12 ,

13 and 14 illustrate the end fitting design used in the pres—
en t program . Figure 15 shows the pho tographic view of the
end fitting .

3.4 Design and Construction of the Electrohydraulic

Loading Device

Loading of the synthetic ropes to 20,000 psi tensile

stress was accomplished with an electrohydraulic  sys tem as shown
in Figure 16 . The system is capable of a maximum pressure of

5 ,000 psi. The pressure is created by a gear type , cons tan t

displacement pump manufactured by the Robert Bosch Company .

The pump hydraulic disp lacemen t is 8 gpm . The power for the

1
1 
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FIGURE 16 GRAPHICAL REPRESENTATION OF THE ELECTRO•HYDRAULIC
APPARATUS FOR AXIALLY STRESSING SYNTHETIC
ROPE IN TENSION
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pump is supp lied by a Reliance up electric motor operating

on 440V - 3 phase current. Maximum internal pressure of the
loading cylinder was controlled at 5,000 psi by a pilot actu-
ated type relief valve .

A doubled-A directional valve allows flow reversal

at the hydraulic loading cylinder by use of .a double solenoid

design. This is a three position valve ; in Position 1, the hy-
draulic fluid flows into the hydraulic cylinder until 5,000 psi
is reached. The hydraulic cylinder was filled at zero gauge

pressure at the beginning of each loading interval. The pres-

suriza tion time to 5 ,000 ps i was f ive seconds . This is the
time required to add the fluid needed in the hydraulic cy lin-
der due to the fluid compressibility under high pressure . In
Posi tion 2 , the valve is in neu tral and 11 por ts are open , al-
lowing the fluid to dump from the pump back into the 40-gallon

reservoir . In Position 3 , the fluid flows from the hydraulic
cy linder into the reservoir until zero pres sure is reached .

All fluid returning to the reservoir passes through

a Modine water cooled heat exchanger and a Gould Waterman 2O~i

in-line filter .

The entire pump assemb ly , including the motor , motor
hea ter , starting relay , direc tional valve , f i l ter , gauges , and
heat exchanger is housed on the hydraulic reservoir tank. An

internal immersible thermometer provides a constant determina-

tion of the opera ting tempera ture of the hydraulic fluid . The

accumulator , also housed on the reservoir tank provides for a

uniform pressure to be delivered to the hydraulic loading cy-
linder . The fun ction of the accumula tor would be to remove
transient over-pressure surges from the system . Figure 17

is shown in the electrohydraulic loading appara tus comple te
witi~ hea t exchanger and other peripherals. A more complete
viewing of the electrohydraulic loading device is shown in
Figures 18 and 19 , which illustrate the overall app lica tion
of the loading device , the tes t f ix ture , and associa ted equip-
ment.

3. 23
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3.5 Internal Friction Damping Technique Applied to
Syn the tic Rope Sections
The ou tpu t responses and assoc iated Sr- : ~ f ic  damp ing

capac ity measuremen ts from the load tests performed on various
sizes of synthetic ropes are presented in the results section

of this report. The specific app licat ion of the instrumen ta-
- 

- 

tion and technique to synthetic rope specimens was accomp lished

through the test apparatus described in Section 3.3 and Section
3.4.

3.5.1 Preparing Rope Section for Test

The rope s were sectioned to six foo t lengths
and the ends of the rope were then prep ared for the app li cation
of the molded end caps. A two-part epoxy system was obtained

from Fox Industries that could withstand the requirements of

the load on the rope . The important characteristics of the

epoxy included the bond strength and compressive strength. The
bond strength must be sufficient to withstand the test tension

which approx imated 20 ,000 psi for large rope sections . The

epoxy had the additional requirement for maintaining structur-
al integr ity throughout the entire range of tensile loads ap-
p lied . This requirement was difficult to accomplish in that

the syn thetic ropes and the epoxy had different elastic modu-
li ; however , there was only one re corded stru ctural fa ilur e of
the molded end fitting .

3 . 5 . 1 . 1  Cast ing End Sect ions

The nex t stage in prep aring the rope
for test was to cast the rope ends in epoxy which was position-

ed in the steel castitigs. The internal surfaces of the steel

molds were sprayed with a silicon mold release for the purpose

of preventing the hardened epoxy end fitting from adhering to

the removable molds . The epoxy was injected into the mold to

insure an adequate interface with the synthetic rope . After

insuring that the molds were comp le tel y filled with the epoxy ,
they were permitted to cure for 48 hours to assure complete

3.27
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curing . The ropes were then scheduled for testing in the

electrohydaulic test apparatus .

3.5.2 Initiation of Rope Test

The syn the tic rope specim ens with the end ep-
oxy fittings attached were tested in the electrohydraulic load-

- - ing apparatus in a prescribed manner . The following description

encompasses the test sequence from the point of curing the rope

specimens to the poin t of adjus ting the in strumen tation sys tem
as described in Appendix A.

The cons truc tion of the elec trohydraulic load-
ing appara tus included the aspec t of a movab le bas e tha t con-
tained the hydraulic cylinder. The cy linder was cap able of a

20-inch stroke from deadhead to full extension . For some ap-
plications the 20-inch stroke was not sufficient to attain test

tension as the synthetic rope tended to creep under load . For

this reason , the cylinder block base was movable in mul tiples
of 4 inches.

The rope sections with attached end fittings

were inserted into the lower steel section of the mold which

serves as the end cap attachment for the loading frame . The

one end cap is directly attached to the end of the cylinder

3 rod . The other steel end f i t t i n g  is a t t ached  to the load frame
by mean s of an a t tachment  b o l t .  The rope specimen was then
brought to proper test tension for data acquisition . The corn-

plete load frame , specimen pr epara tion , and test technique is

depic ted in Figur es 20 through 29. The detailed calibration

of the equipment appears in Appendix A.
3.5.3 Specific Damping Capacity Measurements

Once the experimen tal app ar atus has been po-
si tioned and the nece ssary ad justmen ts have been performed on
the instrumentation , the spec if i c  damping capaci ty measuremen ts

are made . The sinusoidal input frequency was maintained for a

-: given rope specimen . It was determined that placing the rope

specimen under tension required a settling time to elapse before

3 .28
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FIGURE 24 PHOTOGRAPHIC VIEW OF SPECIMEN PREPARATION
PRESSURIZED EPOXY INJECTION
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data was acquired. This requirement extends from the visco-

elastic behavior of the synthetic rope material. This is dis-

cussed in detail in Section 4.3. Specific damping capacity

values are recorded for each of the rope specimens to define
this time parameter . After this time equilibrium has been

reached , the specific damping capacity value is obtained from
TM

the Polaroid photograph taken of the attenuated decay curve
from the CRT of the storage oscilloscope . Figure 30 depicts
the expec ted full screen display of a typical decay curve for
synthetic rope spec imens as tested in the electrohydraulic
loading device . The various data analysis and statistical a-
nalysis procedures are included in Appendix B of this report.

3 .6 Data Analysis
3.6.1 Introduction to Data Analysis

The output decay of the IFD—NDE technique is
a logarithmic decay of the system response resulting from the
input pulse . From the record of the output decay , a reference
ampli tude (A0) is measured . A~ (1_5) is defined at five equal

cycle intervals of the decay interval. The ratio of the rela-

tive ampli tudes (A0fA~) is determined for the five ampli tudes .

The logarithmic decr ement is de termined from equation [4] which
provides a 1- • The spec ific damping capacity is determined

from equation [51 and provides (
~~~ 

. These five logarith-
\W /n(l_5)

mic decrements are averaged from the mean of the sample . How-

ever , since the decay is logarithmic , the variance of the sam-

ple of the specific damping capacity must be determined. In

order to conver t the logarithmic decay to a linear s traight
line , decay of the linear least-squares curve fit is calcu-

lated. The linear least-squares curve fit provides the slope

of the linear decay . The specific damping capacity is deter-

mined from the estimated slope of the linear decay .

L 3 .6 .2 Data Reduc tion Program
The program associa ted wi th the calculation

3.39 
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of the specific damping capaci ty is found in Appendix B. The
initial procedure sets the memory bank to zero and the refer-

ence ampli tude (A0) is entered into the program . The number

of decay cycles between subsequent relative amplitude measure-

ments (An) is entered into the program . Equal number of decay

cycle intervals (LC~) providing the deèay interval are computed.
The output of the decay cycle interval defines the Afl(l.5). The
logarithmic decrement is calculated and the least-squares lin-
ear curve fit is performed on the data. The specific damping
capacity is determined along with the standard deviation of
the least-squares linear fit. The data reduction program is

found in Appendix C along with the definition of the sample

mean, sample variance , and least-squares curve fit.

3.7 Viscoelastic Measurement for Synthetic Ropes

The dynamic modulus is related to the specific damp-
ing capacity as a dynamic response of the material exhibiting

viscoelastic behavior. (27) Synthetic hawsers exhibit this

viscoelastic nature and respond to the input load with some

phase lag angle . The .full discussion of the relationship be-
tween the specific damping capacity as a function of the ap-

plied load will be taken up in the results and discussion of

results. However , the specific damping capacity will be dis-
cussed in this section as it relates to the time (viscoelastic

response) ; the load (viscoelastic and mechanical response) ; and
the temperature (viscoelastic .response).

The evaluation of the fundamental relationship be-
tween stress and strain of a viscoelastic material is known as

the “comp lex modulus .” The comp lex modulus defines the rela-
tionship between stress and strain for a linear viscoelastic
material subjected to a sinusoidal loading . When a linear

viscoelas tic material is subjected to a loading stress of the
form o = 0c~ 

sin (wt), the resulting strain response is of the

form c = £ 0 sin (wt-p ) which lags the stress by the phase ang-
le , q . The complex modulus E* is defined by :

3. 41.
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E* E’ + jE” [13]

where :

E* = complex modulus

= .2~ cos •
E” = -a-- sin 

~
0

j = imagin ary number
= maximum s tress app lied - psi

= maximum recoverable strain experienced

during test - in/in .

• 
= phase lag angle - degrees

Based on this definition , the absolute value of the comp lex
modulus , )E*~ , is a measure of the material ’s elasticity while

the phas e lag angle , •, is a measure of the vi scou s re spon se.
The absolute value of the complex modul us is common-

ly referred to as the dynamic modulus and is defined by the

equation :

JE* I = 
0 1141
0

where :

IE * I = dynamic modulus - psi —

= maximum s tres s applied - psi

= maximum re coverabl e stra in exp er ienced
during test - in/in .

The strain in the viscoelastic rope lags the stress

by a time dependent phase angle •. This phase angle was de-

termined from the time dependency of the specific damping ca-

pacity measurements. Specific damping capacity measurements

were made as a function of time for the rope under load . The

specific damping capacity measurements were made periodically

3.42

________________ 
__________________________________________________

- —= — - -s- ~~~~~~~~~~~~~~~ I -

- ~~~~~~~~~~~~~ _______________________________ ,- -~~ 



- —

H

until two consecutive values were identical in amplitude at

different time periods .
3.8 General Mathematical Model for Specific Failure

Mechanisms
A general mathematical model has been developed

which relates the specific damping capacity to amount of rope
use . This model takes into consideration that there are two
apparent failure mechanisms working simultaneously: the first
mechanism is the internal stress caused by the tensile , bend-
ing, and torsional forces experienced by the rope under field
application ; the second mechanism is the effect of chemical ex-
posure due to the environmental effects such as brine , ultra-
violet light , etc . The general effect of these forces on the
specific damping capacity values are surmised to be as noted
below .

1. The ropes are viscoelastic when subjected to
high stresses; therefore , the effect of the
mechanical forces will be to leave a residual
internal stress. If this effect is significant ,
it should be observable in the rope after mini-
mal usage .

2. After the initial residual stress is in place ,
one would expect a stable behavior (no large
change in AW/W) until one or both failure mech-
anisms bring the rope to the state of incipient
failure. In highly corrosive environments , one
would expect a smaller stable region (less time
of use to incipient failure) than in noncorro-
sive environments.

3. When one or both failure mechanisms have created
a state of incipient failure, a large increase in
specific damping capacity is expected.
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Based on the above observ ations , we expec t the re-
lationship between AW/W and time of use where Y AW/W x l0

and X = time of use to possess the following features.

If Y = f(x) expresses the functional relationship

be tween X and Y , then

(i) f(X) >0 for X > 0

(ii) f(0) 400 = the value of Y for a new rope

(iii) f(X) is a monotonic increasing function . If

~ is assumed to be a differentiable function ,

then f’(X) > 0 for X > 0.

(iv) There is a value X > 0 such that the inter-

nal residual stress increases with X in the

interv al 0 < X < X5 , but remains fairly con-

stant for larger values of X than X~ . If

this has a significant effect on the specific

damp ing capacity, one should notice that f”(X)

< 0 for X < X~~. We expect X~ < 10 load cycles .

(v) There is a value Xf > X such that the relation

Y f(X) is linear or very nearly so for X <

X < X the interval X < X < X is the stabili-f 5 —  — f
ty region . In this region,f’(X) is expected to

be small but positive, and f”(X) to be zero .

(vi) For X > Xf one or both failure mechanisms have

created an incipient failure condition and the

values of Y should increase rap idly with X.
• . ‘IThis would be observed by noting that f (X~ >0

for X > Xf. Incipient failure is detected when

the value of Y has inc reased beyond the upper
confidence limit for the linear region of the

function .

The general nature of the expected graph is shown in

Figure 31 .
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A particular tentative model for synthetic ropes ex-

posed to a hostile environment has been hypothesized. The data

obtained thus far indicates that a cubic function of the form ,

Y = a + bx + cx 2 + dx3 is a possible model for the exposed ropes.

The conditions imposed in formulating the general mathematical

model dictate that the coefficients conform to the following

conditions :

(i) a 400 because 400 when X = 0

(ii) b > 0 increa sing function , positive slope

(iii) c < 0 residual stress requirement

(iv) d > 0 , c2 <3 bd monotonicity condition .

In the cub ic model , the stable region degenerates to
a point (X5 

= Xf). The tentative nature of the cubic model mu~ t

be emphasized; the model would need more complete data to con-

f irm the cubic func tion . The model can be conf irmed by obtain-
ing da ta w ithin the s table reg ion of the life cycle history of
the synthetic rope .
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4.0 EXPERIME NTAL RE SULTS AND DISCUSSION
4.1 Test Matrix

Table I shows the test matrix of new and used ropes
obtained . To summarize the table , 24 samples of new ropes

were obtained ; 14 of the six inch circumference size , and 10
of the eight inch circumference. The 14 rope samples of the
six inch size contain nine different types of rope based on
material and construction . The IC samples of eight inch
circumference contain eight different types; giving a total

of 17 different types of new rope among 24 samples.
The variety of used rope types in the six inch and

eight inch circumferences include eight different samples.
Three of the samples are six inch circumference , and five are
eight inch circumference. All eight used ropes are paired in
matched sets with new ropes of the same types. Primary data
collection was focused on the eight matched sets.

During the course of this program , over 620 specific
damping capacity values were obtained. Each specific damping

capacity value results from the analysis of six individual
data points; therefore, a total of over 3,700 data points
were analyzed.

4.1.1 Synthetic Rppe Materials

Rope specimens of three different materials
were studied under this program. These materials are nylon ,
polypropylene, and polyester ., Polyester is also referred to
as Dacron, which is a Dupont trade name for the material.

Four of the rope specimens were made of com-
binations of two materials . Two of these are six inch circum-
ference, three strand polypropylene with the outer fibers of
each strand composed of Dacron, referred to as POLY-DAC . The
POLY-DAC ropes constitute a matched pair , one new and one used .
There are also two new samples of double-braided rope which
have a multi-filament polypropylene. inner core and a nylon

TM
outer covering . These are designated Power-Braid by
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TABLE I

TEST MATRIX

A. NEW ROPES

-~ 1) 6” CIRCUMFERENCE

AMERICAN COLUMBIA

3 STRAND 8 STRAND 3 STRAND 8 STRAND

POLYPRO NYLON DACRON NYLON
NYLON NYLON

SOUTHWESTERN* SAMSON

3 STRAND 8 STRAND DOUBLE BRAIDED**

POLYPRO-DAC POLYPRO NYLON - NYLON
NYLON NYLON - POLYPRO

POLYPRO DACRON - DACRON
DACRON

2) 8” CIRCUMFERENCE

AMERICAN COLUMBIA

3 STRAND 8 STRAND 3 STRAND 8 STRAND

— DACRON NYLON
POLYPRO DACRON

SOUTHWESTERN* SAMSON

3 STRAND 8 STRAND DOUBLE BRAIDED**

POLYPRO — NYLON - NYLON
NYLON NYLON - POLYPRO

DACRON DACRON - DACRON ~

4 . 2
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TABLE 1 - Cont ’d.

TEST MATRIX

B. USED ROPES

1) 6” CIRCUMFERENCE

3 STRAN D S STRAND DOUBLE BRAIDED

NYLON — —
POLYPRO
POLY-DAC

2) 8” CIRCUMFERENCE

3 STRAN D 8 STRAND DOUBLE BRAIDED

POLYPRO ‘ — NYLON - NYLON
NYLON DACRON - DACRON
DACRON

* SOUTHWESTERN CORDAGE IS A BROKER FOR SHORT LENGTHS OF ROPE .
MANUFACTURER OF ROPES SUPPLIED IS NOT DOCUNENTED .

** DOUBLE BRAIDED ROPES HAVE TWO MATERIAL DESIGNATIONS . FIRST
MATERIAL IS OUTER COVERING , SECOND MATERIAL IS INNER CORE .

~ DACRON IS DUPONT TRADE NAME FOR POLYESTER. SAMSON ROPES
ARE NOT OF DUPONT MATERIAL.

_ _ _ _ _  - - 
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Samson Ocean Systems , Inc., the manufacturer . One of these
Power-Braid ropes is six inch circumference , the other is

eight inch circumference .

4.1.2 Synthetic Rope Construction

The rope specimens evaluated are included
in three categories of construction : three-strand twisted ,

eight-strand braided , and double-braided , the “rope inside
a rope .” New ropes were obtained in all three construction

categories; used ropes were obtained of three-strand twisted

construction and double-braided construction .

4.1.3 Rope Specimen Suppliers

All new double-braided ropes were manufactured

by Samson Ocean Systems , Inc . New three-strand twisted and

eight-strand braided ropes were obtained from three sources:
American Manufacturing , Inc., Columbia Cordage Co., and South-
western Cordage , Inc . American Manufacturing , Inc . and Colum-
bia Cordage Co. manufacture synthetic rope; Southwestern Cord-

age is a broker for short lengths of synthetic rope .
Used ropes were obtained from various sources

including marine towing companies in Baltimore , Md ., McCallis-
ter Drydock Company in Philadelphia , Pa., the Curtis Bay Coast
Guard Station , Curtis Bay , Md ., and the U. S. Navy , Cheatham
Annex near Williamsburg , Va . In most cases, the used ropes
were acquired from scrap piles and no documentation of their

use history was available . The condition of the used ropes

as received visually ranged from excellent , with no visible
signs of deterioration , to ropes of very poor appearance ,

with numerous broken strands , frayed and abraided outer fibers ,

melted areas due to friction and apparent strain hardening .

Figures 32 through 39 are the photographic representations
of the used rope specimens and the associated matching new

ropes . The pairs of new and used rope sections are identical

in construction , material and circumference . A detailed
discussion of the correlations between visual assessment of

4.4

_ _ _  _ _ _

—-—- - —~~~~~~~~~~~~~~~~~~
-.- - - --.-.-- - . 5 .  -I-- - 

- - 

- --:~~~~~~~~~~ -

-

~

-

~

-—-_5_-——— —-_
—5 . . ~~~~~~~~~~~~~~



I!

.—
— - i— ,  / .\

___
r . 

- C,)

~~~~~I ~~
‘

- 0

_ _ _  /‘

_____  

~~~~
. :..: 

/ 
____

1.1.1 - __ 
~

. 

~~~~

. - — Q

C~ ) ..
, ,

~~~: 
., LUll

~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ .

. 7
:: 

-j 

_ _ _



~-5 -- 
~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ -~~~~~~ ~~~~___,_

~
__ _ 5 _ ___ .___ _ _ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V .-~~~~~~~ -

-n -

-I 

i~

0

FJ C~~) ~ 
_ _  

I ~~~ IL.I

_ 
I

_ _  

(p1
r~~iJ

if
4 . 6

~~~~~~~~~ ~~ 
- ________ 

* . - - ~~~~—-  - - 
~~~~~~~~~~~~ 

— - ~~~~~ _5___

- --— --5—-~~~~- - --- - 
_
_ 5 —- - --~~~~~~- -~~~~—~~~———~~~~



— -~~ -~ 
~~~~~~~~~~~~~ 4.

~~~~~~~~~~

_ I,_ ’ 1/~ 
0.

K ’  ~~‘W 0‘I--
— 0

_ _

C )  • .  
_ _ _ _ _  ~‘_ _ _  

I I I

f l T~~I—I 
9

ULL

1, 7



-- ---- -- . _ ~~~~~~~~~~~~~~~~~~~~~~~ 5—~~~---- --—-- ----
~~~~

- - —-- 

~~~w
_
~ --— - 5 -  .

~~~~_ - - ‘

i~~~~~~~~~— I ILU

;
!iIIuI 

~
_ 

- ‘ ~~~

—I
,

$ .—

.~~~~~~~~~ 

I—
0

I 

.
—

‘
.

0.

In
C,)

w
‘I ft

7’!’ ’ ’

-“

4

—~~~~-- - -  ~~~~~~~~~~~~~~



- - -5--— _ _ ________ ____ ,___ _ 55 ___ , _’_ ___ ___ ~~~~~~~~ ~~~~ - -- — -— —- —--

~~~~ ~~~~~~~~~~~~~ ~~~~~ ~

—~ —I- , , ‘ ‘ i~
’L

U— ‘ , ‘ ,
~~~~1~~ 0

_ _  
0.
>-

_ _  

~~~~~~~~~~~~~~~~~~~~ 
,)
~

_ __ •kii

~~~

_ _ ~~~~~~~~~~~~~~~~~ I
’ ___ ! 

/~ 

—

!IIIIr _ J1II1IIUL
: I

; • .,/ ~~!
I )  C’)

L .  - - 

_
~‘4 q



_ _  - - - . - - - - - - -- - - - ---  -~~~~~~-— -.- ----- ~~~~~~~~

—-

I-

_
_ _  

_ ___ I
— 
—
~~I J,’,IAii~ ‘

~~ 
I 

~~~~

,

— I~~~~ ~~~~~~~~~~~~~~~~~ ! ‘~~ .~~~“
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I

_ _ _ _ _ _  _ _ _  

I~a l1I~
_ _ _  

_ _ _  ~, a t t p 0

1.1.1 
-

_ _  

_ _  
,~~~~~~~~i~~~~~~~

h

’
~~~

’

C~) :
IiIIJ

~~~~~~~~~~~~~~~~~~~~~~ ,
,/~ 

______ 

1 ;

.

1

f;

~~~~

ç

~~~

(

_ _ _ _  
~~~~~~~~~

5 I 0..
_____ 

I ~~~~~~ 
~

I
.
. - 

‘

‘

~

_ _ _ _ _ _ _ _  

-— Ii
4.10

~~~~~~~~~~ -
---- - _

~~~ - _ - — - -—-- - — --~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_ - .1_ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- —w 
-- 

~~~~~~~~~~~~~~~~

F 

- 
- 

- .5- . --S.

_~~~~~~~~~~~~~~~~~~~~~~~~~~~~ y 

L
J4~~~~~~~~~~~~~~~~~~~~~~

_ _ _ _ _ _ _  

. .
‘ 4 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 0

- 
- 

L

— .~1’%A ,~~~ 4~\ ~ç z
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ % .  0

‘a I
I .

~~~~ I ,p.w

‘ .  >-
‘ ‘, ‘~~4 \~~~ Z

, . ‘ 0

p. Ui

4 ’ 1~~~~~ , 9

- 
~~~~~ ~~

~~~~~~~~~~~~ 
~~~j  ‘ : 

‘ 

-

~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~ 

~~~~
. 

~~~~~~~~~~~ ‘,~41~~

t4’
~ i~~~ ~~ 

‘ 
,
, 0

I I I
‘~~~~ .

.

. 
~
‘ 

~~~~~~~~~

~~ .. . f 
“

~
‘

- 
~‘• ‘% 

‘
,.

b.( 7~ 
- ‘.. 

‘ I
- 

,.: ~~~~~~~ 
j  , ,

~~~~

‘
~ 

- •
\ 

‘
.
~~
. . i. - ;  •

If. . .~~r ’ - , ;
~b . ~~ f

,I,~~ ~ • 
‘ ‘

, .

I
, ‘ 

. 
- I ’ ‘.-

r
y. f -

- 0
£ .,~ 0

‘I •~~~~
. .4k ’

3 ~
‘ . 0..

1~~~~d - f
’

. ‘

‘
.~

‘ ‘ .  
.
‘

~ 

,
‘
~~
,

4 . 11.

_ _

~ 



.a.s•_ )~‘ ,I\’

I _ _ _ _ _

- - 

~
‘.
‘
\\ ____

C1~) ~
v ‘ - 

~
‘• ,~ ~~, 

_ _ _ _ _ _

~~~~~~~~~~~~~ 

~~1 

~~~ 

IJ—i
I 

‘

~~~~ f i~~~~(

“~~~A
• ,—~~

“ 0..
J ,

I
’ g  - Ui

1 /
- 

-

• ‘ ~•4’I I 0.
• - 

I

- 0- J  I-.‘Ii 0

L - - ~~~
. __________ ____ —_ _ _ _

412

-5 - —~~--- 
-



—-5--- ~~ —-5_- ~~~~~~~~~~~~ 
—--- --• - - -5-  - —-5-5-- 

~~
—

~~~~~—
,-- 

~~~~~ .~~~~~~~~~~~~~~~~~~~~

L wear and specific damp ing capacity measurements wil l  be found
in Sections 4.6 and 4.7.

4.2 Characteristics of Ropes Studied
Synthetic ropes exhibit viscoelastic behavior as

discussed in Section 3.7  of this report . Two aspects of this
behavior are pertinent to the present program . The f i r s t  of
these is the finding that when a constant level of tension
was kept on the rope specimen , the specific damping capacity
decreased to a stable minimum value over time . The second

aspect of viscoelastic behavior found per tinent to this study
is the relationship between applied load and elongation .

These two aspects are discussed later in this section , af ter
a chronological discussion of the intermediate results leading
to these findings.

4.2.1 Length of Rope to Radius of Gyratiot

As discussed in Section 3, “Experimental
Apparatus and Techniques ,” the first testing conducted used

three foot long rope specimens . This approach was modified

in favor of a six foot long excited section due to the difficulty

of forcing vibration in the three foot sections because of

their low length to radius of gyration (l/r) ratios. The radius

of gyration (r) is equal to the square root of moment of
iner tia (I) divided by cross sec tional area , (r =~fl~).  For
a circular cross section , the radius of gyration reduces to
half the radius of the circle (R72) as follows :

I’

r = ,JT ~~~ [15]

The h r  ratio for three foot sections is approximately 72 for
six inch circumference ropes and approximately 55 for  eight
inch circumference ropes. Changing to a six foot vibrated
length double the h r  ratios to approximately 144 and 110,
respectively,  which physically results in a lesser energy
input requirement to obtain a given amplitude of vibration .

4.13
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4.2.1.1 Application to Hawsers
For a typical hawser of approximately

21 inches in circumference , the minimum length to radius of
gyration ratio will define the minimum length of hawser section
that, can be tested with the existing instrumentation and tech-
nique. Utilizing equation [15] to compute r for a 21 inch
circumference hawser , the minimum test length is approximately
14 feet , for an h r  ratio of “-. 100.

4.2.2 Results of Initial Testing
The first functional relationship determined

in early testing of six foot sections was that as the tension
on the rope increased in the range of one to three percent of
breaking strength , the specific damping capacity tended to
decrease; which means physically that less energy was lost
per vibration cycle at the higher levels of tension . This
evaluation , based initially on the analysis of 192 data points
representing 32 specific damping capacity measurements , indi-
cated that the behavior of rope specimens at higher levels of
tension should be investigated . It was also noted at this
time that more meaningful results would be obtained if the
specific damping capacity measurements were made with the rope
tension in the range of the working load of the ropes. Design

L working loads for synthetic ropes are between 10 percent and
17 percent of breaking strength (2).

A new rope specimen support and tensioning
apparatus was then designed and fabricated as discussed in
Section 2.2 of this report. The new system permitted tension
levels up to 65,000 pounds. The breaking strength of new six
inch circumference ropes in laboratory tests ranges from 75 ,000
to 131,000 pounds , for eight inch circumference ropes the
range of breaking strength is 160,000 to 230,000 pounds (2).

4.2.3 Specific Damping Capacity Measurements with
Tension in Working Load Range
The next phase of testing initiated specific

4.14
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damping measurements with tension levels of approximately 5 ,
10, 15 and 20 percent of breaking strength. One hundred six
(106) specific damping capacity values were obtained from 636
data points. These values were obtained from 16 different
rope specimens; six of the rope specimens were tested under
both dry and laboratory salt water wet conditions . The wet
ropes were tested after soaking for 24 hours in a solution of
synthetic sea water .

It was expected , based on th~ viscoelastic
model , that specific damping capacity values should de-
crease as the tension was increased up to a finite limit , then
the damping values should remain constant regardless of applied
load above that u n-u t .  The data obtained generally showed a
decrease in as tension increased from the five percent to
the 10 percent level; but there was variation in behavior above
that level on tension , some specimens exhibited a decrease in • 1

as tension was increased to 15 percent and 20 percent of
breaking strength, some exhibited stable damping capacity values ,

while others showed an increase in at either the 15 percent
or 20 percent level .

These results prompted a more thorough inves-
tigation using three rope specimens. The rope sections were
new six inch circumference three-strand twisted nylon : one
from Columbia Cordage , one from American Manufacturing and one
used specimen .

- 
_ 4.2.4 Detailed Investigation of Six Inch Circumference

Three Strand Twisted Nylon Rope Specimens
Each of these rope specimens was studied in

detail , and specific damping capacity measurements were made
with the tension varying from 2,500 pounds to 25,000 pounds in
increments of 2,500 pounds . There were a total of 131 specific
damping capacity measurements made using 786 data points. Each
rope specimen was taken through the series of applied loads at
least three times in order to document the variability in the

data .

4.15
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4 . 2 . 4 . 1  Transducer Offse t  Distance Measure-
ments
Measurements were made of the air

gaps between the transducers and the magnetic discs attached
to the ropes , along with the output voltage level , to assess
what effect variation in transducer off’set might have on the
data. Particularly during these tests , several measurements
of specific damping capacity were made at each level of ten-
sion before increasing tension to the next level. For each
measurement , either the input transducer , output transducer
or both were readjusted to vary the size of the gap (trans-
ducer offset). It was found that the transducer offset did
not affect the specific damping capacity measurements except
for the extreme conditions where a transducer was so close
that it contacted the magnetic disc , or so far away (

~ 
0.125”)

that the signal/noise ratio was reduced significantly. This
is an important finding with respect to both the immediate
phase of the program and any future field phase , as transducer
offset distance is found not critical to the measurement of
internal friction damping in synthetic ropes.

4.2.4.2 Time Dependent Relationship of

Measured V
Another finding of at least equal

significance was that when a constant level of tension was kept
on the rope specimen , the specific damping capacity decreased
to a stable minimum value over time. This is the first of the
two relationships pertaining to rope behavior mentioned at the
beginning of this section , and will be discussed more fully in
Section 4.3.

4.2.4.3 Load— Stra in  Behavior
During this detailed study of the six

inch circumference three-strand twisted nylon ropes , measure-
ments were also made of rope elongation as tension was increas-
ed. This led to the second pertinent relationship mentioned

- 

~~~~~~~~~~~~~~~~~~~~ ~~

_::

1b 

—

—
, — 5 —— — - -~~~~ 

. 

— — 5-—-— — -5- — 
_ 
S5--~~~ — - — 



- - 
- - - - — -55 - - 

—

at the beginning of this section , the relationshi p between
load and elongation . Figure 40 graphically depicts this rela-
tionship . As can be seen in the figure , the rope exhibits
nonlinear behavior at stress levels up to about 9 , 000 p o u n d s .
There is a range of l inear e l a s t i c i t y  fr om 9 , 000 to approx ima te —
ly 14,000 pounds . Beyond this limit , it appears that plastic
deformation begins to occur . As might be expected , the range

- of linear elasticity roughly corresponds to the working load
range of the rope.

4.2.4.4 Summary

To suimnarize the important finding s
just discussed , transducer offset distance was found to have
no significant effect on specific damping capacity measurements ,
measured specific damping capacity is dependent upon the length
of time the rope specimen has been under tension , and the rope
specimens exhibit a range of linear elasticity corresponding
to the working load range.

With these findings in mind , the
next step taken in the program was to evaluate , using the same
rope specimens , the time dependency of the measured specific
damping capacity in order to arrive at the correct functional
relationship between level of tension and specific damp ing
capacity .

4.3 Time Dependency of Measured Specific Damping c~~~~iThe next step of the program involved 83 specific
damping capacity measurements , involving 498 data points. These
measurements were made on the two specimens of new six inch cir-
cumference three strand nylon, and on another new section of
three strand nylon from Columbia Cordage which had not yet been
tested. The virgin specimen was included purposefully to check
the values obtained for the other two specimens . The other
two specimens had each been tested , at least once, at tension
levels well in excess of the upper limit of linear elastic
behavior.
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4.3.1 Procedure for Time Dependency Tests
Specific damping capacity measurements were

made with  rope tension vary ing from 2 , 500 pounds to 17 , 500
pounds generally in 2,500 pounds increments , with particular
emphasis on the 10,000 to 15 ,000 pound region .

Testing was conducted in the following manner :
1. The rope specimen was brought to an ini-

tial level of tension .
‘2 . Input and output transducer were position-

ed and an in i t ia l  measurement of spec i f ic
damping capac ity (4~~) was made .

3. Measurements of were made at intervals

until the measured value stopped decreas-
ing and reached a constant leveL

4. Tension was increased and steps 2 and 3
were repeated .

4.3.2 Results of Time Dependency Tests
4.3.2.1 Less Than 5,000 Pounds Tension

For tensions of 5 ,000 pounds and
less , final specific damping capacities ranged between 6.85 x
lO _ 2 

and 10.20 x l0
_ 2

. A large variability was- noticed in
this data , and the decay curves were not always closely fitting
the exponential decay theoretically expected of a vibrating
element . The variability in the data of this stress region
is due to the nonlinear rope response at low tensions .

4.3.2.2 Tension Between 7,500 Pounds and
17,500 Pounds L

When the tension was in the region
from 7 ,500 pounds to 17,500 pounds , the decay curves fit the
theoretical exponential within the normal limits of experi-
mental accuracy . As had been noted previously , when rope
tension was brought from zero to a level within this range ,
the value always decreased over time until a stable v,alue
was obtained after 60 to 100 minutes . The time dependency is
shown in Figure 41.
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t~W4 . 3 . 3  Stress Level Independence of V
Of importance to the program was the fact

that stable specific damping capacity values remained at an
essentially constant level throughout the tension region of

- 
- 

7 , 500 to 17 , 500 pounds . The stress level independence is
shown in Figures 42 and 43.

4 .3 .3 .1  Comparison of Virgin Specimen to
Previously Tested Specimen ’
The stable measured specific damp-

ing capacity value for the specimen of Columbia Cordage rope
which had been tested previously averaged 3.23 x l 0 2  with - :

a minimum value of 2 .79 x 10 2  and a maximum value of 3.51 x —

102 . The virgin specimen had a slightly lower and even more
constant damping capacity value , averaging 2.64 x l02 with
a minimum value of 2.61 x 10 2 and a maximum of 2.66 x 1O~~~.

The general mathematical model re-
lating specific damping capacity to material degradation pre-
dicts an increase in specific damping capacity as deteriora-
tion progresses . A mater ial which has been stressed beyond -

- 
-

the elastic limit experiences permanent deformation due to
slippage at the molecular level, and would therefore be ex-
pected to show an increase in specific damping capacity .

Although the difference is not
large , there is a consistent increase in specific damping Ca-
pacity between the virgin specimen and the specimen which has
been over-stressed. This is a preliminary indication of the
ability of the internal friction damping NDE technique to
detect material degradation in synthetic ropes ,

4 . 3 . 3 .2  Frec~uency of Resonance
With one exception to be discussed

later , all internal friction measurements were made at the
lowest (fundamental) resonance of vibration . The fundamental
frequency of transverse vibration under tension is a function
of the mass density and length of the specimen being vibrated

4.21
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and the tension of the rope ~pect~~.. . -. - - 
. - - — .

this function j S :

T - 

~ (\ 1i)
2 

~~6)

where.: T - tension

p mass per un4t length (mass

density )

w = frequency
1 = length

This equation can be rewritten with frequency as the d~ pendent

variable in this form:

E 1 71

Tension affects the mass per unit

length (p) of a viscoelastic material due to the large amount

of elongation experienced under working load levels of tension ;

therefore , the frequency is not in direct proportion to ~fT as

a cursory evaluation of the equation would suggest. However ,

the fundamental frequency of vibration does increase as tension

increases and also increases as the mass density (p) decreases

due to elongation . It was noted that as the specific damping

capacity reached a stable minimum value for a particular level

of tension , the resonant frequency reached a stable maximum for

that tension level. It was also determin ed that as the values

became stable , there was no more measurable elon~ at ion of the

rope at tha t  Level of t ens ion  This  ~. s n t  tc suggest that

specific damping capacity is dependent upon frequency of fun-

damental vibration , but that both are related to the length

of time a given level of tension has been maintained . This

is borne out by the finding of stress level independence of
specific damp ing capacity . As shown above , the frequency of

fundamental resonance increases as tension increases , but

specific damping capacity remains constant .

4.24
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4 . 3 . 3 .3  Importance of Stress Level Inde-
pendence
The measured specific damping

capacity being independent of the level of tension above
Isome minimum tension , has several important ramifications :

1. It agrees with the theoretical

understanding of viscoelastic

behavior .

2. It e l imina ted  the  need to t e s t
every rope specimen at a multi-

tude of tension levels and there-

fore allowed more rope sections

to be investigated under this

program than may have been

otherwise possible.

3. There were occasions during the

course of the program when the

fundamental frequency was very

close to the 60 Hz power fre—

quency, causing diff iculty in

data analysis because of inter-

ference and “beating” of the
driven resonance and the 60 Hz

noise provided by the electro-

hydraulic tensioning - apparatus .

Knowing that is independent

of the level of tension , allowed
the tension on the rope specimens

to be increased or decreased in

order to change the resonant fre~
quency enough to allow the 60 Hz
noise to be e lec t ronica l ly f i l —
tered.

4.25
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4. In future field applications , a
precise level of tension will not
be required so long as the ten-

sion is held fairly constant and
is within the range of linear

elas ticity.
5 . Stab ili ty of resonan t frequen cy

can be used as a secondary ind i-
cator tha t the required value
has been obtained .

4.4 Comparison of Specific Damping Capacity Values on

Dry and Saturated Samples
4 .4 .1 Polypropy lene Rope Spec imens

Three strand twisted polypropy lene rope spe-
cimens of both six inch circumference and eight inch circumference
were tes ted dry and af ter soaking for 24 hours in a synthetic
sea water solution . One specimen , the used six inch three strand
section , was impossible to test in the saturated state because
it experienced failure during the dry testing .

The new six inch circumference specimen and
the used eigh t inch circumference specimen both exhibi ted a de-
crease in of about 20% when tested in the saturated state

as compared to the dry s tate (Table 2 ) .  It is hypothesized that
because the polypropylene ropes are constructed of hard nonab-
sorbent , monofilament fibers , the water acts as a lubricant ,

- - reducing the fr ict ion be tween fibers and consequen tly reducing
the damping.

The fact that the effect is consistent in

both direction and magnitude of change is important in that it
will facilitate the utilization of the internal friction damp-
ing nondestructive evaluation technique in the field. The re-
sults suggest that for polypropylene ropes , specific damping

-j capaci ty measuremen ts can be mad e , analyzed and correla ted wi th
previous measurements in either the dry or sea water saturated

4 - 26
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TA BLE 2 SPECIFIC DAMPING CAPACITY VALUES FOR MATCHED
PA IRS OF NEW AND USED ROPE SPE CIME NS

6” CIRCUMFERENCE. 3 STRAND SPECIMENS

AW -2DRY w 
x 10 SATU RAT ED

MATE R IA L SPECIMEN 
T EST T EST TEST .~~.! x io 2

_ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  

1 2 3 W

COLUMBIA #2 NEW 2.61 2.6 5 2.66 7.00

NYLO N COLU MBIA # 1 NEW 3.13 3.16 8.25
AMERICAN NEW 3.31 3.13

USED 3.01 2.53 8.45

POLYPROPYLEN E NEW 5.84 5.04 4.33
USED 9.69

NEW 4.04 4.05 5.69
POLY-DAC USED #1 3.72 5.99

USED #2 5.97 5.06 8.09

8” CIRCUMFERENCE , 3 STRAND SPECIMENS

NYLON NEW 
— 

4.26 4.11 
— 

9.24
USED 4.19 8.14

POLYPROPYLENE NEW 5.04 4.33 7.08/4.83
USED 5.35 5.04 7.24 4.15

DACRON NEW 4.66 4.01 5.06 4.45
USE D 

- 

11.8 10.5 14.3

8” CIRCUMFE RENCE, DOUBLE-BRAI DED SP ECIMENS

NYLON 
NEW 5 .3 7 8.33
US ED 4.35 3.15 6.20

DACRON NEW 4.31 4.74 7.28
US ED 3.47 3.12 11.8

4.27
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modes , so long as notation is made of which condition exists.
The consistency of the change indicates that a coefficient of
0.8 can be applied to the measured specific damping capacity
of a rope tested dry to obtain the value for the same specimen
in the saturated state , or conversely, a factor of 1.25 can be

- - applied to the saturated value to obtain the dry value .
In the field , ropes may often be wet but not completely

saturated as in the laboratory . More data will be required
to quantify the effect of partial saturation on the measured
specific damping capacity .

4.4.2 Nylon Rope Specimens

Three strand twisted ny lon rope specimens
of both 6 inch circumference and 8 inch circumference, and 8
inch circumference double-braided nylon rope specimens were

tested dry and after soaking for 24 hours in a synthetic sea
water solution .

In all cases , the specific damping capacity
was greater when rope specimens were saturated than when dry ,
indicating that the water absorbed by the ny lon fibers in—
creases the internal friction damping in the rope specimens .
Specific damping capacity values of saturated ropes ranged
from 1.55 to 2.65 times the respective dry rope values (Table 2).

4.4.2.1 Double-Braided 8 Inch Circumference

Nylon R~pes
For t~ e 8 inch circumference double-

braided nylon, the percentage increase in was approximately
the same for both new and used specimens . The specific damp-

ing capacity value increased by a factor of 1.55 for the wet
new rope over the dry new rope , and increased by a factor of
1.7 for the wet used rope over its corresponding dry value .

4.4.2.2 8 Inch Circumference 3 Strand Nylon
Ropes
Although the specific damping ca-

pacity increased for both new and used ropes in this category

4.28
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when tested wet as compared to dry , the percentage increase
was significantly larger for the new rope than the used rope
specimen . The new rope value increased by a factor  of 2. 2
compared to a factor of 1.94 for the used rope. The net result
of this was that where the used rope had a measured specif ic
damping capacity equal to that of the new rope when tested dry ,

the measured specific damping capacity of the used rope was l2%
lower than that of the new rope when both were tested wet.

This d i f fe rence  in tne perc entage
increase between new and used ropes of the same type when test-
ed dry and wet may be attr ib.itable to a difference in absorben-
cy of the nylon fibers of the used rope due to age .

4.4.2.3 6 Inch Circumference 3 Strand_Nylon

Ropes . 
-

The specific damping capaci ty values
for the new 6 inch circumference 3 strand nylon rope specimens

when measured with the ropes saturated were 2.65 times the value
when tested dry . There were two new rope specimens in this cate-[ gory which were tested both wet and dry . These were designated

Columbia #1 and Columbia #2. Columbia #1 is the specimen which
was subjected to a load of Th,000 pounds during the early test-
ing previously described in Section 4 . 2 .4 of this repor t .  Co-
lumbia #2 was the virgin specimen which was brought into the

program for the time dependency tests.
As was discussed in Section 4.3,

the stable value for the virgin specimen in the dry state
was 2.64 x l 02 from three tests compared to 3.23 x l0 2 from

nine tests for the specimen wnich had been overstressed; the
AWv value for Columbia ~fr1 was then 1.13 times the -~j- 

value for

Columbia #2. When tested wet , the same relationship was found
to be true , the damping capacity for Columbia #1 measured 8.25
x lO_ 2 , which is 1.13 times the damping capacity value of 7.0
x ].O_2 for Columbia #2. This result indicates that the internal
friction damping technique is capable of detecting the difference

4.29
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be tween a virgin thre e strand nylon specimen and one which nas
been overstressed; and furthermore , the technique show s the
same degree of difference between the specimens whether they

are dry or saturated.

A used 6 inch circumference 3 strand
ny lon rope was tested both dry and in the- saturated state. The
specific damp ing capacity of the rope specimen was measured in

— 

the dry state during two separate test sequences. A specific
damping capacity value of 3.01 x l0 2 was measured during the
first test sequence . The second test sequence yielded a spe-
cific damping capacity value of 2.53 x 10-2 .

The value of 3.01 x 10-2 was ob-

tained after the rope had been under 10,000 pounds of tension
for 35 minutes , whereas , during the second sequence the value
was obtained after 120 minutes of 10 ,000 pound tension. This

indicates that the value of 3.01 x lO_ 2 was probably not the

true value of because of the effect of phase lag of strain

relative to applied stress , and the value would have stabilized

at around 2 .5 x 1O_ 2 if-testing had been continued for another

90 minu tes .
The used rope specimen was of a

tighter wind than the new specimens . This may he responsible

for it having a lower specific damping capacity value .

When tested in the satura ted condi-
tion , the specific damping capacity value increased to 8.45 x
lO_ 2 , a factor of 3.34 times the dry value of 2.53 x 1 02 .

This is slightly higher than the factor of 2.65 for the new

specimens .

4.4.3 Dacron Rope Specimens

Dacron rope specimens of eight inch circum-
ference 3 strand twisted construction and eight inch circumfer-

ence double-braided construction were tested both dry and after

24 hours immersion in a syn the tic sea wa ter solution .

4.30
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4 . 4 .3 . 1  8 Inch Circumference 3 Strand
Dacron Ropes
A new specimen of this category

underwent three separate test sequences in the dry state. The
specific damping capacity value for the three measurements av-

- 

- eraged 4.58  x l0_2 and ranged between 4.01 x l0_2 and 5.06 x
10_ 2

. When tested in the saturated condition , the measured
specific damping capacity was 4.45 x lO_ 2 , exnibiting essen-

tially no cnange from the dry condition value.

A used specimen of this category

also was tested dry and saturated. The measured specific damp-

ing capacity values for the dry state obtained during two
— 2  1 i — 2  ‘-pseparate test sequences were 10.5 x 10 anu ii.o x iu . iest-

ing the rope in the saturated condition yielded a -
~~~

- value of
14 .3 x 10_ 2 , an increase of about 1.3 times the dry value .

In both the wet and dry states ,

there was a large difference in measured specific damp ing ca-

pacity between the new and used specimens , indicating that the

internal friction damp ing techn ique is sensitive to the failure

mechanism acting on the used specimen . This will be discussed

more ful l y in Section 4.5 of this report.
4.4.3.2 8 Inch Circumference Double-Braided

Dacron_ Ropes
A new specimen of this category

underwent three separate test sequences in the dry state.

During the first test sequence 60 Hz noise interfered with

the signal , causing a beating in the decay curve which pre-

vented acquisition of a stable specific damp ing capacity val-

ue. During subsequent tests , the source of the noise was lo-

cated and the problem was eliminated. The noise was caused

by the fact that the hydraulic cylinder was cantilevered from

the base plate. Pressure pulses created by the hydr aulic pump
caused the entire hydraulic cylinder unit to vibrate , indu cing
a forced vibration of 60 Hz into the rope specimen . Pla cing a
support under the free end of the hydraulic cy l ind er e l im ina t-

ed the noise interference.

4.31
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Two separate test sequences were
then conducted on the new 8 inch circumference double-braided
Dacron rope specimen . The specific damping capacity values
obtained from the two test sequences were 4.3 x 1 02 and 4.74
x l 0 2

When the new specimen was tested
in the saturated condition , the specific damping capacity in-
creased by a factor of about 1.6 over the dry condition meas-
urement to 7.3 x lO_ 2 .

A used specimen of 8 inch circum-
ference , double-braided Dacron was also tested dry and satu-

rated. Two test sequences were conducted in the dry state ,

giving values of 3.47 x 10_2 and 3.12 x 10- 2 . When the

specimen was tes ted in the satura ted cond it ion , the spec ific
damp ing capacity increased by a fac tor of abou t 3 .6 to 11.8 x
lO_ 2

4.4.4 Poly-Dac Rope Specimens

Poly-Dac is a copyrighted name for 3 strand

twisted ropes which are constructed primarily of pclypropylene
with the outer fibers of each strand constructed of Dacron . New

and used specimens of 6 inch circumference 3 strand Poly-Dac

were tested both dry and saturated.

4.4.4.1 Specific Damping Capacity Measure-

ments for New Poly-Dac Rope Specimen

Specific damping capacity of the dry
new specimen was measured during two separate test sequences .
The values obtained were 4.04 x 10 2 and 4.05 x l 02 . When

the new specimen was tested wet , the value increased by a fac-
tor of 1.4 to 5.69 x lO_ 2 .

4 .4 .4 . 2  Specific Damping Capacity Measure-

ments for Used Poly-Dac Rope Speci-

mens
Two sections of the used rope were

tested in the dry state because the initial section was destroyed

4 .32
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after  its dry and wet damping capacity values had been obtained ,
by an attempt at fatigue cycling . The specific damping capacity

value for the initial section tested dry was 3.72 x 10 2 , approx-

imating the value of the new rope . Whet~ tested in the saturated
condition , the specific damping capacity value increased by a

factor of 1.6 to 5.99 x lO_ 2 which is also within about 57~ of

the new rope value . The second section was evaluated through
two test sequences in the dry condtion , yielding specific damp-

inc capacity values of 5 .97  x l O _ 2  and 5.06 x l 0 2 . Measurement
of specific damping capacity for the second section in the satu-

rated condition yielded a value of 8.09 x lO_ 2 , which is between

1.4 and 1.6 times the dry condition value .

4.4.4.3 Effect of Saturation on Specific

Da~p~~~ Capacity for Poly-Dac Rope

~pecimens

In all cases for both new and used
specimens , saturating Poly-Dac ropes has exhibited the same

effect on the value of the specific damping capacity , that is ,

an increase of 40 to 60 percent over the dry value.

4 . 5  Comparison of Specific Damping Capaci~ y_~~~1ues
for New and Used Rope Specimens
This section reports and discusses the results of

specific damping capacity measurements made on the eight - 
-

matched pairs of new and used synthetic rope specimens . The

focus of this section is on the comparison between new and

used rope specimens of the same size , material , and construc -

tion , and on the correlation of the specific damping capacity

measurements with visua l observations of used rope condition .

Matched pairs of rope specimens are discussed in

the order in which they are presented in Table I.

4.33



— —--‘-

~

-

~~

-

~ 

- 5 T
~~~~~~T~~~T~~ TT - 

~rw .

4 . 5 . 1  Six Inch Circumference Three Strand

Specimens
Matched pairs of new and used six inch

circumfer ence thre e strand specimens were obtained in three
materials. These are ny lon , polypropy lene and Poly-Dac .

As men tioned before , Poly-Dac is an abbreviated name for a

rope which is constructed pr imar i ly  of pol ypropylene wi th
the outer fibers of each strand constructed of Dacron .

4.5.1.1 Ny lon
Three specimens of 6 inch circum-

ference 3 strand nylon were evaluated , two were new and one
used .

The rope designated Columbia No.  2
in Table I is the “as received” specimen which was used for
the time dependence tests discussed in Section 4.3. Columbia

No. 1 is the original spec imen which had exper ienced a load
of 26 , 000 pounds .

There was a distinct , i:eproducible

difference between the measured specific damping capacity

value of Columbia No. 2 and the measured specific damping
capacity value of Columbia No.  1, both when tested dry and
in the saturated~ condition . For all tests the measured spe-

cific damping capacity for Columbia No. 1 is 19% greater than

that for Columbia No. 2. This difference can only be attrib-
uted to the overstressing of Columbia No. 1 dur ing the early
tests , as all other variab les are the same for these two rope
specimens .

The used rope specimen was a sti f f ,

tightly wrapped rop e. The outer surface was modera tely rough
from wear but there was not a significant amount of serious

abrasion or broken strands . When tested dry , the -
~~~

- values
measured for this specimen were 3.01 x 10-2 and 2.53 x lO_ 2 ,

wh ich are wi th in the range of the values obtained for the new
specimens . When tested in the saturated condition , the measured

4 .34
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specific damping capacity of the used rope was 21% higher

than that of the new specimen . Figure 32 is a photograp hic
represen tation of the new and used 6 inch circumferenc e 3
strand nylon rope specimens .

4.5.1.2 Polypropylene

New and used rope specimens of 6

inch circumference 3 strand pol ypropylene were evaluated.
The measured specific damping capacity values for the new

rope tested dry were obtained from two test sequences . These
values were 5.84 x l0 2 and 5.04 x 10 2 . While the variance

between these two values may seem h igh , especially in view

of the values obtained for the nylon specimens , it is an

acceptable amount of variation when the value of 9.69 x lO
_ 2

which was obtained for the used rope is considered .

The measured specific damping ca-

pacity value for the used rope was obtained during testing

which preceded the investigation into time dependency . Based

on the general trend of the time dependency phenomenon , it

is expected that had the used specimen been tested after 60

minutes at load , the -
~~~

- value would probabl y have decreased
to approximately, 8 .5  x 10_ 2 . This would s t i l l  be a signif-
icantly larger value than obtained for the new rope . The used

6 inch circumference 3 strand polypropy lene rope was a severely
abraded specimen having numerous broken yarns as shown in

Figure 33 . The condition of incipient failure was detected

through the measurement of the internal friction damping , and

confirmed by catastrophic failure when a tensile load in the

range of 20 ,000 pounds was appl ied . Breaking strength for a

new six inch circumference pol ypropy lene rope is approximately

80 ,000 pounds . (2)

Due to failure of the used rope

specimen , measurement of the value for the saturated con-

dition could not be performed.
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4.5.1.3 Poly-Dac

New and used rope specimens of 6

inch circumference 3 strand Poly— Dac were evaluated. The
measured specific damp ing capacity values for the new rope

specimen in the dry condition were obtained from two separate

test sequences. These values showed excellent reproducibility ,

being 4.04 x 10_2 and 4.05 x lO_ 2 .

Two specimen s of used Poly-Dac

were tested. Specimen #1 had a measured specific damping

capacity of 3.72 x 10_2 , which is not significantly d i f f e r en t
from the value obtained for the new rope specimen . When

tested wet , used Specimen #1 had a value of 5.99 x 10-2

compared to 5.69 x l0_2 for the new specimen . This is also

an insignificant difference. Used Specimen #1 had a good

visual appearance , showing a moderate amount of wear on the

outer surface and no kinks or other visible defects as shown

in Figure 34. However , when fatigue cycling was attempted

on this rope specimen , it broke when subjected to a load of

20 ,000 pounds . This indicates that either some failure rnech-

anism was acting which is not detected by measurement of the H

internal friction damping of the material , or the measurement

was faulty. Unfortunately, the specific damp ing capacity

was measured during only one test sequence for each condition ,

so no second value is available to confirm the accuracy of
AW —

the --
~~~
- valu€ .

A second specimen from the same

used rope was prepared. Two test sequences were conducted

on this specimen ( # 2) in the dry condition . Specific

damp ing capacity values obtained were 5.97 x 10-2 and

5.06 x 10 2 . This indicates a difference in the condition

of the used specimens compared to the new specimen and sug-

gests that the measurement obtained for used Specimen # 1

may have been faulty .
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Us ed Specimen No. 2 was also tested
in the saturated condition . A measured specific damping ca-
pacity value of 8.09 x l0_ 2  wa s obtained. This value is s ig-
nif icant ly higher than the measured value for the new rope ,
indicating again that the used rope has suffered degradation
and suggesting that the measured value for used Specimen No. 1

may be incorrect.

4.5.2 Eight Inch Circumference Three Strand
Specimens
Matched pairs of new and used eight inch

circumference three strand synthetic rope specimens wer&.. ob-
tained for three mater ials . The materials include ny lon ,
polypropylene , and Dacron .

Specific damping capacity measurements were
made and evalua ted for each ma tched pair . Presentation and
discussion of the results generated are included in the fol-

lowing subsec tions .
4.5.2.1 Nylon

New and used rope specimens of

8 inch circumference three strand nylon were evaluated . Fig-

ure 35 is a photographic representation of these rope speci-
mens. The used ny lon rope specimen visually appe ared to be
in excellent condition with virtually no evidence of wear or

abrasion .

Measured specific damping capacity

values for the new rope specimen in the dry condition were
obtained from two separate test sequences . These values show

excellent reproducibility of measurements being 4.26 x 10-2

and 4.11 x lO_2 .

A specific damping capacity value

of 4.19 x lO_2 was measured for the used specimen in the dry
condition . The equivalence of this value to the value mea-

sured for the new specimen confirms the visual assessment of

the used specimen .

4.37
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The measured specific damp ing Ca-

pacity value-of the new specimen in the saturated condition

is 9.24 x 10 2 , compared to 8.14 x 10-2 for the used specimen .

The difference may be attributable to a difference in the

amount of water absorbed by each specimen . This hypothesis

- 
- has not been tested but could be considered in a future phas e

of the program . The fact that the value for the used specimen
is not greater tha•n that obtained for the new specimen is an

indication of t.~e condition of the used specimen showing no

evidence of wear or abrasion . -

4.5.2.2 Polypropy lene
New and used rope specimens of 8

inch circumference three strand polypropy lene were evaluated .

Figure 36 is a photographic representation of these rope spec-

imens. The used polypropy lene rope specimen visually appeared
to be in very good condition , showing no serious abrasion or

broken strands . Measured specific damping capacity values for

the new rope specimen in the dry condition were 5.04 x lO _ 2 
for

the first test sequence and 4.33 x 10
_ 2 for the second test

sequence. These values compare to 5.35 x 10-2 , 5.04 x 10-2

L and 7.24 x l 0 2  for the used rope specimen in the dry condition .

In checking the test sequence history , it is found that the

values 5 .35 x 10-2 and 5.04 x 1 0 2  were both obtained on the

same day , and that all measurements that day were affected

by noise. The value of 7.24 x 10_ 2 was obtained on a later

date after the noise problem had been eliminated.

When the rope specimens were tested

in the wet condition , two test sequences on the new rope

yielded the values of 7.08 x lO 2 and4.83 x lO_ 2 . The value

of 7.08 x 10-2 was obtained after 66 minutes at load , whereas

the value of 4.83 x l0_ 2 was obtained after 165 minutes under

load . It is therefore expected that had the first test been

carried out af ter 100 more minu tes at load , the values wot~ild

have been closer .

4.38
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4.5.2.3 Dacron

New and used specimens of eight
inch circumference three strand Dacron were evaluated.

Measured specific damping capacity
values for the new specimen in the dry condition were gener-
ated during three separate test sequences. The values ob-

tam ed were 4.66 x l0..2 , 4.01 x l O 2 , and 5.06 x l0_ 2 . When

tested in the saturated condition , a 4~
-
~ value of 4.

1L5 x lO_ 2

was measured.

The condition of the used Dacron

specimen as visually assessed was very poor , with severe

abrasion and many broken strands evident. There are m di-

catiotis of cutting of outer fibers by some hardware .

The used specimen was evaluated

during two separate test sequences in the dry condition .

The measured specific damping capacity values obtained from

these test sequences were 11.8 x 10-2 and 10.5 x 10-2 . The

average of these measuremertts is 2.43 times the average mea-

surement of the new rope , indicating incipient failure . The

value obtained for the used rope in the saturated condition

was 14.3 x 10_2 , which is 3.2 times the value for the new

rope . This is a further indication of incipient failure. It

is pertinent to note that five minutes after the specific

damping capacity value was obtained for the used rope in the

saturated condition , the rope experienced catastrophic fail-

ure , without any increase in tensile load on the specimen .

Tigure 37 show:; the 8 inch ci~ cumfcrence toree strand Dacron
specimens .

4 . 5 .3  Eight Inch Circumference Double-Braided

~p~ c imens
Ma tched pair s of new and used eight inch

circumference double braided rope specimens were obtained

/ .
~
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for two materials:  nylon and Dacron . The following two sub-
sections report and discuss the results of the specific damp-
ing capacity measurements for these rope specimens.

4.5.3.1 Nylon
New and, used specimens of eight inch

circumference double braided nylon were evaluated in both dry
and saturated states. Figure 38 is a photographic representa-
tion of these rope specimens .

The new rope specimen , when tested
in the dry condition , had a measured specific damping capacity
of 5.37 x l0 2 . The measured specific damping capacity value
for the new specimen in the wet condition was 8.33 x 10-2 .

The used rope specimen was visually
evaluated as being in very good condition , with no visible de-
terioration of any sort . The. measured specific damping capacity
values for the used rope specimen were actually lower than those
of the new specimen , being 4.35 x lO_2 and 3.15 x 10-2 when test-
ed in the dry state and 6.20 x l0_2 when saturated . It is ex-
tremely unlikely that the used specimen is in better condition
than the new specimen . However , there is a difference in con-
struction between the new and used specimens which may be re-
sponsible for this result. Figure 44 illustrates the outer
strands of these two specimens . As shown in the illustration ,
the outer cover of the new rope is constructed of pairs of
strands braided into a herringbone-type pattern , whereas the
outer cover of the used rope is constructed of single strands
braided into a herringbone-type pattern .

4.5.3.2 Dacron
New and used specimens of eight inch

circumference double braided Dacron were evaluated in both dry

and saturated states . Figure 39 is a photographic representa-
tion of these rope specimens .

The specific damping capacity value
for the new rope specimen in the dry state was measured during

4.40
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FIGURE 44 ILLUSTRATION OF OUTER COVERING CONSTRUCTION FOR
NEW AND USED DOUBLE-BRAIDED ROPE SPECIMENS
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two separate test sequences. The values obtained were 4.31 x
10_2 and 4.74 x 10 2 . Measurement of the specific damping Ca-

paci ty for the new rope when saturated yielded a value of
7.28 x l0 2 .

The used rope specimen was visually

evaluated as being in very good condition , with no visible de-

terioration of any sort. Similar to the ny lon double braided
specimens , the used Dacron had a lower specific damping capac-

ity than the new specimen . When tested dry , the used specimen
value measured 3.47 x 10 2 and 3.12 x lO_2 during two separate

test sequences.

The same difference in outer cover

construction noticed in the nylon spec imens and illustra ted
in Figure ‘44 was present in these Dacror. specimens , indica ting
the probability of a correlation of the different construction

to the lower damping values obtained for the used ropes.

When tested in the wet condition ,

the used specimen had a measured specific damping capacity of

11.8 x 10-2 . This is a somewhat higher value than the value

ob tained for the new rope and ind ica tes a larger change between
the dry and wet state than experienced by the new rope. Expla-
nation of this phenomenon will require further research .

4.5.4 ~Summary of Measurements for New and Used

Matched Pairs

The core data for this section consists of 55
specific damping capacity measurements ‘;hown in Table II . These

55 measurements resulted from the analysis of 330 individual data

points. These core data values represent the stable specific

damping capac ity measuremen ts . Approximatel y 600 more measure-
ments representing approx imately 3 ,500 individual data points

were made in order to determine the time at which each rope speci-
men reached the equilibrium state.

Of the eight matched pairs of new and used rope
specimens , three contained used specimens which showed no visible

4 .42
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signs of deterioration . These three are:
1) Eight inch circumference three strand

ny lon ,

2) Eight inch circumference double-braid

ny lon , and
3) Eight inch circumference double-braid

Dacron .

In all three cases , measurement of the spe-
cific damping capacity also indicated no evidence of deterio-
ration . There was only one anomaly in these measurements ,
the used eight inch circumference double braid Dacron speci-
men when tested in the saturated state had a significantly
higher measured specific damping capac ity than the new speci-
men . It is believed this effect may be due to a difference
in the mass of water absorbed by the two specimens .

In one case the measurements of specific

damping capacity showed great variability, Th is occurred
with the eight inch circumference three strand polypropy lene
specimens . There was 60Hz background noise during some of
the measurements which was later eliminated . It is believed
that more testing of these two specimens would reduce the
variability of values .

The measurements of specif ic damp ing capac-
ity for the six inch circumference three strand Pol y-Dac
specimens showed an anomaly in that the first used specimen

to be tested showed no difference in L~W/ ~~ from the new speci-
men . Visually , the specimen was onl y modera tel y abraded
however , it failed under a load of 20,000 pounds when fatigue
cycling was attempted. There was no check made on the repro-
ducibility of the values for this specimen as only one tes t
sequence in the dry condition and one test sequence in the
saturated condition were conducted before the specimen failed .
However , another specimen was prepared from an adjacent sec-
don of the same rope. Two dry and one saturated test sequences
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were conducted on this specimen , and in all cases , the pres-
ence of an. incipient failure mechanism was detected through
a significant increase in ~W/W as compared to the new speci-
men .

Measurements of specific damping capacity
for the rema ining three matched pairs confirmed the existence
of failure mechanisms . The remaining three matched pairs re-
ferred to are:

1) Six inch circumference three strand

ny lon ,
2) Six inch circumference three strand

polypropylene~ and
3) Eight inch circumference three strand

Dacron .
Measurements of specific damping capacity were

made for four specimens of six inch circumference three strand
nylon. Two of these were new specimens from Columbia Cordage
Co., one of which had been overstressed (stressed above the up-
per limit of the linear elastic range) during early testing , the
other was not overstressed . One new specimen from American Manu-
facturing , Inc. which had also been overstressed was tested . The
damping values for this specimen were equivalent to the values
obtained for the Columbia specimen which had been overstressed .
Tes ting was not as ext ensive on this specimen as on the other
two new specimens , therefore it was omitted from the discussion
of Section 4.5.1.1. However , it is pertinent to note here that
new specimens from two different manufacturers which had both
experienced a stress level of 26,000 pounds had equivalent val-
ues of specific damping capacity. The most significant finding
resulting from measurements made on the six inch circumference
three strand nylon specimens was a consistent increase in spe-
cific damping capacity from the virgin state to a condition of
having been overstressed. Further investigation along ‘these
lines was conducted , and will be discussed in Section 4.6.
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The second case where a failure mechanism
was detected through the measured specific damping capacity
was in the matched pair of new and used six inch circumference
three strand polypropylene specimens . In this case , the used
specimen showed visible evidence of deterioration with nuiner-
ous abrasions and broken strands . The specific damping ca-
parity measurements detected this deterioration ; the used
specimen had a t~W/ W value approximately 807~ higher than the
average of the two ~W/W values obtained for the new specimen .
The existence of an active failure mechanism was confirmed
when the rope specimen failed at around 20.000 pounds tensile
load.

A similar situation prevailed for the third
case , where measurement of the specific damping capacity pre-
dicted incipient failure. The used eight inch circumference
three strand Dacron rope specimen showed visible evidence of
very serious deterioration with numerous cuts and abrasions
evident , as well as a large percentage of broken strands . The
specif ic damping capacity measurements detected this deterio-
ration through an average t~W/W value approximately l407~ larger

- 
, than the measured value for the new specimen . Based on the

general mathematical model relating specific damping capacity
to incipient failure , it is surmised that the used Dacron speci-
men was closer to f&ilure than the used polypropylens specimen
just discussed. This was confirmed by the failure of the Dacron
specimen without the application of additional load above that

used for testing . Both the used six inch circumference three

strand polypropylene specimen and the eight inch circumference
three strand Dacron specimen failed under a tensile load of

20 , 000 pounds . However , for the six inch polypropylene that
load represents about 2O7~ of new rope breaking strength , where-

as for the eight inch Dacron the 20,000 pound load is about 107~
of new rope breaking strength .
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Therefore , the specific damp ing capaci ty
measurements not only detected incipient failure , but’ also ,
through the magnitude of the changes bçtween new and used

specimens , gave an indication of the actual breaking strength
of the used specimens .

4.6 Changes in Specific Damping Capaci ty R~~~~~~n
From Stress Cycling

Af ter completing the testing of the eight matched
pairs of ropes as discussed in the foregoing sections , a six
inch circumference , three strand rope iden ti f ied as Columbi a
#2 was moun ted in the rope suppor t and tensioning appara tus
and subjected to stress cycling using a tensile load in excess
of the upper limit of the range of linear elasticity.

The rope specimen was loaded to 25 ,000 pounds in
tension for 10 minutes , then returned to zero load for 10 min-
utes. This cyclic loading was repeated four times and after

the four th cycle , the rope tension was brought to 10 ,000 pounds
load . At 75 minutes after the 10,000 pound loading was begun ,

the measured specific damping capacity was 6.12 x l0 2 . This
I. ’ is 2.32 times the initial value of 2.64 x 10-2 obtained before

stress cycl ing was initiated . At 90 minutes , the form of the
decay curve began, to deteriorate , probably from the rope be—
ginning to recover the elastic strain which had resulted from
the 25 ,000 pound load .

The rope was then str ess cycled eigh t times in the
sam e manner and returned to zero load for 16 hours so that all
the elastic strain could be recovered .

Tens ion of 10 ,000 pounds was appl ied to the rope and
sustained for two hours. At two hours , the 1~W/W had stabilized
in the range of 4.9 x l0 2 to 5.5 x 10-2 . This is approximate-
ly twice the AW/W value ob tained for the “as received” specimen .
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4 . 7  Comparison of the Internal Friction Damping

Technique to Ultrasonic Detection and Acoustic
Emission Inspection Techniques

A comparison of the IFD-NDE technique to acoustic

emission and ultrasonic detection inspection techniques is

listed in this section . Examples of various parameters that
enable IFD measurements to be successfully applied to synthe-
tic rope specimens are enumerated in the following sections .

4.7.1 Coupling Pressure for Input-Output Resp~~se

The output response as a function of test

technique can be dependent on a function of the method of
attaching the output transducer to the synthetic rope being

tested . The ultrasonic detection inspection technique is

most sensitive to coup ling pre ssure and mu st have discrete
contact with the specimen being tested . An irregular sur-
f ace wi th corros ion or p its could completely mask the ul tra-
sonic signal response of the synthetic rope. The design of

synthe tic ropes wh ich includes braided , double braided , and
twis ted sections would preclud e reasonabl e responses from
ultrasonic inputs . The rough texture and numerous rope strand

interfaces with corre sponding void spa ces would be iden ti f ied
as crack initiation locations with ultrasonic detection inspec-
tion techniques . Moreover , the requirement of positive cou-

pling pressure for ultrasonic inspection would critically damp
the respons e of the synthetic rope in such a way that response
would be difficult if not impossible to ob tain .

The coup l ing pr essure requ ired for outpu t re-
sponses from acoustic emission (AE) devices would be even more

critical than those required by ultrasonic inspection . AE cou-

pling pressure must be maintained to insure the uninterrupted

collection of output responses. The synthetic ropes would thus

be cr itically damped and yield erroneous results , if any could
be obtained. Since the acoustic emission technique measures

an absolute input to absolute ou tpu t respon se , the coup l ing
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pressure would have to circumferentially contact the rope .
Any anomaly in the rope surface could produce erroneous re-
sults.

The internal fr iction damp ing technique
does not rely on the transducers being p laced in discrete
contact with the synthetic ropes. The close proximity of

the input and output transducers has been discussed in an-
other section . The advantage of a coupling method that is
insensitive to pressure of coupling would simplify the ap-
p licabili ty and increase the reliability of the inspection
technique wi thout compromising the reproducibility of the
data. The IFD-NDE inspection technique utilizes input and

output transducers tha t do not come into con tac t wi th the
syn the tic rope and therefore are not sens itive to coupling
pressure . This is a major advantage to the IFD-NDE tech-
nique .

4 . 7 . 2  Signal- to-Noise Ratio
The ability to obtain an output response

mode in synthe tic rope is predica ted on the ab ility to pro-
duce an output signal that is significantly stronger than
the inherent noise of the system . The signal-to-noise ratio
would be a measure of the ability of an inspection technique
to anal yze only tha t por tion of an outpu t signal that con-
tains no transient noise elements. The use of the acoustic

emission inspection technique as app lied to synthetic ropes
does not attain a signal-to-noise ratio that would enable

the technique to respond to the rope section . Typically,

signal-to-noise ratios that approximate 10db are common

when acoustic emission inspection techniques are applied

to synthetic ropes. The presence of an inordinately large
componen t of noise in the synthe tic rope specimen ’s response
to an input signal , necessitates special electronic condi-
tioning equipment. The frequencies of interest for the analy-
sis of the acoustic emission output signal are sufficiently

____  - - -- -- 
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large which negates the possibility of narrow band filtering
to reduce the noise level. The overall outcome of utilizing
acoustic emission for inspecting synthetic ropes would be a
very low signal-to-noise ratio .

Ultrasonic detection inspection techniques
do not attain large signal-to-noise ratios when applied to

synthetic ropes . The use of ultra high fr equencies are not
readily adaptable to narrow band filtering which eliminates
transient noise frequencies in close proximity to the test
frequency.

The IFD-NDE technique maintains the high

(typically 50-100db) signal-to-noise ratio. The advantage
of the high signal-to-noise ratio would enable the earliest
indication of output response to be made and would identify

the IFD-NDE technique as having this advantage dyer ultra-

sonic detection or acoustic emission inspection techniques.

4 .7 . 3  Input-to-Output Signal Ratio

The ratio of the input signal to the output

signal can be used to iden tif y that point in the operating
time where the synthetic rope has experienced degradation .

The calibration of the ultrasonic detection device is neces-

sary for that instrument to be used as a method for the de-
tection of synthetic rope degradation . The amplitude of re-

sponse as measured by the ul trason ic device can be correla ted
to a defect provided a specific calibration of the equipment

to a known defect has been made .
The acous tic emission techn ique requ ire s

that an absolute amplitude output be measured and correlated
to the known input amp litude . This input- to-output  signal
ratio is required for the purpose of defining the extent of

crack formation .

The IFD-NDE technique does not require a

specific signal ratio for input and output. The relative

decay is a function of the structural integrity o~ the
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mater ia l  and the f re~ uency of t e s t .  An absolute  or cal ibrated
input-output signal ratio is not necessary f or measuring a rela-
t ive amp li tude decay which is obtained from the IFD-NDE tech-

nique . The primary advantage of using a relative amplitude de-

cay that does not need to be absolute or calibrated would enable
- - the user to perform the inspection technique in an efficient

manner .  The inspect ion technique would not necessarily require
ba ckground or base line data for the early prediction of incipi-
ent degradation in synthetic ropes.

4.7.4 Test Duration of Various Inspection

Techn iques
The acoustic emission inspection technique re-

lies on the ability to perform a continuous monitoring process.

It is a passive sys tem which mus t be in operation at the time
the crack is growing . Should the AE technique be able to over-

come the no ise problem already discussed in this sec tion , the

con stan t or continuous moni toring proces s would have to be ini-
tiated. The AE method relies on the noise generated on the

micro-structural level to identify crack formation . Should

the in itiation phase of a crack arre st itself and become a dor-
mant site for future failure initiation , then the AE me thod
would not be sensitive- in locating or identifying the crackedp 
mode . The AE system can identify a growing crack .

The ultrasonic detection technique requires
periodic frequ ency moni tor ing for respons es of interest f or
the geometric site in consideration . The disadvantages of

scanning the specimen for a specified time become apparent

when one attemp ts to correla te da ta on large syn the tic ropes
with failure mechanisms .

The IFD-NDE technique complete with digital
pr ocessing equ ipmen t could perform the en tire inspec tion tech-
nique in real time . The ability to define and locate specific

f ai lure mechan isms would have the di stinc t advan tage of saving
time and expense to predict the remaining service life of syn-
thetic ropes. The analys is of da ta is performed in real time

j  
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and is comp lete after the full attenuated decay has been re-
corded. For the case of synthetic ropes , the decay time analy-

sis time (by computer) and the listing of data could be per-

formed in real time (approximatel y five seconds). This real

time anal ysis has the secon~1arv advantage of early prediction
of incipient failure with an estimate of the remaining useful

life of the synthetic rope deferred from an established AW/W

to cyclic load data relationship.

4.7.5 Test Technique as Passive or Active

The inspection technique that relies on an

input signal from the technique would be defined as &n active

technique . The ultrasonic detection inspection technique re-

quires the periodic input of a signal that excites the speci-

men and enables an output  si gnal to be acquired . The input
signal and associated output signal are related in an active

manner . The inpu t signal active ly excites an output response.

As discussed earlier , the output may or may not be directl y

related or dependent on the input signal strength.

The IFD-NDE technique , like the UT , is an

active test technique . The input pulse excites the synthetic

rope specimen and generates an active output decay response.

The acoustic emission technique relies on

the random generation of noise in the specimen as provided by

the internal micro-structure movement. The technique pa ssively
listens to the micro-s t ructure  movement and i d e n t i f i e s  that
point where the randoml y generated noise exceeds the background
noise. As was discussed earlier in the section , this aspect

may not be possible in all cases. The passive nature of the

test requires that the initiation of failure must be happening

at the time of test for the definition of a failure mode to be

made .

The advantages of an active test technique
include the early detection of failure at an incipient stage .

The IFD-NDE technique relies on the active aspect of the test
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to define the prediction of failure. There is no advantage

in def ining initiation of fa i lure af ter the fac t as is the
case with the passive techniques.

4.7.6 Effect of Geometry on Inspection Test

The use of ul trasonic detection techni ques
for app lications that have inherent changes in geometry , in
many case s, is unable to differentiate a defect from the

change in geometry . The UT technique exper iences a large
number of false alarm indications of defects near areas that

exhibit changing geometry . The initiation of a failure mode ,

in many cases , occur s near a change in geome try where stress
concentrations are found . As the UT inspection nears the area

of geometry change , the technique identifies that change as a

defect. The increased comp lexity of design ari sing f r om the
geometry problem in UT inspection adds to the time and cost

of the overall technique .

Acoustic emission methods of inspection are

also adver sely a f fec ted by changes in geome try in the opera-
ting mode . The noise created by app lying AE to synthetic

rope could mask the acoustic data being emitted by the tech-

nique .

The IFD-NDE technique is not affected by

changes in geomet~ry with respect to obtaining output data.
The response to the IFD input signal is a bulk modulus that

enables the technique to locate and define approximately the
location where the incipient failure mode has initiated . The

degree of sensitivity of the technique is also related to the

bulk response of the specimen . An advantage of using the IFD

technique for synthetic rope specimens would be its ease of

applicaticn to different materials (nylon , Dacron , polypro-
py lene , etc.) in numerous different constructions (three

strand , eight strand , and double braided) . Secondary advan-

tages of using the IFD technique ins tead of AE or UT inc lude
savings of time thr ough an implied reduction in time of test.
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4.7.7 Frequency of Test in Relation to Ability
to Locate Small Crack
In both cases of acoustic emission and ultra-

sonic detection inspection techniques , the frequency of test
is inversely proportional to the magnitude of defect. That is ,
the smaller defect to be found in a synthetic rope specimen im-
plies a higher frequency rate of test. The decay response from
AE and UT is also inversely proportional to the frequency of
test. For very high frequencies (typically 100MHz and more),
the attenuation of the response signal becomes so large that
the signal is critically damped before the pickup transducer
is able to record the response. Even with more sophisticated
equipment , the chance of picking up response signals from UT

F and AE in the higher ranges of frequencies is quite small.
For this reason the common defects that are identified by AE
and UT are in the range of 0.1 inches to 1.0 inches in size
at the point of discovery .

The IFD techn ique is capable of identif y ing
small (typically 0.001”) defects in materials. The small de-
fects that are identified are not dependent or inversely pro-
portional to frequency . Typical responses for synthetic ropes

were in the range of 50 to 100Hz. Typical responses for most

common materials tested using the IFD-NDE technique are in the

range of 20-20,000Hz.
The relationship of the frequency of test to

the size of defect has been discussed. Another aspect of an
inspection technique that is important is the relationship of

the test frequency to the identification of a failure mode in

an incipient stage that is not a defect. Ultraviolet radiation
from the sun will deteriorate synthetic ropes after a lengthy

period of exposure. In the advanced stages of de terioration ,

the AE and UT techniques could possibly detect a change caused
by broken strands as a result of UV deterioration . The IFD
technique based on prior test experience is sensitive to all
forms of failure including the UV deteriora tion mode . For
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synthetic ropes , the IFD technique has the advantage of low
frequency responses which enables an early detection of dete-

rioration to be made . The primary advantage , however , is the
ability to detect deterioration that does not originally occur
as a microcrack (i.e. environmental deterioration). More-
over , the ability to distinguish small-cracks at low frequen-

cies (typically 1000Hz) provides the ultimate advantage of

earliest detection in rope sections . Other secondary advan~-

tages include less expensive analysis equipment and a reduced

inspection time which implies lower inspection costs.

4.7.8 Crack Growth Rate

The acoustic emission and ultrasonic detec-

tion techniques require that the instrumentation be app lied
and constant on-line monitoring be performed to insure the

early detection of crack formation . The AE and UT techniques

rely on the ability of monitoring the specimen in an on-line
mode to pred ict and correla te the crack growth to a time pe-
n od . As was men tioned earl ier , the fai lure mechani sm is no t
cracking in all cases. Therefore , the cons tan t moni toring
required by AE and UT are time consuming and may n-’t identi—
fy the potential failure mode .

The IFD technique indicates with the initial
data collected a direct correlation to the crack growth . (28)

The relative measurements do not require that the IFD tech-

nique be used to monitor the synthetic ropes on-line . It is

anticipa ted tha t the IFD techn ique will indicate a direct cor-

relation of specific damping capacity values to the number of

failed strands in the synthetic ropes over the entire useful

life of the rope . - 
-

4.54

5-’ - - .‘ - - - -~-~‘.-~—---5- - 1
- - i- -—- --- — — ’ - . -5—- --~~~ --- - -~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘ 

51



- 
-
~~~~- ~~~ w— -- — - - - - -- - - -5 

~~~~~~~~ ~ i’- —~~~ 
— 

— ——-

~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~
- ______

5.’O CONCLUSIONS

This report concludes that monitoring the dynamic re-
sponse of synthetic ropes as a function of the work-cycle

history is a viable nondestructive technique for predicting

impend ing failure due to fatigue and abrasion . The results

of this program are an important milestone in accomp l ishing
the overall objective of utilizing the internal friction damp-

ing nondestructive evaluation technique in order to detect im-

pending f ailure of SPM hawsers , mooring , towing and other
marine lines.

5.1 Feasibility and App licability

The results of this program show that the internal

friction damping nondestructive evaluation techniqu e is appli-
cable to synthetic ropes of both six inch circumference and

eight inch circumference . The first evidence supporting this

conclusion consists of the discovery that the synthetic rope

specimens could be induced to vibrate using a noncontact mag-

netic input transducer . The vibration decay func tion which
was obtained when the forcing signal was removed conformed

closely to the expected exponential decay . The se two finding s,

coupled with reasonable repeatability of specific damping

capacity values for individual rope specimens , indicates the

app licabil ity~ of the technique to synthetic ropes of both
six inch circumference and eight inch circumference.

To fur ther  support th is  conclusion , the techn ique
has demonstrated the capability to detect the impending f ail-
ur e of two spec imens , a used six inch circumference three

strand pol ypropylene specimen ’and a used eigh t inch circum-
ference three strand dacron specimen . Both of these spec imens
failed at a fraction of their rated breaking loads subsequent
to the application of the internal friction damp ing techniqu e ,

thus confirming the detection of impending failure. Further

support of this conclusion is provided by the results of stress

cycle loading discussed in Section 4.6. A 25 ,000 pound load
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was applied for 12 cycles at 10 minutes for each load cycle
and allowing 10 minutes of load relaxation between load cycles .
to a new specimen of six inch circumference three strand nylon.
A significant increase in the measured specific damping capacity
resulted , indicating detection of the degradation produced by
overstressing the rope specimen .

There is also evidence to suggest ‘that the measure-
ment of the specific damping capacity will not only detect Un-

pending failure but can be correlated to the remaining strength
of the rope specimen . This correlation could be used to re-
assign high use rope to jobs of lower working loads , thus ex-
tending even further the useful life of any given rope .

The results of the specific damping capacity measure-
ments for the six inch circumference three strand polypropylene
and the eight inch circumference three strand dacron rope speci-
mens show that the used six inch circumference three strand poly-
propylene rope , which failed at approximately 20% of rated break-
ing strength, had a measured specific damping capacity prior to
failure 80% higher than the measured specific damping capacity
for a new specimen of the same type . Moreover , the used eight
inch circumference three strand dacron rope failed at approxi-
mately l07~ of breaking strength and had a measured specific
damping capacity~prior to failure 140% higher than the measured
specific damping capacity for a new specimen of the same type.
This indicates a probably correlation between percentage increase
in ~W/W and remaining strength .

Figure 45 shows the preliminary correlation between

normalized specific damping capacity versus the percentage of
rated breaking strength for abraided ropes. Normalization of

~W/W is achieved by dividing the specific damping capacities
of each matched pair by the specific damping capacity for the

new rope specimen of that pair .

- 

- The technique has shown its applicability to all three

synthetic materials , as all three materials are involved in the

results just  discussed . The fact that reproducible data was
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obtained for the three types of construction studied indicates

the technique ’s applicability to all three constructions.

Feasibility of utilizing the technique for full size

SP.1 hawsers is indicated by the fact that two different sizes
of rope were successfull y tested .

5.2 Technical Advantages of IFD-NDE Techniqy~
5.2 . 1 Input ~4~gnal StL~p~~j i Not Critical

A noncontact magnetic input transducer must

be used because a contacting shaker type transducer would add

damping to the rope. However , variation of the distance be-

tween the magnetic transducer and the magnetic signal transf er
device (mounted on the rope) . does not affect the measured spe-

cific damping capacity, so long as the transducer is not so

close that it contacts the rope or so far away that the signal
becomes lost in the noise . Signal strength is inversely pro-

portional to the ath power of the distance between the trans-

ducer and the signal transfer device. (x~~)

The data leading to this conclusion is dis-

cussed in Section 4.2.4.1 of this report . In all cases where
transducer offset distances were varied , the measured specific H

damp ing capacity was lower the second time the rope specimen

was tested at a specific pressure , regardless if the trans-

ducer offset distance was increased or decreased , indica ting
that the offset distance was not critical , and g iving the
first indication of the time at load dependency of measured

specific damping capacity. The noncri tical ity of tran sducer
offset distance is an advantage to the operation of the tech-

nique both in the laboratory and in the field in that it elimi-

nates the need for precise adjustmen t of transducer position

and therefore expedi tes test set up .

5.2 .2 Output Signal Strength Not Criticel

A noncontact magnetic transducer is also used
for converting the rope vibration into an output signal . This
type of transducer was chosen because it minimizes added mass

5 . 4
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L
on the rope specimen , compared to other types of output trans-
ducers , such as accelerometers , which must be physically mounted
on the rope. Offset distance of the output transducer is even
less critical than for the input transducer . This is because it
has no effect  on the signal to noise ratio . Vibration in the

rope is composed of two components. One is noise , which is a
fixed quantity dependent upon such things as rigidity of sup-
ports , type of tensioning apparatus and the method of support-
ing the tensioning apparatus . The other vibration component is

provided by the input transducer . The ra tio between the ampli-

tude of the componen t provided by the input transducer and the
noise component is the signal to noise ratio . The output trans-
duc er simply converts the total vibration into an electronic
signal without altering this La~-io . Because the internal fric-
tion damping technique uses the measurement of the relative am-
plitude decay , as opposed to an absolute amplitude measurement ,
there is no restriction on output signal strength.

5.2.3 Independence of Specific Damping Capacity
and Tensile Load in the Linear Elastic Range
This report concludes that the specific damp-

ing capacity is a constant value for any particular rope speci-
men and is independent of the level of tension , so long as the
tensile load is within the range of linear elasticity . The range
of linear elasticity is defined as that range of tension where
an incremental increase of load produces a proportional increase
in elongation . Figure 40 graphically illustrates the range of
linear elasticity. Several rope specimens were investigated
thoroughl y ,  in order to quantify the time-dependence of meas-
ured ~W/W and to evaluate the relationship between tensile load
and t~W/W . Figures 42 and 43 show that the stable specific damp-
ing capacity values obtained on these rope specimens , once they
have achieved s tat ic  equilibrium , are constant throughou t the

H linear elastic range.
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There are three important advantages to the
independence of specific damping capacity and tensile load .
These are:

1. I t eliminates the need to obtain a ma-
trix of measurements of specific damping
capacity at a multitude of tension levels.

2. If the resonant frequency is close to the
frequency of a strong noise component , in-
terference can occur which causes variation
in the output signal amplitude . Because

the specific damping capacity is independ-
ent of the level of tension , the tensile
force can be increased or decrea sed to
where the resonant frequency ~nd the nbise
frequency are separated enough to filter
out the noise using the frequency analy-
zer .

3. For possible future field applications a
precise level of tension will not be re-
quired.

5.3 Technical Limitations of IFD-NDE Technique
5.3.1 Dependence of Measured Specific Dampin~

Capacity on Time

This report concludes that the measured spe-

cific damping capacity is dependent upon the length of time
that a constant tensile load has been maintained . The meas-
ured specific damping capacity decreases over time unt i l  the
rope specimen reaches equilibrium , at which time a stable mini-
mum value of specific damping capacity, is obtained . Figure 41
graphically illustrates the relationship between time under load .

and measured specific damping ca~- -ici~ty for a new six inch cir-
cumference , three strand nylon rope specimen . Some rope speci-
mens showed considerably more scatter in the ~W/W mea~urements
made ear ly in the load cycle than that illustrated . However ,
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the same general trend was evident , with the measured value
settling down after some time . For six inch cir cumf erence
and eight inch circumference , six foot long rope specimens ,
the time to equilibrium is between 30 and 100 minutes. Thi s
simp ly limits the number of specific damp ing capacity measure-
ments which can be made in a given leng€h of time .

5.3.2 Minimum Tensile Load Necessary
This report concludes that a minimum tensile

load on the rope specimen is necessary for accurate measure-
ments of specific damping capacity to be obtained. This load
is equal to the load required to reach the lower bound of the
range of linear elasticity.

The reason for this necessity is the finding
early in the program , that specific damping capacity values
generally decrease with increasing tension in the range below
the linear elastic range. Figures 42 and 43 illustrate this
effect. Figure 42 also illustrates the large variability in

the measured specific damping capacity when the tensile load
is less than that required to produce linear elastic behavior .

There are two material phenomena which act in
combination to produce this effect. One is the viscoelastic
behavior of synthetic materials , resulting in a phase lag of
strain relative to stress. The other phenomenon is the fiber

— orientation e f f e c t .  When the synthetic rope is under no load ,
individual fibers , due to their molecular structure , are not
straight . As tension is applied to the rope , the fibers
straighten out until , at the lower limit of the linear elas-
tic range, they become aligned’. Until that point is reached ,

the “curliness” of the fibers creates additional internal fric-
tion in the rope .

5 .3 .3  Max imum Allowable Tensile Load
Due to the nature of material behavior , it

is necessary that the tensile load used in conjunction with
the internal fr ict ion damping technique not exceed the upper
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limit of the range of linear elasticity. This is because

tensile loads above this limi t will cause permanen t elong a-
tion of the rope spec imen which tran sla tes to permanent
change in the internal structure . When this occurs , the

value being measured is affected .
This effect is illustrated by the compari-

son be tween three specimens of new six inch circum f erence,

three strand nylon rope. Specimens denoted American new
and Columbia #1 new had both been overstressed during the
earl y stages of the program . Columbia #2 was a virgin speci-

men. Table 2 lists the specific damping capacity values ob-

tained for these specimens . The rope specimens which had

been overstressed had a 1~W/W value approximately 20% greater
than the virgin specimen .

5.3.4 Minimum h r  Ratio

A preliminary conclusion of this report is

that a minimum ratio between unsupported length of rope and

rad ius of gyration of the rope cross-section (l/r) of approxi-
mately 100 is needed in order to produce the stable vibra tion
necessary to utiliz e the internal f r iction damp ing techn ique.

This is a tentative conclu sion which resul ted ,

k 
early in the program , in changing from test ing three inch rope
sections to testfng six inch rope specimens . There were other

factors at p lay dur ing the earl y testing of three foo t long
spec imens which may have also influenced the diff icul ty experi-
enced in forcing the rope into resonant vibration . For this
reason , the h r  value of 100 may be modif ied through fur ther
research . For a 21 inch circumference hawser this would mean

a minimum length between supports of about 14 feet would be

required .

5.4 Dry Versus Saturated Rope Specimens

This repor t makes several general conclu sions con-
cerning measurement of specific damping capacity for dry speci-
mens versus saturated specimens , These conclu sions are enum-
erated below and discussed in detail in Section 4.4.
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1. Saturated polypropy lene ropes generall y have a
lower measured spec if ic damping capacity than
the same ropes tested dry . The single case

where this did not occur was the first saturated

test of the new eight inch circumference , three

strand polypropy lene specimen . As footnoted on

Table 2 , the L~W/W value of 7.08 x l0’~
2 was ob-

tained after 60 minutes at tension . The value

of 4.83 x lO_ 2 was ob tained dur ing a second test
after 165 minutes. During the second test , the

~W/ W value had no t stabil ized by 60 minu tes , in-
dicating that the value of 7.08 x l0_2 would
have decreased if the test had been carried out

-l ater in the load cycle.

2. Saturated ny lon and da cron ro pes generall y have
a higher measur ed spec if ic damp ing capac ity than
the same ropes tested dry .

3. It is feasible to conduct the technique under

either condition , as the eight inch three strand
dacron specimen which experienced failure had

sign ifican tly higher specific damp ing capaci ty
values than the new spec imen under bo th condi-
tions .

4 . Corr ela tion of specif ic  damp ing capacity with re-
maining strength appears to be immediately fea-
sible for dry rope specimens .

5. Correlation of specific damping capacity with re-

maining strength for saturated specimens appears

to be feasible. However , further investigation

is necessary in order to quan tif y all the ef fec ts
of water saturation such that meaningful correla-

tions can be made. Specific recommendations re-

gard ing further investigations are included in
Section 6.
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The conclusions listed above are qualitative and general.
More specific , quantitative conclusions will be possible after

-
~~ a sufficient data base is obtained .

- i
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6.0 RECOMMENDATIONS FOR FURTHER WORK
Succe ssful  comp letion of this feasibility study has

yielded indications for further work . Trends noted from

data obtained during testing should be quantified with ad-

ditional experimental work . The following work is recom-

mended as a continuation of this feasibility program phase :

1. Addi t iona l  data needs to be acquired to
determine the feasibility of correlating

synthetic rope conditions to remaining

useful life .

The limited data acquired in the first phase of the program

indicated that , for similar size , construction and wet/dry

state , differences do exist between ropes of varying deterio-

ration . However , insufficient data exists (and that for only

a small sampling of rope type) so that specific correlations

or standards for defining the remaining useful life of the

rope cannot be made. Specifically, data beyond that obtained

for eight matched pairs of rope is required in order to estab-

hish performance standards for mooring and towing lines . It

is recommended that the correlation of t~W/W to remaining use-

ful life and the associated performance standards be conducted

on six inch and eight inch circumference rope under cyclic

loading with wet immersion .

2. Additional data is required to refine the

length to radius of gyration constraint

indicated in the results.

This constraint , which was obtained during preliminary tests

in Phase I , needs to be correctly and accurately verified.

The designing of any f ield tes t mach ine would be dependen t

upon the rope length requirement , as stated by this constraint.

Spe ci f ically, the Phase I test indicated , for a leng th to ra-
dius of gyra tion ra tio of 100 , a six foo t test sec tion was re-

4 
quired . Additional data for various other h r  ratios w~h 1
allow the smallest , mos t economicall y viabl e , mobile test unit
to be designed for “in-situ” testing .
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3. A prototype design and working model of a

f ie ld  test  machine is required to implement
the field IFD-NDE technique .

The machines currently available for synthetic rope testing

are designed for failure tests of full length rope and hawser

specimens . The IFD-NDE technique application to synthetic

rope , as indicated in the feasibility study, does not require

breaking strength loads applied to the sample , specificall y

considering the smaller hawsers (six inches and eight inches)

and lines used for towing and mooring , It is proposed that

small , less costly field test equipment , used in the appli-

cation of the NDE technique , be designed and a prototype unit

be built. This prototype equipment could then be utilized in

the field data acquisition phase proposed below .

4. The acquisition of a field data base would be

required in any future work to be performed .

The acquisition of field data would be made in an “in-situ ”

state . For the purpose of the IFD-NDE tests , “in-situ ” would

include the specified test parameters of input , output , method

of support , signal strength and output , method of suppor t , sig-
nal strength and output analysis techniques . The proper evalu-

ation of the field data would enable the large data base that

was collected in the laboratory tests to be evaluated and cor-

related to the specific field tests. The correlation of spe-

cific damping capacity values to the degree of degradation for
finite time intervals would enable the IFD-NDE technique to

predict incipient failure in synthetic materials as a function

of their remaining useful life. The proposed method of test

for field evaluation of synthetic ropes would depend on the

laboratory data gathered and would be included as a partial

fu lfillment of the prototype field design of the IFD nonde-

‘~~ ‘- ‘1ctk v~ evaluation technique equipment p€ickage .

6.2
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5. Other vibrational modes , materials , con-
structions and tests should be performed
on laboratory specimens to define ade-

qua tel y the entire range of expected re-
sults for specific damping cap-~city

measurements.

Rope and section degradation areas include envi ronmenta l ly
assisted fatigue , cyclic fatigue , abrasion , salt water cor-

ros ion , and cutting of strands of the rope and sections of

lines. The additional laboratory IFD-NDE tests would define

the expected results for various failure modes that would
also include the standard confidence limits for those tests.

This failure criteria would establish the data base that

would enable f ie ld  tests to be perf ormed on numero~is con-
structions and types of lines and sections. Various ulti-

mate uses of lines such as sp lices , braces , twists , termi-

nations and eye splices would be included in the field eval-

uation tests. The f!eld evaluation would , in part , be ac-

complished util iz ing the establ ished laboratory data base .

Since the IFD-NDE technique utilizes laboratory baseline

data to define certain input and output test parameters

within the scope of the test procedure , the actual failure

pred iction ind icated by field tests would be predicated
upon a change in the IFD field data. The magnitude of the

laboratory change could be scaled up to the magnitude of 
-

the f ield change and a correla tion est~iblished for expected
resul ts .

6. Spec if ic  and major fa ilure mechani sms of
ropes , sections , lines , and hawsers should
be adequa tely defined for the purpose of
establishing quantitative failure guide-

lines .

The most common line failures should be specified for ‘the

purpose of es tabl ishing a correla tion of the fa ilur e mecha-
nism to the measured specific damping capacity of the

6,3
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material . Specifications that include quantification of

failure mechanisms and correlation to measured internal

friction damping values would be the ultimate NDE test
scenario for synthetic lines within the scope of present
technology .

In order to develop the internal friction damping
technique to full utilization for synthetic materials ,
other work outside the scope of the present program would
be required . This includes :

1. Fatigue cycle monitoring of full size haw-
sers would accelerate the transfer of this
technology to the SPM hawser safe ty program .

The preliminary correlation made under this

program between remaining strength and spe-

cific damping capacity should be refined .

This work would permit a correlation to be
made between specific damping capacity and
remaining useful life for full size hawsers
subject to cyclic fatigue . The inclusion
of environmental degradation in the test
matrix via exposur e to ultraviolet radia-
tion , salt water immersion , etc. of certain

samples would permit quantifying the effec ts
on the specific damping capacity value of the

various environmental forces. This work may
be expedited through interaction with Coor-

dinated Equipment Company in California , as
Coordinated Equipment has the apparatus for
fatigue cycling full scale hawsers.

2. Acquisition of field data to provide adequate
information on all Coast Guard approved lines ,

ropes , braces and hawsers , as well as spliced
sections , eye splices , etc. This information
would allow the determination of standard

6.4
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reg ions of safe operation for these lines ,
based on the correlations which could be
made to specific damping capacity.

3. Feasibility studies are suggested where
other synthetic materials are used in
narine applications . Some areas where
feasibility studies should be performed
are floating hoses used in conjunction

wi th SPM sys tems, hovercraft skirts , buoy
lines , and composite structural materials.

Investigations should also be conducted to

determine the feasibility of utilizing the
internal friction damping technique as an

aid to quality control at the poir~t of manu-
facture for various items used in the marine
industry . Synthetic ropes of different sizes

and cons tructions and dockside vehicle tires
are two areas where the IFD-NDE technique
might prove to be a valuable quality control

tool .

In conclusion , the successful contribution of the IFD-

NDE technique to the investigation for a nondestructive test

technique applied to synthetic materials has been defined .

Specifically, the first study of applying the technique to
six inch and eight inch circumference synthetic rope speci-

mens has shown feasibility of application to synthetic ropes.

Rope specimens have been found to have characteristic repeat-
able specific damping capacity values , which are affected by
degradation due to fatigue and abrasion . Based upon the test

data , the technique is app licable not only to small and medium
size hawsers , but also full size SPM hawsers. Further work
leading to utilizing this technique for full size SPM hawsers

has been recommended and is strongly suggested . This tech-
nique may also be applicable to many other synthetic materials ,
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both for field evaluation of items in-service and for quality

control of newly manufactured items .

All of the objectives of the synthetic rope feasibility

study have been met . Ropes of various synthetic materials ,

constructions and sizes have been tested , both dry and in the
saturated laboratory wet condition . The data was analyzed

and specific damping capacity values were correlated with the
visible condition of the ropes .  Differences between new and

- 

- 

used ropes of similar size , ma terial and cons truc tion were
noted . Differences between the values obtained in the dry

and laboratory wet conditions were also noted .

Conclusions have been drawn from the results. Where firm
conclusions could not be made but trends were noted , these were
discussed and the work needed to arrive at f i rm conclusions was
identified. Recommendations for further work needed to bring

the IFD-NDE technique to full utilization in the evaluation of

synthetic ropes and hawsers have been made . Recommendations

— for further work in related areas and for feasibility studies

for other synthet ic  material  marine app lications have also been
made .
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APPENDIX A

OPERATION OF -NDE EQUIPMENT

A .O INSTRUMENTATION SETTINGS AND INSTRUCTIONS FOR IFD-NDE
TECHNIQUE

A .l Instrument Operation

In order to operate the instrument package for  dynam-

ic response measurements , the following operational procedure

has been developed . This procedure is used to obtain an output

decay curve for a specific input signal.

A .l.1 Wiring

1. Transmit Section : Connect the “A ttenuator

Output” of the B & K Beat Frequency Oscillator

to the “signal input ” BNC connector on the

back plaze of the General Radio 1396-B Tone

Burst Generator (gate). Connect the “signal

output” of the Tone Burst Generator to the

Mini—Shaker , B & K model 4810. Connect the

“sync output” of the gate to the lower “ext

trig” of the Tektronix type 564 storage os-

cilloscope. The BNC connection from the gate

connects to a banana plug-in , and then into

the scope if a BNC/banana adapter is needed.

The ground is marked on the banana plug by

the word “ground” and has a raised shoulder.

2. Receive Section : Connect the accelerom-

ete r , B & K model 4334, to “Amp lifier Input”

A. I 
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of B & K type 2107 frequency analyzer . Con-

nect the “Recorder” output of the anal yzer

to the Channel 1 input of the oscilloscope.

A .1.2 Fixed Instrument Controls:

The instrument controls detailed in this

— section are set prior to the initiation of

the test  sequence.

1. Gate:

Trigger level/+ slope “O”/”+”

Cycle Count “Normal”

Power “On”

2. Bea t Frequency

Oscillator :

Power “On”

Power Frequency Beat See calibration

ins tru ct ions in

manu al .

Automatic Scanning “Off”  - 
—

Modulation Frequency “Mod Off”

Frequency Deviation “0”

Compressor Speed “Comp . Off”

Frequency Sc ale

Alignment See “Power Fre-

quency Beat” above .

Compressor Voltage “0”

A .2
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Oscilla tor Stop Normal or Out

Matching Impedance “ATT ”/” 12V”

Attenuator Outpu t “12 ,000 MV” / ”O dB”

3. Frequency Analyzer :

Input Potentiometer “10”

Power “On”

Inpu t “Direct”

“Weighting Network” “Linear 2-40000”

“Meter Switch” “Fast RMS”

“Frequency Rejection

Balance” 12 o ’clock

“Frequency Analysis

Octave Selectivity” “MAX”
Oscilloscope Contained in

instru”tions

A.1 .3 - Test Procedure:

1. Tuning Section :

r Goal: Structural resonance at a
predete rmined frequency .

Method: Set oscillator main tuning
knob (center of frequency
scale) to the specified
resonance frequency . Turn
up “Output Level Control”
until a full scale meter
deflection is obtained (12 V) .

Set gate “Outp ut On ” control
to “Cont” and “Output Off”
control to “Sec. ”

A .3
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Set an alyzer , “Function
Selector ” to “Selection
Section Of f . ” Set the “Meter
Range ” to “lOV .” Set the
“Range Multiplier” to “Xl.”
Lower the “Meter Range” volt-
age settings until a small
deflection is obtained on
the Frequency Analyzer meter .

NOTE :
At any time , the “Range
Multiplier” can be used as
a fine adjustment of the
meter deflection .
Rotate the oscilla tor “Fre-
quency Increment” knob in
the direction which increases
the analyzer meter deflection .

NOTE :
Reduce the sensitivity of the
anal yzer meter  as necessary
using the “Meter Range” or
“Range -Multiplier ” and/or
adjus t the main frequency knob
on the oscillator if the
“Frequency Increment” goes
off the scale (scale is
located in lower portion of
the main scale , -50 to +50 hz).

Set the analyzer “Function
Selector” to “Frequency Analysis”
after the maximum deflection has
been obtained.

CAUTION :
Do not readjust oscillator .

Set “Frequency Range” of the
analyzer to the range contain-
ing the resonance . Set “Fre-
quency Tuning” knob to the
resonant frequency . Readjust
the analyzer “Meter Range”
and/or “Range Multip lier” to
give a 257~ - 757~ meter de-flection on the analyzer
meter. Fine tune the analyzer
with the Frequency Tuning Knob
to a maximum deflection .

A .4 
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NOTE :
Use only the Frequency Tuning
knob and if necessary the -

“Meter Ran~e” and/or “RangeMul tip lier ’ tc set the
“Frequency Range .”

- 

- 
The t r ansmi t t ing  section is

- - now tuned. The analyzer is
sending the resonant frequency
from the signal pickup to the
oscilloscope ,

2. Oscilloscope Operation Section
(Tektronix Type 564 Storage Oscilloscope
or equivalent)
Goal: Visual representation of the

ou tpu t signal of the frequency
analyzer .

General : The oscilloscope controls may
be grouped in three sections ,
the mainframe consisting of
the controls to the right of
the cathode ray tube (CRT),
the vertical amplifier or dual
trace amplifier (left plug in
compartment) (Type 3Al/3A72)
and the horizontal sweep
(Type 3B3).

Initial
Operation : Set the “Display” on the main-

frame area as follows : “Locate”
and “Integrate” push bu ttons
out , “Upper” and “Lower” traces
to “Nonstore” and “Writing Rate”
to 12.o ’clock . Set the “Cali-
brate” knob to “Off.” Set the
“CRT” area controls to 12 o’clock.
(The power indicator light to
the righ t of the “Scale Illumi-
na tion ” knob should come on.)

Set the “Delayed Sweep Trigger-
ing” on the time base to:
“Level” , knob to 12 o’clock ,

— slope to “+“, “Coupling” to
“AC” and “Source” to “m t.”
Set the “Normal or Delay ing
Sweep Triggering” area as

A .5
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follows : “Delay Time : to ”OOO ” ,
“Level” to 12 o ’clock , trigger
select to “Norm ,” “Slope ” to
“
+
“
, “Coup ling ” to “Au to ,”

“Source ” to “m t.” On the
left-cen ter portion of the
time base , set the “Mode”
(grey knob) to “Norm ,” hori-
zontal position (red knob)
to 12 o ’clock , “Time/Div
and Delay Time Range ” to
“1 mSec ” and the variable
(red knob) to full  clockwise
(calibra ted) .

Disconnec t the Channel 1 inpu t
on the ver tical amp/”Dual Trace
Amp l i f ier” p lug . Se t the
“Vol ts/Div ” (grey knob) on
Channel 1 to ~~~ “Mode ” (grey
knob) to “Ch 1. Only,” red knob
concen tric to “Mode ” knob to
“Ch 1 Norm. ”

At this time a trace should be
observed , if not raise the
“Intensity ” (on mainframe)
and/or adjust the Channel 1
“Position” knobs until a
straigh t l ine tra ce is ob-
tained on the center of. the -
CRT (the red horizontal posi-
tion knob in the lef t center
area of the time base may be
used to laterally center the
tra ce and the grey “Posi tion”
knob on tFe vertical amp may
be used to ver tically cen ter
the trace). Now , adjust the
“focus ” “Intensity” and
“as tigmatism” knobs until a
sharp tr ace of mod era te in-
tensity is obtained.

NOTE :
The intensity may be varied
at any time to ob tain a usable
trace . A continuous high
i n t ens i t y  wil l  damage the
CRT screen .

A . 6
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Once completed , this procedure
or a part thereof need only be
repeated as it becomes neces-
sary . The above procedure was
to familiarize the operator
with the controls of a 564
Storage Oscilloscope.

Reconnect the input to
Channel 1 and adjust the
Channel I “Volts/Div” and
“Time/Div” until the sine
wave displayed is within the
bounds of the screen .

NOTE :
Adjust the “Time/Div” knob
and observe the changes in
the wave form .

3. - Decay Curve Section

Goal: Display and photograph the
exponential decay of the
output pulse .

Set the “Output On” control
of the gate to “128” cycles
and the “Output O f f ”  to “See ”
with the inner vernier knob
set to a time off long enough
for the specimen to stop vi-
bra t ing before the next pulse.

4. Set the oscilloscope mainframe
“Display” controls (upper and
lower) to “Store” and the
time base “Normal” or Delay-
ing Sweep Triggering” as
follows : “Coupling ” to “DC”
“Source ” to “Ext ” and “Slope ”
to “-“. Adjus t  the sweep
rate (Time/Div) and Vertical
Deflection “Volts/Div” con-
trols until a decaying sweep
is obtained.
NOTE :
The Ch 1 “Volts/Div” “Variable”
control (red knob) may be
adjusted as necessary but the
“Time/Div” vernier (red knob)
(“Variable”) should not be
touched.
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APPENDIX B

ANALYSIS OF NDE RESPONSES

B.O DATA ANALYSIS TECHNIQUE

The measured values of the specific damp ing capaci ty are

used in a point by point determination of the base line equa-

tion for synthetic rope specimens . Each data poin t consists

of a finite number of measurements (five for this data prog-

ram) taken on the instant photograph . These data points are

converted to a single specific damping capacity number by sta-

tistical averaging and analytical methods . The statistical

averaging method performed on the numerous measurements taken

from the output decay enables the average specific damp ing ca-

pacity value to be calculated from the “least squares linear

curve fit.” The statistical methods used to calculate the

specific damp ing capacity are predicated upon the definition

of elements that combine to provide analyticall y the existence

of a “best” fit of a line through the measurements taken from

the output decay . The confidence limi t (defined as a function

of the standard deviation of the set of measurements) is a

measure of the logarithmic decay. The elements that are uti-

lized for the determination of the specific damp ing capacity

are defined in the following sections . The standard error of

estimates (Section B.4) and the confidence limits (SectionB.5)

are included to identify the analysis for the data scatter un-

der cyclic loading fatigue conditions. Section B.6 addresses

the analytical method used to determine the effect of different
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operators on the specific damping capacity measurements. Sec-

tion B.7 is the software program for data reduction and genera-

tion of the specific damping capacity value .

B.l Mean of a Sample

The arithmetic mean , ii, of a ’samp le set containing

n pieces of data is:~
n

= 
~~n ~~~~~~~~ i (B— l i

i~ 1

The arithmetic mean (denoted “mean”) is assumed to be a stable

average , not unduly affected by moderately large or small data

points.

B.2 Variance of a Sample

The variance , s2 , of a sample set containing n pieces

of data , with samp le mean , ,~~, is:

= 
~~~ [E(x

2
i 

- ~ ~~
2] 

[B-2]

The variance is the minimum of the sum of the squares of the de-

viations taken with respect to the mean , and is a measure of the

dispersion of the data about the sample mean .

B.3 Least-Squares Curve Fit

The linear least-squares fit of input data points

(x~~ y~) is calculated using the following :

B. 2
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~

and 

-

~~~~Yj  — m~~~~~X~

In te rcep t  = b = .
~~

- -
~~

---  -- - .  -— 
[B-3]

where y~ is the measured  s pe c i f i c  damp ing ~~~~
- and x. is the

corresponding number of load cycles (LC~~) .  The e s t i m a t ed

value of speci f i c  damp ing 
{ ~~~~] 

is found by solv ing
“ est

the equat ion :

[
~ 1~ =Lw j - y

~~~ 
= mx+b [8-4]

est

The correlation coefficient (r2) is the fraction of

the total variation which is explained by the least-squares re-

gression line or how well the least-squares regression line fits

the samp le da ta , i.e.,

B.3
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r 2 Exp l a i n e d  V ar i a t i o n
Tot al Var i ati on [B-51

The correlation coefficient can be computed from :

~I:x i ~~~~~~~~~~

.

ii. i~-l 
~~~~~~~~~~ ~~~

2 n i—l (B—6]
r ~~m

- 

~~~~~~~~~~~~~~~~~~~~~~ 

2

In pract ice,r2 lies between 0 and 1.

3.4 Standard Error of Estimate

A measure of the scatter about the regression curve ,

y = f(x) is:
est

s x 
[~~~ 

(

(Y
)2 - b~~~~~Y~ 

-- m~~~~~
X
i Y

i)]
[B 7]

which is the standard error of estimate of y on x.
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B.5 Confidence Limits

The es timated value of the samp le y at a corr espond-

ing x = x0 is 
~“est = f (x). At a specified probability lev-

el , a , a degree of confidence for the estimated par ameter

can be calculated . An c s t ima te  of the interval in which the

estimate of the sample value y will be found at the specified

probability level is given by:

I t. S , •11 (x - x )2 1~
~
‘est k 

L 
(n - 2)~~j  L + ~ 

n 
2 ] [B-8]

I
where t is the Student ’s St at is t i c  w i t h  n -2  degrees  of f roe dom

(df). The value of the t statistic can be found in tables .

The estimated values define the confidence lim its of the depen-

dent variable at. the specified probability l evel.

B .6 Operator Si g.~if ~ ca ~ice

The po~ sibility of using data obtained by two opera-

tors exists providing the differences between the two sets of

data can be proven nonsi gnificant. This can be accompli shed

by determining whether the correlation coefficients r and r2

drawn from samples n and n2 differ significantly from each

other .

To prove the differences nonsi gnificant , a null hy-

pothesis (H
0:) is formulated that any observed differences are

due to chance fluctuations i.n two operators samp ling fr om the

same population . The null hypoihesis is:

3 .5
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~ 

= 18 91

i . e . ,  there  is no sig n i f i c a n t  d i f f e r en c e  between the  two samp le

means.  The a l t e r n a te  hypo thes i s  is~

H~ : (u
~ # u~~

) EB— lOl

i.c. , the difrerence between the t~ o sc~:i,le ncaTi3 is significan t

To test  the null hypothes is , use is made of Fisher ’s

Z transformation given by:

Z= ~~~ ln [~~~~~~] 
[B-il]

The sta tistic , z, given by:

z i - z,, -

.1. 4. Z j - Z 2 [B—12]
aZ I -

is ~alculated and used in a two-tailed test to determine whether

the value f a l l s  within the region of nonsignificance at the

speci f ied  probabi l i ty  l evel. and Z2 are c a l c u l a t e d  for cor-

responding values of r and r2 . For the statistic

1 1  1
- z2 

- 3 
+ 

n2 - 3 J EB—13]

and

- 
- [B-14]
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The null hypo thes is , H0:, is Eccepted if A lies wi th-

in the critical region specified by the preassigned probabili-

ty level ; i.e., the observed differences in the data are not

significant at the specified probability level. If , however ,

z lies outside the critical reg ion , then reject H0 : and accept

H 1 :; i.e., the observed differences in the data are signifi-

cant at the specified proba.~i1ity level.

B.7 Specific Damping Capacity Program

The software program that utilizes the foregoing de-

finitions and combine to establish the analytical and statis-

tical method of converting a discrete number of measurements

into a single specific damping capacity value is presented in

this -section. The first page lists the output selection of

variables displayed through the completion of the analysis of

measurements taken from the output decay . The other pages

list the data reduction program for converting a discrete nuxn-

ber of measurements into a single specific damping capacity

number.
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APPENDIX C
DIGITAL EQUIPMENT SELECTION

C O  SELECTION OF AN APPROPRIATE SYSTEM

C .l Sys tem Evaluation

Many confi gurations of digital processing equ ipm ent have

been evaluated as a means of assisting the Internal Friction

(IF) Nondestructive Evaluation (NDE) technique in predicting

incipient failure. Numerous systems are listed along with

the results of the evaluation .

C.l .l Texas Instrument

A Texas Instrument SR52 progr~~:’~-ab le calculator and a

P-lOO printer were evaluated as the di gital processcr for

the IF-NDE technique. The calculator was sufficient for data

reduction but was not capable of being program~ ed for the

more complex data analysis techni ques. There ~-:as no inter-

face capability with the IF—NDE equi pment which would u~ean

that the data could not be acqui red by the processor au t  e~ -a-

tically. This manual step of transfeiring the data and the

lack of data analysis elimi nated this system as t h e  a u t o m a t e d

digital processing system .

C .l.. 2 Br’
~el & Kjaer (B & K)

The B & K IF-NDE equipment as it is presently confi g—

ured could be used as a supporting system for a di gital pro-

cessor . The B & K equi pment can be interfaced wi th a di gi-

tal processor that could automaticall y acquire the data,, an-

al yze it , store the reduced data and retrieve it at a

time for comparative purposes . The B & K equi pment would

c.l
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supplement the di gi ta l  processor with  its ab i l i ty  to record

the log decrement decay of the material being tested . The

B & K equipment has no capabil i ty  to reduce the data on its

own .

C.l.3 Nicolet Scientific Corp.

The Ni col et Model 660 dig ital oscilloscope with built-in

microprocessor was evaluated as a digital processing system

for use with other NDE equipment. The Nicole t sys tem was

capable of analyzing the signals at very low f r equenc ies , but

did not have an analog-to-digital convertor that could trans-

form the signal fast enough at higher (abou t 1,000 Hz) fre-

quencies.  Since mos t signals are analyzed between 20 Hz and

20,000 Hz, this Nicolet system becomes impractical.

C.l.4 Hewlett Packard (HP)

The H . P . 9825A programmable desk-top calculator was

evaluated for suitability as the digital processor to be used

p in conjunction with the present IF-NDE equipment. Its main

disadvantage was the slow analog-to-digital convertor , its

lack of memory storage , and the resul tan t loss in hi gh fre-

quency capability . The H. P. system would require that ad-

ditional storage be made available to handle most IF-NDE

tes ting . This addi tional cost in memory and storage brings

the configured price of this system very close to the mini-

computer range .

C.2
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C .l.5 Mini-Computer Systems

The following systems are all of the mini-computer Va-

rie ty and were evaluated d i f feren tly based on their superi-

ority to the less sophisticated digital programmable calcu-

lators . The mini-computers all have the capability of in-

telligently con trolling lab peripherals that include the pre-

sent NDE equipment . The storage , analysis and retrieval cap-

ability of these sys tems are very fast. The systems evalua-

ted are :

Varian V77

Data General Eclipse S/130

IBM Ser ies I (4900)

Honeywell

Digital Equipment Corp . PDP 11/34

All of these systems were evaluated with the same -basic

configuration including peripherals . The basic system con-

sisted of a central processor with 64K of memory , an analog-

r to-digital conver tor , an inpu t/ou tpu t con troll er , addressa-

ble memory stor age , lab con tro l l ing  packag e , a terminal , and

a line printer . The system was also confi gur ed to include

operating software and scientific subroutines . The selec-

tion of the digital processor was based on the ability of

the various mentioned systems to perform the necessary NDE

func tions . The automatic acquisition of data was an essen-

tial feature that each system coLlld per form . The f ina l  choice

C. 3
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wa s based on price , options that were included at no exira

charge , and the fact that the systems manufacturer that was

selected has ahistory of successes primarily in the scien-

tific field of computer assistance. Di gi tal Equipment Cor-

poration ’s (DEC) PDP 11/34 (Figure 1) was selected as the

final configuration that would assist the present IF-NDE

equipment in evaluating critical components in U. S. Navy

vessels.

c.2 Advantages of the DEC PDP 11/34 System

The DEC PDP 11/34 system has capabilities that other

mini-computers cannot match such as the fast A- to-D , the

addressable memory , and the intelligent laboratory control-

ler I/ O . The entire scientific package , as configured by

DEC , includes such items as abi-directional parallel trans-

fer , intelligent laboratory control systems , f ast l ine prin t-

er , priority interrup t system , and multip le user input for

the intelli gent I/O controller. Varian , IBM , Da ta General

and Honeywell did not include these variables andothers in

their price quotation . The Digital Equi pment Corporation

routinely includes the scientific peripherials , such as the

intelligent laboratory controller I/O and the direct access

memory,as standard features on their mini-computers . The

Dig ital Equ ipment Corporation has d e m o n s t r a t e d  the porta-

bility of their mini-computer syst ems which makes them ideal

for field use. The versatility of conIi~~nrat ion offered by

L _____________ 
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the Digi ta l  Equipment Corporation enables the mini -computer

to be packaged in various ways.

C .3  System Descript ion

The Digital Equi pment Corporation PDP 11/34 mini-compu-

ter consists of the following :

C.3 .l PDP-ll/34

The PDP-ll/34 is a midsize microprogrammed processor .

The CPU is compact and contained on two circuit boards . This

provides greater flexibili ty during later system expansion by

making additional chassis space available.

The Memory Management is an advanced memory extension ,

relocation and protection feature. The Memory Management pro-

vides extended memory space from 28K to 124K words ; p lus , seg-

mentation , and effective protection of memory segments in mul-

ti-user environments .

Self-testDiagnostic Routines are automatically execu ted

every time the processor is powered up, the console emulator

routine is initiated , or the bootstrap routine is initiated .

Operator front panel with built-in CPU console emulator

allows control from any terminal without the need for the con-

ventional front panel with display lights and switches .

Automatic bootstrap loader allows system restart from a

variety of peripheral devices without manual switch toggling

or key pad-operations .

C.5
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The central processor Contains eight general registers

which can be used for a variety of purposes . T1?e regis ters

can be used as accumulators , index register, auto-increment

or auto-decrement registers , as well as s tack pointers for

temporary s torage of data. The instruction complement uses

the flexibility of the general purpo se reg isters to provide

hard-wired instructions .

The Extended Instruction Set (EIS) provides the capa-

bili ty of performing hardware fixed-point arithmetic and

allows direct imp lementation of multiply, divide and mult±-

pie shifting .

The FP11-A floating-point is an arithmetic processor

which fits integrally into the PDP-ll/34 central processor.

It performs all floating-point arithmetic operations and

converts data between integer and floating-point formats .

This option provides flexible addressing in addition to

single and double precision (32 or 64 bit) floating-point

modes , and it is fully program compatible with all double

precision PDP-1l floating-point processor options .

- I C.3.2 DECpack Disk

This disk subsystem includes a disk controller and two

drives . It is a complete mass storage system for random ac-

cess data storage. One drive utili~es a removable disk car-

tridge with 2.4 million bytes (8 bit bytes) capaci~ y. The

C.6
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other drive utilizes a fixed disk drive with an additional

4.8 million bytes. , 1

The DECpack features a transfer time of 11.1 micro-

seconds/word. Average total access time on a disk drive is

70 milliseconds. All data transfers are DMA (direct memory

acc ess)

C.3 .3 VT 55 G~~phicTermnina1 and AKD1l-KT Real-Time Analog

H The VT55 is an on-line interactive CRT terminal that

offers waveform graphics capability . Two graphs of 512

(maximum) data points each can be disp layed with a screen

resolution of 512 points (x) by 236 points (y). Cursors

(2o point vertical lines) are available (one per data point)

to facilitate data editing and graph generation . In addi-

tion , the VT55 allows simultaneous display of any combina-

tion of text and graphics . The VT55 suppli es a hardcopy

reproduction of the display screen for both characters and

graphs. The VT55 can hold up tol ,920 characters in 24 lines

of an 80 character-per-line matrix .

The real-time Analog Data Acquisition Package consists

of the necessary logic and lis ted hardware for interfacing

to laboratory analog instrumentation . The package contains

a 12 bit, 16 channel , sing le ended (or 8 channel differen-

tial) analog-to-digital convertor , a dual programmable real-

time clock , cable , and a distribution panel to provide a

complete instrumentation interface package .

C.7
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C.3.4 AD11-K Analog-to-Digital (A/D) Convertor

The 12 bit A/D convertor can be switch selected to op-

erate as a 16 channel, single ended , 16 channel psuedo dif-

ferential or 8 channel true differential A/D convertor . The

AID convertor will convert art analog voltage from within one

of the specified input ranges of ± 5V , ± 5. l2V , ± lOV , ± l0.24V ,

0 to 1OV , or 0 to 10.24V to a digital number for processing .

These input, ranges are jumper selectable . The A/D convertor

contains an input multiplexer , sample and hold , 12 bit suc-

cessive approximation AI D  convertor and UNIBUS interface lo-

gic . The A/D convertor can be started in one of three ways ;

under program control , on overflow of the programmable clock ,

or from external input . This versatility allows the adaption

of the package to most individual app lica tions .

ç~~~ 5 Kwh -K Programmable Clock

KWll-K is a dual , programrnable real-time clock which in-

terfaces direc tly with the DECLAB-ll/34 UNIBUS .

Clock A is a 16 bit clock which can be program selected

to operate at eight clock rates : five rates are crystal con-

trolled fr equencies (1 MHz , 100 KHz , 10 KHz, 1 KHz , and 100

Hz); the remaining three rates are an external (Schmitt Trig-

ger One) input , line frequency or the overflow of the second

clock (clock B).

Clock A operates in one of four programmable modes of

operation : single interval , repeat interval , external event

timing and external event timing from zero base.

- - - 
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Clock B is an 8 bit , programmable , real-time clock which

can accurately count intervals of time or events . Clock B

can be used to generate a program controlled interval or to

provide an input frequency for clocking Clock A. Clock B

operates in repeated interval mode. Seven clock rates can

be program selected: five rates by crystal controlled fre-

quencies (1 NHz, 100 KHz , 10 KH
~
, 1 KHz, and 100 Hz); the

remaining two rates are line frequency and external (Schmitt

Trigger) input.

- l  C.3.6 AA11-K D/A Convertor System

The AA11-K is a4 channel , 12 bit digital-to-analog con-

vertor (DAC). It has the control logic for displays such as

the Tektronix 602, 604 display scopes and 611, 613 storage

scopes . The four DAC channels are controlled by four inde-

pendent registers directly addressable from the UNIBUS . This

allows complete flexibility in programming the output of the

DAC for a variety of applications . The 4 channel , 12 bit D/A

convertor can be used with point plot display, analog X/Y or

chart recorders , set point controller , programmable power

supply and signal generators .

C.3.7 DRll-KT 16 Bit Digital I/O Interface

The DR11-KT general device interface is an integral lo-

gic module which forms a self-contained digital input/output

interface between the DECLAB 11/34 UNIBUS and a user ’s per-

ipheral. The general purpose interface performs all of the

C .9  
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necessary tasks to communicate with the processor so that

the user may easily interface a device or devices .

Under program control , the general purpose interface

permits bidirectional parallel transfer of up to 16 bits of

information between the UNIBUS and a user ’s device or anoth-

er general-purpose interface. All interfacing lines to and

from the general-purpose interface are fused and have recov-

erable over-voltage protection .

Various options , which are hardware-selec ted by the

user , are available for data input . Data can either be read

off a user ’s device directly onto the UNIBUS or through the

inpu t reg ister . The input register bits are transitionally

set by its respective input line .

C.3.8 LPA11-K

The LPA11-K is a direct memory access (DMA) controller

for Digital’s laboratory data acquisition I/O devices. It

is a fast microprocessor subsystem . The LPA11-K allows an-

alog data acquisition rates up to 150,000 samples per second

and is designed for app lications requiring concurrent data

acquisition and data reduction at high rates . Operating

system support is provided under RT-~ll and RSX11-M .

The LPA11-K allows multiple users to simultaneously con-

trol analog-to-digital convertors (ADC), digital-to-analog

convertors (DAC), real-time clocks and digital input and

output (Digital I/O). Interaction with these peripherals

C.l0

___________ 

3
- I I

j
- H__________________ - -- - - -- -



________________ -~~~~~~~~~~~~~~~~~
----——--_ —

~~ I ~~~ 
—

_ _ _  -—

is performed by the microprocessors; therefore , the host

POP-li is freed from the overhead of the interrupt service

routines normally associated with these devices.

To meet a variety of applications the LPA11-K operates

in two distinct modes , dedicated and multirequest. In dedi-

cated mode, the LPAll-K performs high speed data acquisition

from analog-to-digital convertors for a single user. In mul-

tirequest mode, the LPA11-K allows up to eight simultaneous

users to perform data acquisition at independent rates from

any one of the supported device types.

Maintainability is an important part of the LPA11-K

subsy stem . Standard diagnostic capabi1ity is coup led wi th

microcode dedicated to fault identifica tTion. The LPA11-K

subsystem has the capability of diagnosing faults within

the laboratory I/O peripherals. Request -verification and

error reporting are provided during data acquisition .

C.3 .9  Langu~ges for the DEC11/34

- - 
The RT-11 software as supplied by Digital Equipment

Corp . is the operating language for the digital processor.

Fortran IV and BASIC are included in the system . The For-

tran IV software includes a full set of subroutines that

supports real-time , reading analog signals , controll ing a

graphic terminal , and controlhing’h/O hardware . The last

feature is the most important one, as it allows the ,user to

automatically control other peripherals such as the frequency

analyzer through the I/O.
C. 11
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APPEN DIX 0

SOFTWARE

D.O DATA_ACQUISITION AND REDUCTION P~~~~~ M Fp~ THE IFD-NDE

SYSTEM

Software has been developed to acquire the analog signal

from the frequency analyzer and to transform the analog sig-

nal to a digital signal that can be analyzed , stored and corn-

pared at a later time . The program lists the log decremen t

decay value s , the spec i f i c  damp ing capacity measurements , and

the standard deviation of these measurements.

D.1 Data Acquisition Program

The compu ter pr in tout is listed for the various pro-

grams tha t acquire , analyze , and calcul ate the log decrement

decay in order to def ine the spec if ic damp ing capacity number .

The progr am , wri tten in a machine language called “MACRO” , ac-

quires the various analog signals from the frequency analyzer

and conver ts them into digital signals that can be stored in

the memory of the digital processor. The data acquisition

program also stores the digital values in eight buffers  for

analysis at a later time .

D.2 Data Reduction Program

The data reduction ~program anal yzes the dig ital val-

ues stored in the buffers and reduces those values to average

log decremen t decay values. The program uses For tran language

to compile and reduce the various raw data to the average log

decrement decays that are used in obtaining the final specific

damping capacity value . The output from the data reduction

D.l
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program is listed in both the short and long form. The longer

form of data reduction includes intermediate digital values of

specific damping capacity before the proper statistical averag-

ing methods have been app lied.

D.3 Statistical Program

The various elements of the statistical program are

included in Section 3.5 that statistically combines all values

of the calculated specific damping capacity for one data poin t.

The data reduction enables the precise average of a data point

predicated on numerous measurements to be added to the predic-

tive program . The abbreviated form of data reduction will list

as an output the specif ic damping capac ity and the associa ted

standard devia tion for a single data point .
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DATA ACQU ISITION PROGRAM
MAC RO INVOCAT IONS

.MCAL L . .V 2 . . , . R EG I ’ E F, . P R I NT , . E X IT , . T IY I N

.MC ALL .SYNCH , . I NTEN , .ENTER , .WR ITE , .CLOSE

.MC ALL . W A I T ,  .PURGE, .I~EV ICE, .FROTECT

. .V 2 . .
--

- ___ -_

LOCAL DEFINITIONS

WI F= 1
DONE=2 

_____ _________ __________ _________

ALL DON=4
AIICHA N=1
BLKBF=1 - -

NUMBF=20 -

RT CHAN = 16 
-

CLRATE=20000 
______

BUFSZ=BLKBF*400

HARDWARE DEFINITIONS
p

ADCSR=170400 - - -  - --

AI’BUF=AEICSR+2
KWCSR=170420
KWPR E- - KW CS R+2

.A SECT

.=440

.WOR II CL KINT ;P0INT To ISR

.WO R EI 340 SET HIGH PRIORITY

.CSEC T

LOCAL STORAGE
p

BLoc k : .WOR D 0 ;CuRRENr BLOCK WITHIN DISK FILE
BUFCTR: .WORD 0 

- - 
;COu NTER OF POSITION WITHIN BUFFER

BUFNUM: .WOR D 0 ;CURRENT BLOCK WITHIN SAM FLE
BUFPTR: ,WOR EI 0 ;POINIER TO CURRENT BUFFER
NXTPTR: .WO RD 0 FbOINJER TO NEXT BUFFER
LSTPTR: .WOR LI 0 ;FOINTER ro LAST BUFFER
W FLAG: SWORD 0 FLAG OF CURRENT WRITE STATUS
BUFSIZ: .WORD 0 

- _  - - 
S IZE OF BUFFER IN WORIiS (COMPUTED)

BLKBUF : .WOR II RLKBF ;NUMBER OF BLOCKS PER BUFFER
NUMBUF : .WO RD NUMBF ;NUMBER OF BUFFERS ro WRITE OUT
cHAN: .WORD ADCHAN tA/Il CHANNEL TO SAMPLE
RATE: .WOR LI CLRAT E -- 

RA T E TO RUN CLOCK
DEVEs LK : .RAEISO /DX1SAM IIAT IuAT/ ;NAM E OF 1115K F I L E
EAREA: 5 BL K W 5 ;ROOM FOR ENTER

DATA BUFFERS
;

BuFA: 
- 

.B L KW BUFSZ
BuEB: .HL KW BUFT3Z

_ _ _  
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DATA ACQUISITION PROGRAM ( C o n t i n u e d )
,+

START OF A/LI SAMPLING PROGRAM

; AS 1HI PROGRAM NOW STANDS, IT RUNS STAND ALONE , READING FROM
A/LI CHANNEL 1 AND WRITING TO [‘ISK ON RI CHANNEL 15 WITH
A F I L E  NAME OF DX 1:SA M DAT .L IAT ,

; THE ROUTINE COULD BE MADE FORTRAN CALLABLE, WITH THE ADDITION
OF_ CODE TO COPY ARGUMENTS FROM THE FORTRAN ARGUMENT LIST

; TO THE LOCAL STORAGE OF THIS ROUTINE.

.ENABL LSB
START:

NOV B LKBU F~ R 1 FETCH THE NUMBER OF BLOCKS IN A BUFFER
MUL NU MB UF~ Ri 

- -  
M U L T I P L Y  BY THE NUMBER OF BUFFERS TO READ

.ENTER tEAREA,*RTCHAN,I1IEVBLK~ R1 ;ENTER THE FILE ON THE DISK
CLR BLOCK  UNIT BLOCK NUMBER COUNTER

INI .T BU FFE~~ P OI NTERS - 

- 

- -

NOV BLKBUF,R1 
- 

t GET NUMBER OF BLOCKS PER BUFFER
MUL 1400,R1 tCOMPUTE NUMBER OF BYTES
NOV R1,BUFSIZ SAVE BUFSIZ
NOV R1~~BUFCTR UNIT BUFFER LENGTH COUNTER
MOV *BUFA ,LSTF~TR ;INIT POINTER TO LAST BUFFER
NOV tBUFB,NXTPTR UNIT POiNTER TO NEXT BUFFER
NOV LSTPTR,BUFPTR 

- 
U N I T  POINTER TO CURRENT BUFFER

MDV NUMBUFVBUFNUM UNIT COUNTER OF BUFFERS

INIT A/Il AND CLOCK

MOVEs CHAN ,R0 
- 

GET A/ LI C H A N N E L  NUMBER
SWAB RO F U T  IN C O R R E C T  B Y T E
EsISEs -t40,RQ tSET A/LI START COMMANDp NOV RO~ @tAL’CSR ;START THE AID
NOV RATE,R 0 OET RATE OF A/LI CLOCK

- N EG RO ;T AK E 2 ’S C O N F L E M E N T
NOV R0,@I-KWPRE SET CLOCK COUNTER
NOV t 113~~~tKWCSR STAR T CLOCK
.TTYIN
BR WAIT ;NOW WAIT FOR ACTION

; CLOCK INTERRUPT SERVICE ROUTINE

CLKINT: -

NOV (~tADBUF,@BUFPTR tREAD FROM A/LI, MOVE TO BUFFER
ADD *2 ,BUFPTR ;A LIVANCE BUFFER POINTER
DEC BUFCTR NOTE SAMPLE COLLECIELI , CHECK FOR BUF END
BNE RET t IE NE NOT FULL, JUST RTI

BUFFER IS FULL, SWITCH BUFFERS

BIT tWIP,WFLAG tCHECK I- OR W R i T E STILL IN I ROGRESS (ERROR)
BNE ERR tIF NE ERRORS SAMPL iNG TOO FAST
NOV BUFSIZ,BUFCTR RE—IN IT LIUFFER CO U N T E R
NOV NXTPTR ~ BUFP TR RESET CURRENT FIUFI ER
NOV LSTF’TR~ NXTPTR RESET NEXT BUFFER
NOV BUFPTR,LSTPTR tRESET PREV iOUS BUFFER
BIS -tt’ONE~ WFL AG tS E T BUFFE R h O N E  FLAG

D .4

— - & - ~
- . -‘-‘

~~~
‘
~~~~

— —~~ ~~~~ 
—

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
—

~~~~ 

_i 
— ——



- ~~~~~~
—- — ——--

~~~~~~~~~~~~~
-
~~~~~~~~~~~~~~~~~~~~~ 

--
~~~ 

- 
~~~~~~~~~~~~~ ~~~~~ - 

~~~~~~~~~~~~~~~~~~~~~~~~~

DATA ACQUIST ION PROGRAM ( Concluded

RET:
- - BIC - - t20 0 ,&INWCSR ~CLE~ R OVERFLO W . - -

BIS * 113 ,@t KWC S R ;RESTART CLOCK
_____ RD ____  

________

~~~~

_J

~~~~~~~~

ERO

~~~

I

~~

LE

~

RU

~

J

~

_ _ _ .
ERR:

HALT -- - - - - ;E R R O R ! H DA TA O V E R R U N ! H

t NOW ALLOW IN T E RRUPTS - - -

t COMPLETE INTERRUPT PROCESSING
- 

WRITE JHE BLO C~~~~~ TO THE FILE - -

p

WRITE: — . —  -

BIS tWIP,WFLAB ;SET FLAG TO SHOW WRITE IN FROGRWSS
_____

~~

__ ,W RIT E

~~

fEAREA,$RTCHAN,NX1T€TR,BUFSIZ,BLOCK WRITE THE BUFFER OUT
.WAIT *RTCHAN tWAI T FOR WRITE TO COMFLETE
DEC BU FNUM - - - JCOUNT UP THE BUFFERS WRITTEN
BEG FINISH tIE EQ FINISHED
BIC $WIP !DONE,WFLAG NOTE THAT WRITE IS COMPLETE
ADD BLKBUF,BLOCK ;FOINT TO NEXT BLOCK FOR NEXT WRITE

WA11L_~~~~~~
_ 

~~ ~~~~~~~~~~~~~~ - -

BIT sI’ONE,WFLAG tI~ THE NEXT SAMPLE REA D Y
BEG W A I T  

- - -  - - UF EQ NO, WAIT - -

BR WRITE W R I T E  THE BUFFER OUT

SHUT LIOW N THE A/[i AND CALL IT A-DAY
p

FINISH : - -
P CLR ~ t KWCS R STO P THE CLOCK

-‘ .CLOSE IRICHAN - - - ;CLOSE THE OUTPUT FILE
.EXIT
.END START

.R PEG
DAT A ANA LY SIS PROGRA M ‘FEG ’ FOR T R AN PROGRA M

ENTER THE NAME OF DATA FILE /<riXo:SANDAT .LIAT> ?*EIX1U)RPIPE ,IIAT

D.5
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DATA REDUC T ION P R O G R A M
*TT:=FEG.FOR

INTEGER*2 EIATA (256) - _____

INTEG ER NCYC( 10 1) , PEA N( 10 1) , COU NT, RECOR L I ,PAG E, B U FSIZ ,BLKBUF , RECSIZ
INTEGER FATIG 

-- -

LOG ICAL*1 NA M E( 15)
LOG ICAL* 1 ICHR,YES

-

- REAL L t ’ E C( l O l ) ,S D A M F( l O l ) , F CY C ( l O l )
DAT A LIATA/5i2*O/,YES/’Y’/,INL’EXR/1/~RECSIZ/256/ - -  - - -

DATA STAT3/0. /~ STAT4/0 ./
C -

C N U M B U F IS THE N U M B E R  OF DA T A B U FFE RS COLL ECT ED
C BLK BU F IS THE NUMBER OF DISK BLOCKS PER BUFFE R
C BUFSI Z IS THE NUMBER OF SAMPLES PER FER BUFFER (RECSIZ*BLKBUF )
C NUMR EC IS THE NUMBER OF RECORDS (NUMBUF*FsLKBUF )
C R ECS IZ IS TH E N U M B E R  OF SA M PLES F E R I~’ISK BLOCK (256)

-- -

C
C ENTER TEST FARAMETERS OF THE DATA COLLECTEL I BY SA M MACRO PROGRAM
C

- TYPE 5 -

TYPE 5
TYPE 5 -

TYPE 5
5 FORMAT (’l’) 

- -

TYP E 10 
- -

10 FORMAT (’l’ ,’ LIATA ANALYSIS PROGRAM PEG ’ FORTRAN PROGRAM’)
TYPE 20 

-

20 FORMAT (’ ENTER THE NAME OF DATA FILE /-(DXO~ SAMDAT.tIAT> ?‘ ,$) 
- -

CALL ASSIGN (3P ’DX:SAMDAT,IIAT’~~— 1)
TYPE 21 

- -

21 
- - 

FORMAT (’ ENTER THE NAME OF THE TEST MATERIAL (15 LET1ERS) ?‘ ,$)

ACCEPT 28,NAME -

28 FORMAT (15A1)
TYPE 27

27 
- 

FORMAT (’ ENTER THE NUMBER OF FATIGUE CYCLES (1 TO 10E6) ?‘ ,$ )

ACCEPT 23,FATIG
TYPE 22

22 FORMAT (’ ENTER THE NUMBER OF LIATA BUFFERS COLLECTED (16) ? ‘~~~$)

ACCEPT 23pNLJMBUF
23 FORMAT (I6)

TYPE 24
24 FO R MAT ( ’  ENTER THE NUMBER OF DISK BLOCKS PER BUFFER (1) ?

ACCEP T 25, BLKBUF
25 FORMAT (I6)

NUMREC NUN BUF * BL K B UF
26 TYPE 30 - - —  --

30 FORMAT ( ’  ENTER THE FREQUENCY OF OSCILLATION RECORDED ( .0001 KHZ
1 TO 2.5 XHZ) ( .340)  ?‘ ,$ )

ACCEPT 35,FREQ
35 FORMAT (F7.4) -

IF (FREQ.GT.2.5) GO TO 37

~~~IF~~(FREQ.GE..0001) GO JO 42~~~
_ 

- -  - -

37 TYPE 40
40 FORMAT (’+FREIIUENCY NOT IN ACCEPTABLE RANGE , ~:.CR> TO REENTER’,S)

ACCEPT 190,ICHR
60 T0 26 - - -
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DATA REDUCTION PROGRAM ( Continued )
42 TYPE 45

A~~~~~~ ~~ _LOR~ A.U~ . Et~JER.J~ E ~iA ~ DLL.Ec..TJUN r~ATE ...OF JHE ~/D CONVERTER
i( .256  KHZ) 7 ‘ Ps )

- ACCEPT
.. 47’RATE - -  --  ~~~ - - -

47 FORMAT (F7.4) - 

IF.(RATE.NE.0.0) GO. TO... 49 _~~~~~~ .

RATE..256
— _49 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- -- --  -- - - -  - - -  -

50 FORMAT (’ ENTER DURATION OF DAMPED OSCILLATION TEST (0.1 SEC
- .1T0 120.0 SEC)~~~16.0)~~ ?i U~~

_
~~~. -

~~~ - - -- - -

ACCEPT 55,TIME
.55~~. - ..FORMAT (F7.4) _~~ ~~~ -

IF (TIME.GT. 120.0) GO TO 57
____ j.tIME.QE..0,U_ G0_TO ..5~_, ._ . .  . .  - - —

57 TYPE 58 -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ RA NGE , <CR> TO REENTER’,S)
ACCEPT 190, ICHR

—- - - -. 00. TO. ~49~ -- -- - - -

59 TYPE 60
60 FO RMAT ( ’  ENTER NUMBER OF SPECIFIC DAMPI NG VALUES TO BE COMP UTED

1 (MAX OF 100 ) 7 ‘ ,S)
ACCEPT 65,N - - -

65 FORMAT (I6)
C CHECK THE NUMBER OF SPECIFIC EJAMF’ING VALUES TO BE COMPUTED
C FOR VALIDITY. MAX Nu MBER OF VALUES THAT CAN BE
_l~~~OMPUj.ED . DEPENDS ON SAMPLING AJE .AND_ DU~AIION OF JEST_~

_
~. - - -  - - - -  -

NPTS= 1000*RATE*TIME
- - COUNT=NPTS/N - - -- - - — - -  - - -

IF(CQUNT.GE.20) GO TO 82
IF(COUNT.t3E.10) GO TO 77
TYFE 75 -

75 FORMAT (’+NOT ENOUGH DATA COLLECTED FOR SPECIFIED COMPUTATIONS, <CR>
I TO REENTER ’,S)
ACCEPT 190~ ICHRGO TO S9 -

77 TYPE 80
80 FORMAT (’ WARNING-LESS THAN 20 POINTS USED PER PEAK ESTIMATION’)
02 TYPE 85,COUNT
85 FORMAT-C’ NUMBER OF POINrs/PEAK ESTIMATED = ‘,I6)
C COMPUTE THE PEAK AND CYCLE VALUES 

- -

C
C NUMBUF IS TOTAL. NUMBER OF RECORDS IN DATA FILE (NO . OF BUFFERS )
C BUFSIZ IS NUMBER OF WORE ’ S PER RECORD (NO . OF SAMPLES PER BUFFER)

DEFINE FILE 3(NUMREC r RECSIZ ,U,INLI EXR )
REALI (3’INDEXR,END=160~ERR=170) (DATA (N),K=1~ RECSIZ)DO 91 K=1,RECSIZ 

-

91 DATA (K)=BATA (K)—2048
FAGE= 1
RE C OR 1$ 0
TYPE 96 -

ACCEPT 190s ICHR
IF(ICHR .NE.YES) GO TO 93
TYPE 97,PAL3E
WRITE (5~ 100)(E’ATA

(IO,K=1~ RECSIZ) - -

93 DO 150 I=1~ N+1
PEAK C I )0
NCYC (I)=0 - -

rIO 120 J=1,COUNT - - -  - - - - -

D. 7
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DATA R EDUC T IO N PROGR AM ( Con t inued
IF (RECORD ,LT .RECSIZ) GO TO 110
READ( 3 ’INDEXR ,ENt’=18o,ERR=170)(t%MA(tc~~,tc=1,RECSIZ)
DO 94 K=1 ,RECS IZ

94 E ’ATA (k)=DATA (k)—2 048
95 PAGE=PAGE+ 1

RECORII=0
96 FORMAT(’ 110 YOU WAN T A LISTING OF LIA TA COLLECTED BY AID (Y/N ) ‘

—

IF (ICHR .NE.YES) GO TO 110
TYPE 97,PAGE 

______ - -

97 FORMA T ( ’  RECORD NUMBER ‘,16)
WRITE (5,100) (DATA (K) ,k=1 ~RECSIZ) - -

100 FORMAT ( 16(IH p1 6))
C FINE ’ THE F EAK AN tI CYCLE NUMBER OF THIS GROUP OF POINTS -

110 RECORD rRECORD+1
Il WRI TE(5 ,115)I ,J,RECORD ,IiATA(RECORI ,) ,PEAK (I)
115 FORMAT( 3 (I3,3H ),2(16,2H ))

IF (DATA (RECORD ) .LE.F’EAK( I)) GO TO 120
PEAK ( I )=L ’ATA (RECORD ) 

-

NCYC (I)= (I*COUNT+J)*FREQ/RATE
120 CONTINUE 

-

150 CONTINUE
GOTO 200

C COMPUTATION PROBLEMS 
- - -

155 TYPE 157,N 
- -

157 FORMAT(’ NUMBER OF PEAK ESTIMATES= ‘,16)
160 TYPE 165 

-

165 FORMA T( ’ END OF DATA FILE’)
6010 200

170 TYPE 175
175 FORMAT (’ REAL ’ ERROR IN INPUT FILE’)

60 T0 200
180 DO 182 L=K ,RECSIZ
182 DATA (L)=0

GOTO 93
200 DO 203 I=2 ,N+1
203 NCYC (I)~~NCYC (I)—NCYC (1)

TYPE 205
205 FOR MAT ( ’  DO YOU WANT A PRINTOUT OF THE PEAK VALUES COMPUTED (Y/N )

1 ?‘ ,$)

ACCEPT 190,ICHR
190 FORMAT (A1 )

IF ( ICHR .NE.YES) GO TO 210
DO 207 I=2 ,N+1
W R I T E(5 ,2 0 9 ) N C Y C( I ) ,F~EAK ( I )  - - -

209 FORMAT (’ CYCLES FROM INITIAL PEAK t= ’,I6~~’ PEAK VA LUE ’,16)
207 CONTINUE
C
C
C COMPUTE THE LOGARITHMIC DECREMENTS
C
C
C COMPUTE LOG DECREMENTS AND SPECIFIC t IA~ P ING VAL UES
C
210 STAT 1=0 

-

STAT2=0
K=0
LLIEC (1 )=FLOAT (PEAK ( 1))
WR ITE (5 ,215)LDEC ( 1) ,NCYC ( 1)
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DATA REDUCTION PROGRAM ( Concluded

415 FORMAT (’ INITIAL PEAK = ‘,F7.i, ’ CYCLE OF PE A K VALUE = ‘ ,16)
DO 250 I=2 ,N+1 

- -_ -

Lt ’EC (I)=FLOAT (PEAN(I ))
FCYC (I)=FLOAT (NCYC(I)) 

-

H IF(LL IEC( I) .GE ,0.0 GOTO 220
K=K+1

C COUNT THE NUMBER OF ZERO FE AK V ALUES
0010 250

220 LLIEC(I)= (1.0/FCYC (I) )*ALOG (LLIEC (1)/LLIEC (I))
SDAMP (I)~~1.0—EX P((--2.0)*LDEC (I))
STATI=STAT1+SDAMP ( I)
STAT 2=STAT2+ (SIIAMP ( I )*SDANF’( I))

250 - - - C O N T I N U E  -

C
C F R I N T O U T  R O U T I N E S
C
C

TYPE 260
260 - FORMAT (’ 110 YOU WANT A PRINTOUT OF IN TERMEDIA TE VALUES (Y/N ) / ‘ ,$ )

ACCEPT 265,ICHR
- 265 FORMAT (A 1) -

IF (ICHR .NE ,YES) GO TO 300 
— - -

110 275 I=2 ,N+1
- 

- - 
LLIEC (I)=10000.*LDEC (I)
SLiAMP (I)=10000.*SBAMP (1)

- WRITE(5,270)I,LDEC (I),SDAMP (I)
270 FORMAT (’ EST * ‘,1 3,’ LOG DEC = ‘,F5.1, ’*E4 SLIAMP = ‘,F5.i, ’*E4’)
275 CONTINUE
C -

- 
_ C - - -

300 STAt 3-=STAT1/N -

STAT4=(1.0/ (N—1.0))*SGRT (STAT2— ((1/N)*STAT1*STAT1 ))
STAT3=STAT 3* 10000.
STAT4=S TAT4* 10000.
WRITE (5,305)NAME

305 FORMAT (’O ’ ,’***** TEST MATERIAL IS ‘,lSA l , ’ * * * * *‘)
TYPE 307 ,FATIG

307 FORMA T (’ NUMBER OF FATIGUE CYCLES IS ‘,I6)
WRITE (5,310)STAT3,STAT4

310~~~_ FOR MA T ( 0 ,‘M EAN SLIAMF ,F5 1, *E4 S B ,F5 1, ’*E4 )
STOP
EN 11*
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DA TA REDUCTION ABBREVIATE D

.-.C

.R SAM

..R PEG
DATA ANALYSIS PROGRAM PEG’ FORTRAN PROGRAM

ENTER THE NAME OF DATA FILE /<L’X O:SAM DAT.I’AT > ?xr lx l :9AMLIAT. [IAT

ENTER THE NAME OF THE TEST MATERIAL (15 LETTERS ) ?PIPE p

ENTER THE NUMBER OF FATIGUE CYCLES (1 TO 10E6 ) ?3

ENTER THE NUMBER OF DATA BUFFERS COLLECTED (16) ? 16

ENTER THE NUMBER OF DISK BLOCKS PER BUFFER (1) ? 1

ENTER THE FREQUENCY OF OSCILLATION RECORDED (.0001 KHZ TO 2.5 KHZ ) (.340) ?.461

ENTER THE DATA COLLECTION RATE OF THE A/ti CONVESTER (.256 KHZ> ? 0.122

ENTER DURATION OF DAMPED OSCILLATION TEST (0.1 SEC TO 120.0 SEC) (16.0) ?16.

ENTER NUMBER OF SPECIFIC L IAMFING VALUES 10 BE COMPUTED (MAX OF 100) ? 100

WARNING—LESS THAN 20 POINTS USEr’ PER FEAK ESTIMATION
NUMBER OF POINTS/PEAK ESTIMATED = 19
DO YOU WANT A LISTING OF DATA COLLECTED BY A/El (Y/N ) ?

DO YOU WANT A PRINTOUT OF THE PEAK VALUES COMPUTED (Y/N) ?

INITIAL PEAK 1886.0 CYCLE OF PEAK VALUE = 83
[10 YOU WANT A PRINTOUT OF IMTE RMEL IIATE VALUES (Y/N ) /

***** TEST MATERIAL IS PIPE
NUMBER OF FATIGUE CYCLES IS 3

MEAN SLIAMP = 6.2*E4 S.D. = 0.6*E4
S-Top --
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APPENDIX E

GLOSSAR Y

Braided Rope Rope constructed by braiding or inter- -

weaving strands together.

Breaking Strength The axial load applied to a rope which
resul ts in rupture.

Design Load The maximum load which should be appl i-
ed to a rope consistent wi th the factor
of safety for the type of rope use.

Directional Valve Electro-mechanical system that provides
for the diversion of flow of hydraulic
fluid to either side of the power cylin-
der.

Double-Braid Rope A rope consisting of a hollow core of
many braided strands enclosed in a coy-
er of many braided strands .

Eight-Strand Rope A rope consisting of two pairs of strands
twisted to the right and two pai rs of
strands twisted to the left and braided
together such that pa i rs of strands of
opposite twist  al ternately overl ay one
on another.

Electro-hydraulic Loading An electronically controlled mechanical
Apparatus system which actuates the power cylinder

for loading the synthetic rope in ten-
sion .

End Fittings Mechanical system for transferring axial
loads from the loading frame to the syn-
thetic rope specimens .

Epoxy A class of synthetic resins characteri zed
by having a highly active oxirane ring
which i ncorporates into the two part mix-
ture selected desirable mechanical prop-
erties.

Factor of Safety The ratio of the rated breaking strength
of a new rope to the design load.

Frequency Analyzer Electronic equipment capable of condition-
ing an output signal from the magnetic
transducer by selective filtering and am-
plification .

E. 1
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Frequency Counter Electronic device for counting peak sig-
nals during specified interval.

Function Generator Electronic instrument for generating a
sine wave of specified frequency and am-
plitude .

Hawser The mooring rope between an SPM and a
moored vessel . Generally any large rope
40 nm or more in diameter (>5 inches cir-
cumference).

Internal Friction Damping Phenomenon by which the total dislocation
density in a specimen may be counted .

Log Decrement Decay Output response of the full wave atten-
uated signal measured over a period of
time *

Magnetic Transducers The electronic device for transferring
(Input and Output) the input impulse from the frequency os-

cillator to the synthetic rope specimen .
Output transducer magnetically captures
response signal from synthetic rope spe-
cimen and passes signal on to the fre-
quency analyzer.

Moment of Inertia With respect to an axis-, the moment of
iner t ia  is the sum of the products ob-
tam ed by multiplying each element of
an area by the square of its distance
from the axis.

Nylon Generic name for long-chain polymeric
arnide molecules in which recurring amide
groups are part of the main polymer
cha i n.

Oscillator Electronic equipment capable of produc-
ing a constant sine wave of varying fre-
quency and amplitude .

Overstress Load in excess of the upper limit of the
linear elastic range of the material .

Polyester A thermosetting synthetic resin made by
esterification of polybasic organic acids
with polyhydric acids.

Polypropylene A crystalline , thermo-plastic resin made
by the polymerization of propylene , C3H6.

E.2

-~~~ —- - --- - 
-. - -  

- _

_______ -~~ -~ ~~~~~~~~~~~~~ -~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-



_-- - - —

Radius of Gyration With respect to a given axis , the square
- root of the moment of inert ia  divided by

the area.

Rope Size In hawsers, the rope size is defined as
the circumference rather than the dia-
meter * 

-

Rope Support and Tensioning The loading frame that supports the syn-
Apparatus thetic rope and applies the axial load

through the special end fittings.

Specific Damping Capacity The phenomenon of internal friction
which is a thermal relaxation process.

Single Point Mooring (SPM) A mooring and cargo transfer system for
vessels including a mooring swivel and
a cargo transfer swivel , in which at one
point either the cargo transfer swivel is
concentric with the mooring-load-carrying
system or the mooring swivel is concen- 

—

tric with the cargo transfer system such
that the moored vessel may swing complete-
ly around the mooring point while trans-
ferring cargo.

Three-Strand Rope A rope consisting of three strands twist-
ed together in a spiral pattern .

Viscoe lasticity Compound relationship of stress and the
resultant strain wherein a phase lag an-
gle of the response -is noted. The mechan-
ical model of viscoelasticity is a series
of springs in parallel with dash pots.
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APPEN DIX F

MATERIAL PRUPERTIE S - -

PROPERI iES OF SYNTHETIC FIBERS

Chemical Class 
— 

Nylon

Resin Type Thermopla8tic
Subclass or Mo(Iifieat-iOn 6/6 

—

FORMS AVAILABLE F Fb Mf P R SCs—castings, F’—film . Fb—fibers , 1—impregnants , L—Iamina- ‘

tions . Lq—lacquers Mf—monofiiaments, P—Powder , pellet , or
granules , R—rods, tubes , or other extruded forms , S—sheets.
FAB R ICATION - - E F MB MC MICl—calendering, Cs—ca,ting, E—extrus&on , F—hot forming or ‘ ‘ ‘drawing. I—impregnation , MB—blow molding, MC—~ompres-
sion molding, MI—injection molding. S—spreading.

ELECTRICAL PROPERTIES
D.C. Resistivity, ohm-cm 
Dielectric constant, 60 cps 4.0—4.6 
Dielectric constant, 106 cps 3.4—3.6 
Dissipation factor, 60 cp~ 

(L014—O.04 
Dissipation factor, 106 cps 0.04 

MECHANICAL PROPERTIES
Modulus of elasticity , lO~ psi 
Tensile strength , psi ~),0(X)—1 2 ,0()0 
Ultimate elongation, % 60—300 
Yield stress, psi 
Yield strain , % 
Rockwell hardness R I0S—R 120 
Notched Izod impact strength , ft- .lb/in 1 .0—2.0 
Specific gravit~i 1. 13— 1.15 

THERMAL PROPERTIES
Burning rate Self extinguishing. . .  -

Heat distortion 264 psi, °C 
Specific heat, cal/g 0.4 
Linear thermal expansion coefficient , l0~~, °C 8.0 
Maximum continuous service temperature, °C SO—ISO - -

CHEMICAL RESISTANCE
Mineral acids, weak Very good 
Mineral acids, strong Poor 
Oxidizing acids, concentrated Poor 
Alkalies, weak No efTeet 
Alkalies, strong No effeet 
Alcohols 
Ketonee Good 
Esters Good 
Hydrocarbons, aliphatic Very good 
Hydrocarbons, aromatic Fair to good 
Oils, vegetable, animal , mineral Good 
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PROPERTIES OF SYNTHETIC FIBERS

Chemical Class Polypropylene

Resin Type Thermoplastic

Subclass or Modification Copolymer
FORMS AVAILABLE F Fb Mf P R S 

—

Ce—castings, F—Mm , Fb—fibers , I—impregnanta . L—lamina- ‘ ‘t ions, Lq—lacquers, Mf—monofij amenta, P—Powder , pellet , or
granules, R—rods, tubee, or other extruded forms , S—sheets.
FABRICATION 

. Cl, E, F, MB, MC, MICl—calendenng, Ce—casting , E—extrusion , F—hot forming , or
drawing, I—impregnation , MB—blow molding, MC—compresston
molding, MI—injection molding, S—spreading

ELECTRICAL PROPERTIES
D.C. Resistivity, ohm-cm 1017
Dielectric constant, 60 cps 2.3
Dielectric constant, 10’ cps 2.3
Dissipation factor, 60 cps 0.0001—0.0005
Dissipation factor, 106 cps 0.0001—0.002

MECHANICAL PROPERTIES -

Modulus of elasticity, 1 0~ psi Tensile strength, psi 2,900-4,500
Ultimate elongation, % 200—700

- I 
Yield stress, psi 
Yield strain, % 
Rockwell hardness R 50—R 96
Notched Izod impact strength, ft.lb/in 1.1—12
Specific gravity 0.90

THERMAL PROPERTIES
p Burning rate Medium

Iteat distortion 264 psi, °C 
Specific beat, cal/g 0.5
Linear thermal expansion coefficient, 10’, °C 8—10
Maximum continuous service temperature, °C 190—240

CHEMICAL RESISTANCE
Mineral acids, weak Excellent
Mineral acids, strong Excellent
Oxidizing acids, concentrated Poor
Alkalies, weak Excellent
Alkalies, strong Good
Alcohols Good below 80°C
Ketonee Good below 80°C

Good below 80°C
Hydrocarbons, aliphatic Good below 80°C
Hydrocarbons, aromatic Good below 80°C
Oils, vegetable, animal, mineral 
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