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Experimental Investigation of the Damage Tolerance of Polyester Ropes  

E. G. Ward, R. R. Ayers, S. Banfield, N. O’Hear 

ABSTRACT 
 
Full-scale polyester ropes were tested to determine the impact of damage on the strength of 

polyester rope used as mooring lines for deepwater structures.  The ultimate goal of this 

project - to provide information on the residual strength of damaged polyester rope for the 

industry and MMS to use in developing guidelines for mitigating damaged polyester rope 

mooring lines - has been accomplished.   

 

This report is organized as follows.  The body of the report provides an overall description of 

the project, summarizes interpretations of the tests, and presents conclusions and 

recommendations.  More detailed information on the tests and interpretations are provided in 

the Appendices.   
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PROJECT DESCRIPTION 
 

Ropes from four manufacturers Bexco, CSL, Whitehill, and Marlow were tested to 

represent different rope constructions.  The ropes represent rope product lines that are 

commercially available, and were furnished with commercially available splices.  All 

ropes are parallel subrope constructions.  The rope constructions are illustrated in 

Figure 1.  All ropes were made using the same polyester fiber that was furnished by 

Performance Fibers, with the exception of two 35 tonne samples as will be noted.   

 

 

Whitehill  
Jacketed Rope 

10 Unjacketed Subropes 
3 Twisted Strands 

CSL  
Jacketed Rope 
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Bexco & Marlow  
Jacketed Rope 

20 - 24 Unjacketed Subropes  
3 Twisted Strands  

Rope Jacket 

Rope Jacket 
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Figure 1.  Rope Constructions 
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 3 Jacketed Twisted 
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Three series of tests on damaged polyester rope samples were conducted in the 

sequence as shown below.  Important test parameters are summarized in Table 1. The 

length to diameter ratio L/D is an important parameter.  L refers to the free length of the 

sample between the eye splices (see Figure 2), and D is the diameter of the rope.  All 

rope strengths are in tonnes (t), i.e. 2205 lbs.   

 
Table 1.  L/D for Polyester Rope Test Program 

Test Series 

Nominal 
Rope 
Break 

Strength  
(t) 

Nominal 
Diameter 

Approximate 
Free Length 

(m) 
L/D 

Number of 
Tests 

Successfully 
Completed 

Test Facility 

35 36 mm  
(1.5 in) 2 40 9 

35 36 mm  
(1.5 in) 12 290 4 

35 36 mm 
(1.5 in) 23 560 2 

Length 
Effect 

35 36 mm  
(1.5 in) 36 1000 4 

Lloyds Beal,  
Cardiff, Wales, UK 

Damaged 
Full-Scale 

Ropes 
700 178 mm  

(7 in) 14 40 23 

Stress Engineering, 
Houston, TX 

CSL, San Leopoldo, 
Brazil 

Verification 700 178 mm  
(7 in) 53 290 4 

Tension Member 
Technology, 

Wilmington, CA 
    Total 46  

Note: 1 tonne (t)  = 2205 lbs. 
 
 

Free Length between Splices 
L/D = Length/Diameter  

 
Figure 2.  Rope Test Sample 

 
 

• Length Effect Tests (35t) - The purpose of these tests was to qualitatively 

examine the potential influence (if any) of length effects on test results for 
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damaged polyester ropes.  Model scale ropes with specified break strength of 35 

tonnes were used for these tests.  L/D ratios spanning from 40 to 1000 were used 

for these tests.   

These tests were

 
 completed at the Lloyd Beal test facility in Cardiff, Wales, UK.    

Hydraulic rams were used for cyclic loading and break tests.  The test setup is 

 

 

e 

 

Figure 4.  35 Tonne Te g Damaged 
• Full-Scale Damaged Rope Test The purpose of these tests was to 

quantify the influenc

specified break strength) were used for these tests.  The sample lengths were 

shown in Figure 3, and Figure 4 shows the damage to a rope being simulated by 

cutting a specified portion of the rope.  

 

 

 

 

 

 

 

 

 
Figure 3.  35 Tonne Rope in Test Fram

 

 

 

 

 

 

 

 
 

st Sample Bein
s (700t) - 

e of damage on full-scale ropes.  Full-scale ropes (700 tonne 
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typical of the lengths used to qualify prototype ropes (~15 m), and had L/D ratios 

of 40.   

 

These tests were completed in facilities located at Stress Engineering Services in 

Houston, TX and at CSL in San Leopoldo, Brazil.  Hydraulic rams were used for 

yclic loading and break tests.  The test setup at Stress Engineering is shown in 

 
 Engineering. 

 

c

Figure 5, and Figure 6 shows an example of cut damage on a 700t rope.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.   700 Tonne Rope Test Sample in Test Frame at Stress
 

 

 

 

 

 

 

 
Figure 6.   Cut Damage on a 700T Test Sample 
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Verification Tests (700t) - The purpose of these tests was to verify a selected 

Full-Scale Damaged Rope Test result (i.e. damage level) for each rope type with 

one test of longer sample.  Full scale ropes (700 tonne specified break strength) 

with L/D ratios of 290 were used for these tests.   

 

The Verifications Tests were completed at Tension Member Technology.  A test in 

progress is shown in Figure 7.  The stretch of the long rope samples was taken up 

using an eccentric loading arm, and a hydraulic ram was used to cycle the rope 

as well as apply the load for the break test. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7.  700 Tonne Rope Test Sample Under Test at Tension Member Technology. 

 

 
Test Procedure 
 

The test procedures included the following steps: 

• Initial cycling to bed-in the rope 

• Relaxing the rope and inflicting a prescribed damage  

• Cycling the rope to simulate storm loading on a damaged rope.  The 

magnitude of the cyclic loading was a mean load of 30 percent of the specified 

break strength and +/- 15 percent of the specified break strength to simulate 

storm loading after the rope had been damaged.  For the 700 tonne ropes, the 

cyclic loads thus ranged from 105 tonnes to 315 tonnes.  The frequency of the 
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cyclic loading was sufficiently low to prevent heat build up in the rope or the 

splices. 

• Post-cyclic examination of the rope to examine any progression of the 

damage.  Damaged subropes failed during cycling during some of the tests. 

• Break test - the rope was loaded such that the load increased at a constant 

rate until it broke. 

Specifications for each of the three test series are summarized in Table 2.     

 

Table 2. Summary of Test Procedures 

 

 Length Effect Tests Damaged Full- Scale 
Tests 

Verification Tests 

Testing Phase    
    
Damage Inflict damage  Inflict damage 
    
Bedding-In Loading    
    Mean Load 30% SBS 30% SBS 30% SBS 
    Oscillating Load 15% SBS 15% SBS 15% SBS 
    No. Cycles 1,000 1,000 1,000 
    Period ~5 sec ~30 – 60sec ~60 sec 
    
Damage  Inflict damage  
    
Cyclic Loading    
    Mean Load  30% SBS  
    Oscillating Load  15% SBS  
    No. Cycles  6,000  
    Period  ~30 – 60 sec  
    
Break Test    
    Load Rate 20% SBS/30 sec 20% SBS/30 sec 20% SBS/30 sec 
    
Note: SBS = Specified Break Strength 

Damage  
 

The amount of rope damage used for this study was centered around 10 percent loss of 

cross sectional area.  This damage level was selected following the API RP 2SM  [1] 

recommended allowable strength reduction of 10 percent and an assumption that the 

strength loss of a damaged rope was linearly proportional to the loss in cross sectional 

area.   
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Rope damage was simulated by precisely cutting the rope structure (strands or yarns 

depending on the rope construction) to reduce the cross sectional area by a prescribed 

percentage.  The damage was inflicted by cutting strands or yarns on the rope’s exterior 

to simulate surface damage.  Figure 8 schematically shows the damage patterns used 

to simulate 10 percent damage for the two basic variations of the parallel ropes used in 

this project.    

 

 

 

 

 

 

 

  

Figure 8.  10% Damage Simulated By Cutting Subropes Or Yarns Within Subropes. 
 

Length Effect Tests The damage level used for all of the 35 tonne Length Effect Tests 

was 10 percent.  The damage was inflicted at mid span for all rope lengths, and also at 

quarter span for L/D = 290 and 560.  

  

Full Scale Damage Rope Tests Various damage levels were used for the 700t 

Damaged Full-Scale Rope Tests.  Testing of damaged ropes began at 10 percent 

damage for each rope.  Those test results guided the damage levels used on 

subsequent tests to larger or smaller amounts of damage for different ropes.  Damage 

levels tested ranged from 5 to 15 percent.  The damage was always inflicted at mid 

span.   

 

Verification Tests The damage level for each of the four 700t Verification Tests used 

the same damage level and pattern as that of the selected 700t Damaged Full-Scale 

Rope Test.   
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Before describing, discussing, and interpreting the test results, it will be useful to 

discuss two important topics -  

• Datum selected to characterize the strength or undamaged rope  

• Mechanisms that can affect the behavior and failure of damaged rope.   
Our thoughts on these areas evolved throughout the project, and are now interwoven in 

our thoughts and discussions regarding the tests and interpretations.  

 

DATUM FOR UNDAMAGED ROPE STRENGTH 
 

We characterized the break strength of the damaged rope, termed the Residual 
Strength, by comparing it to the break strength of the undamaged rope.   We 

considered the following as measures or datums for the undamaged strength: 

• Specified Strength 

• Measured Break Strength 

• Calculated Average Break Strength (defined below) 

• Calculated Minimum Break Strength (defined below) 

Each rope had specified break strength of 700 tonnes, and was furnished with standard 

commercially available splices for deepwater mooring applications.  However we noted 

that the fiber content varied considerably from manufacturer to manufacturer and that 

raised concerns about using the Specified Break Strength as the datum for the 

undamaged rope.  

 

We were also recognized that we did not have enough test samples (or budget) to 

establish statistically meaningful Measured Break Strength from tests of undamaged 

samples of each rope.   

 

We considered several other measures as datums for the undamaged break strength as 

follows: 

Aggregate Fiber Strength (AFS) was determined for the amount of fiber used by 

each rope manufacturer for their rope (all rope was made with the same fiber). 
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Calculated Average Break Strength (CABS) was estimated as 0.85 x AFS for the 

700t rope.  The factor is 0.95 for the 35t rope.   

 

Calculated Minimum Break Strength (CMBS) can be estimated as 0.90 x CABS 

These factors were based upon other experimental results and experience (Banfield).  

The AFS attempts to normalize the results for all ropes based on differing fiber content 

and removes any effects of spliced terminations, and can provide a good basis to 

understand and compare the behaviors of different ropes. CABS accounts for 

termination and bedding-in effects in an averaged sense.  CMBS incorporates the 

variability inherent in rope testing to estimate a minimum within two standard deviations 

of the mean.  This datum would be of interest to the purchaser of the rope mooring 

system and the system designer to establish rope size and fitness for purpose.    

We ultimately selected CABS as the most appropriate datum for this study.  

 

MECHANISMS AFFECTING DAMAGED ROPE BEHAVIOR & FAILURE 
 

We focused on the behavior of the subropes during the cyclic loading following 

damage and the ultimate break test, and examined a number of mechanisms that could 

contribute to the behavior and failure of damaged rope.  These mechanisms included: 

1. Strain concentration - Strain concentration is active in all damaged subropes.  The 

strain is concentrated in the damaged portion of the subrope and causes that portion 

of the damaged subrope to reach the failure strain (say 8%) before or at the time 

that the remaining subropes reach 8% strain and break.  Thus the damaged 

subropes could break before the ultimate rope failure and not contribute to the 

ultimate break load of the entire rope. This leads to a simple estimate for residual 

strength:  

 
 Residual Strength = CABS X % Undamaged Subropes       (1) 
 

2. Unwind in a damaged subrope - Subrope unwind can lengthen a damaged subrope 

due to unwinding of the damaged helical structure, reduce the strain concentration in 

the damaged subrope, and thus allow the damaged subrope rope to participate in 
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the ultimate break load.  This would increase the residual strength above the value 

estimated by equation (1). 

3. Damage Length - Damage length refers to the length over which the damage can 

spread during loading.  The subrope construction type has a significant influence the 

damage length.   

4.  Recoil Damage - The large energy released when a damaged subrope fails can 

cause thermal/mechanical damage to adjacent subropes. The recoil damage to the 

initially undamaged subropes would reduce the residual strength below the value 

predicted by equation (1). 

5. Rope jacket tightness - The tightness of the rope jacket can influence the amount of 

unwind.  Tight jackets tend to keep the damage length small.  A tight jacket can 

prevent a damaged subrope from unwinding such that the damaged subrope will fail 

due to strain concentration before the entire rope fails, leading to a residual strength 

equal to value estimated by equation (1).   

6. Subrope pitches - The number of pitches or helixes in a given length of rope can 

affect the load sharing between subropes due to the axial frictional forces resulting 

from the inward radial pressure.  Longer pitch lengths (fewer helices per length of 

rope) allow more unwind and less strain concentration in the damaged ropes.  If the 

strain concentration is sufficiently reduced, portions of the damaged subropes that 

have not failed can contribute to the ultimate break strength.   
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TEST RESULTS 
 

A total of 46 rope tests were completed in this project.  An overall summary of the 

interpretation of these test results is presented in the following sections.  A more 

detailed description of the test results and interpretation are presented in the 

Appendices A, B, and C. 

 

Length Effect Tests (35t rope) 
 

Rope Samples Ropes from four manufacturers (Whitehill, Bexco, Marlow and CSL) 

were tested to represent different rope constructions.  The purpose of these tests is to 

qualitatively examine the potential influence (if any) of length effects on test results for 

damaged polyester ropes.  Model scale ropes were used for these tests 

 

The relationships between the L/D ratios of these tests are shown in Table 3.  L refers 

to the free length of the sample between the eye splices. 

 
Table 3.  L/D for Damaged Rope Test Program 

Test 
Nominal Rope 
Break Strength  

(t) 
Nominal Diameter 

Approximate 
Free Length 

(m) 
L/D 

35 36 mm (1.5 in) 1.2 40 
35 36mm (1.5 in) 9.6 290 
35 36 mm (1.5 in) 19.2 560 Length Effect 

35 36 mm (1.5 in) 33 1000 
 
The four ropes are shown in Figure 9 and the basic number of components and weight 

of the core (not including jacket) is shown in Table 4.  It can be seen that the Marlow 

and Bexco ropes have similar amounts of fiber, whereas the Whitehill has around 8% 

more fiber.  The CSL rope had even more fiber, but the yarn was lower tenacity and 

very high stretch (see Table 6, CSL Test 14).  Since the fiber properties appeared to be 

so different, the CSL tests were not completed and these results were not used in the 

analyses. 
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Note the very large differences in rope size in Figure 9.  The Bexco had a very tight 

jacket compared to Marlow yet had similar fiber content, the tighter jacket causes very 

tight packing of the subropes. 

 

Table 4. Rope components and core weight 

 no subropes no strands no yarns/
strand 

no textile
yarns 

total no 
textile yarns 

rope tex 
(gm/1000m) 

Marlow 24 3 1 70 5040 615384 
CSL 7 12 1 70 5880 717948 

Bexco 18 3 3 30 4860 593406 
Whitehill 10 3 3 30 2700 653400 

 

 

BEXCO WHITEHILL MARLOW        CSL 

 
Figure 9. 35t Rope Samples 

 
A summary of the critical parameters of the rope and strops specifications is shown in 

Table 5.  As noted above, the diameters are nominal and the actual diameters varied 

significantly due to jacket tightness and fiber content. 
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Table 5. Specification for strop lengths and spool diameter 
Clear Length Mm Strop Length MmRope Nominal Rope Diameter 

Mm / Inches 
Spool 

Diam. MmSpool D/D Ratio Splice
Length

Eye 
Length 40D 290D 1000D 40D 290D 1000D

Whitehill 36/1.4 75.9 2.1 610 800 144010440 36000 42601326038820
Marlow 32/1.3 70.0 2.2 580 1200 1280 9280 32000 48401284035560

CSL 32/1.3 77.8 2.4 580 1200 1280 9280 32000 48401284035560
Bexco 32/1.3 76.2 2.4 580 700 1280 9280 32000 38401184034560

 
Test Results Results from all tests are shown in Table 6 below. These results show a 

length effect for the Bexco and Marlow ropes.     

 
Table 6.  Length Effect Tests - All 35t Test Results & Estimated Break Loads 
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Construction & Damage Description 

   40.1 38.0 35      24    24 SR x 3 Strands x 1 Yarns = 72 cuttable yarns
9 40M 10    32.4 9.0 92.5 100.9 85.0 24 4 83.3 31.7

17 290M 10    34.1 8.8 97.3 106.1 89.4 24 4 83.3 31.7
20 290NS 10    31.5 7.5 90.1 98.2 82.7 24 4 83.3 31.7
5 1000M 10    28.9 8.3 82.5 89.9 75.8 24 4 83.3 31.7

total of 7 yarns contained in 4 SRs cut 

2 40 0    31.4  89.6 97.6 82.3 24   38.0

M
ar

lo
w

 

6 290 0    32.9 8.9 94.0 102.4 86.4 24   38.0
Tested Ref. BL 31.35+32.9/2 = 32.1t 

   37.6 35.7 35          7 SR x 12 Strands = 84 cuttable strands 
15 40M 10    31.6  90.3 96.4 88.5 7 2 71.4 25.5 total of 8 strands contained in 2 SRs cut C

SL
 

14 40 0    32.8 13.7 93.7 100.0 91.8 7   35.7 No further CSL tests done due to large strain. 
   46.4 44.1 35          10 SR x 3 Strands = 30 cuttable strands 

13 40M 10    34.9 7.8 99.8 89.5 79.2     
19 560M 10    37.9 7.8 108.2 97.0 85.9 10 2 80.0 35.2
22 560NS 10    38.5 8.4 109.9 98.5 87.2 10 2 80.0 35.2
11 1000M 10    37.4 7.6 106.7 95.6 84.7 10 2 80.0 35.2

total of 3 strands contained in 2 SRs cut 

12 40 0    40.3 8.4 115.3 103.3 91.4 10   44.1

W
hi

te
hi

ll 

18 560 0    37.8 7.6 107.9 96.7 85.6 10   44.1
Tested Ref. BL = (40.34+37.78)/2 = 39.06 

   40.3 38.3 35          18SR x 3 Strands x 3 Yarns = 162 cuttable yarns
8 40M 10    29.8 6.9 85.1 84.1 78.0 20 3 85.0 32.5

21 290M 10    31.2 6.9 89.3 88.1 81.8 20 3 85.0 32.5
10 290NS 10    30.1 7.0 85.9 84.8 78.7 20 3 85.0 32.5
4 1000M 10    27.0 7.2 77.0 76.0 70.5 20 3 85.0 32.5
3 1000M 10    26.7 6.7 76.3 75.3 69.9 20 3 85.0 32.5

total of 16 yarns contained in 3 SRs cut 

1 40 0    35.8  102.2 100.9     38.3

B
ex

co
 

7 40 0    35.1 7.0 100.3 99.1     38.3
Tested Ref. BL = (35.77+35.11)/2 = 35.44 
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The measured break strengths in Table 6 are examined in light of the data and the 

mechanisms that can influence the strength of damaged rope.  We previously 

introduced equation (1) as a method to estimate the break strength of a damaged rope,   

  
Estimated Break Strength = CABS x % Undamaged SRs   (1) 

 

This estimate is based upon strain concentration causing the damaged subropes to fail 

before the undamaged subropes break such that the break load of the damaged rope 

is determined by the strength of the undamaged subropes.  We’ll compare the 

Estimated Break Strength vs the Measured Break Strength, and use this as a basis for 

examining Table 6 to examine the potential impact of other mechanisms, namely 

unwind, jacket tightness, and recoil.   

 

The Measured Break Strengths for the Bexco ropes were consistently lower than the 

Estimated Break Strength.  This is likely due to unwind being prevented by the very 

tight jacket.  Figure 10 shows the premature failure of subropes at 21 tonnes during the 

L/D =1000 test caused by the strain concentration effect.  Subsequent recoil damage 

could have resulted in the lower break strength and length effect.   

 

For the Marlow L/D = 40 and 290 tests with midspan damage, the Measured Break 

Strengths are all higher than the Estimated Break Strength.  This is thought to be due 

to unwind permitting the damaged subropes to contribute to the final rope break load.  

For L/D = 1000 test, the Measured Break Strength is significantly lower than the 

Estimated Break Strength.  Figure 11 shows the premature failure of subropes at 26 

tonnes caused by the strain concentration effect.  As with the Bexco rope, subsequent 

recoil damage could have resulted in the lower break strength and length effect. 

 

The results for the Whitehill results show that the Measured Break Load is consistently 

higher than  the Estimated Break Strength, except for L/D = 40, and show no length 

effect.  This may be due to unwind and the prevention of recoil damage by the strand 

jackets.  Also as shown below, the undamaged rope break strength had a large 
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variability, and this could have masked any length effect with the relatively small 

number of samples.   

 

   

 

 
 
 
 
 
 
 
 
 

Figure 10.  Bexco 1000LD, Early SR Breakage 
 
 

 

 

 

 

 

 

 

 

 

 
Figure 11.  Marlow 1000LD, Early SR Breakage 
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Undamaged Rope Strength Table 7 shows the control undamaged rope break 

strength tests.   The purpose of the control break test was to check that the rope 

strengths were close to the Specified Break Strength of 35 tonnes. The variability was 

very high for the Whitehill rope which may explain the lack of observed length effect.    

Discussions with Whitehill confirmed that they expected a break load towards the 

highest of the values at 43.8 tonnes due to the amount of fiber used to make this rope.  

The Bexco rope gave very low variability and this was confirmed by the good 

agreement of the two tests at 1000LD.  The Marlow control break tests were lower than 

expected.  Discussions with Marlow led them to conduct subrope break tests, which 

confirmed that the rope strength should be near to the 35 tonne nominal.  The fact that 

the undamaged rope broke at a lower load than the undamaged rope is perplexing.  

We can only hypothesize that this behavior was somehow related to the construction of 

the small scale rope samples.    

 

 
Table 7.  Undamaged Break Load Tests 

 Break Load (t) Mean Std Dev COV 

Whitehill 

Test 12 40.34 

Test 18 37.78 

Test furnished by Whitehill 43.80 

 

40.64 

 

 

3.0 

 

 

7.4 

 

Marlow 

Test 2 31.35 

Test 6 32.90 
32.1 1.1 3.4 

Bexco 

Test 1 35.77 

Test 7 35.11 
35.4 0.5 1.3 

 

Locations of Damage & Failures The type of failure and positions were also recorded 

in Table 8 and Table 9.  It can be seen that as the length increases the failure occurred 

predominantly at the location of the cut damage.  This is no surprise as it fits well with 

the strain concentration mechanism.  Also, note for the very tight jacket on the Bexco 

ropes, the failures for all lengths of the damaged ropes occurred at the position of cut 
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damage. This is in contrast to the loosely jacketed Whitehill rope, in which some of the 

damaged ropes (and all of the undamaged ropes) failed at the end of the splice. 

 
 
 

 
 
Table 8.  Locations of Damage & Failure 

    BEXCO MARLOW WHITEHILL 

L/D DAMAGE 
LEVEL 

 
FAILURE POSITION 

 
UNDAMAGED ROPES 

40 none midspan clear splice end splice 
290 none clear splice end splice end splice 

DAMAGED ROPES 
40 10% cut  cut cut/end splice 

290 10% cut end splice end splice 
290 10% near splice cut cut cut 
1000 10% cut cut cut 
1000 10% cycle 500 cut   

 
 

 

Table 9 summarizes the description and timing of failures during the tests.  During 

each break test, observations of any loud noises (e.g., breaking subropes) was made 

and the load noted.  This was important information that provides further validation of 

the theory to explain the cut damage mechanism of strength loss.  Generally for the 

longer ropes, there was audible evidence of premature subrope breakage.  This was 

not as common for the shorter ropes, which tended to break in one go.  For those that 

did display premature subrope breakage, it was at a much higher load than the long 

ropes.  This behavior correlates with the theory developed for strain concentration.  

The type and positions of failure correlate well with the 700t ropes. 
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Table 9.  Location and Description of Failures 
 

R
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ST

 

L/
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 C
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%
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a   
  

DESCRIPTION OF FAILURE 
  

    

9 40M 10 No SR broken after cycling.  After break 8 SR’s unfailed, 16 failed well clear 
splices. 

17 290M 10 No SR broken after cycling. All 24 SR failed 120mm from end of splice, 1 SR 
failed at cut damage, all intact SR survived unfailed at cut damage. 

20 290NS 10 

No SR broken after cycling.  Prior to break, slack strands in 2 cut SR’s and 2 
strands in 1 cut SR still tight.  15 SR failed at cut damage, 6 SR unfailed, 3 SR 
failed 100mm from end of splice.  Snapping sounds heard continuously from 30t 
up to break at 31t. 

  
5 1000M 10   
2 40 0 All SR failed 500mm from last tuck of splice 

M
ar

lo
w

 

6 290 0 Bang heard at 26t, could be slip. 23 SR failed 100-300mm from end of splice, 1 
SR failed at last tuck  

    
15 40M 10 SR broke around midspan and towards splice C

SL
 

14 40 0 All SR broke midspan at same cross section 
    

13 40M 10 Some breakage heard just prior to break.  6 SR failed at cut damage, 4 SR failed 
at end of splice 

19 560M 10 Some breakage heard just prior to failure.  All SR failed 50mm from last tuck of 
splice. One strand failed at the cut damage location in the two strands cut SR. 

22 560NS 10 Some breakage heard just prior to failure.  All SR failed at cut damage 

11 1000M 10 No noises heard up to break, rope failed in one break.  All SR failed at cut 
damage 

12 40 0 Some breaks heard around 35 tonne. 8 SR broke 50mm from last tuck of splice, 
2 SR broke midspan 

W
hi

te
hi

ll 

18 560 0 No noises up to break, cascade failure mode.  8 SR failed 50-200mm from last 
tuck of splice, 1 SR broke at last tuck, 1 SR broke crotch of eye 

    

8 40M 10 Breaking heard from 28 tonne until final break at 29.8 tonne. 15 SR broke 
1100mm from last tuck of splice = area of cut damage 

21 290M 10 Breaking heard around 20 tonnes. all SR failed around cut damage 

10 290NS 10 Breaking heard from 22 tonne.  11 SR failed at cut damage, 7 SR intact, all cut 
damaged strands failed.  Extensive recoil damage. 

4 1000M 10 
No noises heard up to break, rope failed in one go. 3 subropes broke at cut 
damage, rest broke 6m away. Break noise heard at cycle 40, may have been cut 
damage SR breaking. 

3 1000M 10 
Breaking heard from around 17t. 3 subropes broke at cut damage + 6 separate 
points at 9.8m 10.8, 12.0, 13.0, 15.2 and 18.3m from one end (cut damage 
location 18.9m) 

1 40 0 All 18 SR failed 1000mm from last tuck = midspan 

B
ex

co
 

7 290 0 All SR failed 500mm from last tuck of splice. Three different locations of failure 
along length. 
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Jacket Tightness In Figure 12 and Figure 13, the effect of the tight jacket versus a 

looser jacket can be seen.  The tight jacket has caused all cut damaged subropes to 

break at the site of the cut damage, whereas with the looser jacket, none of the cut 

damaged subropes broke. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 12.  Bexco 290, Effect of Tight Jacket Causes Cut Damage Subropes to Fail at the Cut 

Damage, as a Result of the Lack of Unwind  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13.  Marlow 290, Effect of Looser Jacket Allowed All Cut Damaged Subropes to Survive 
the Break Test, as a Result of the Ability of the Subropes to Unwind  
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Rope Modulus Table 10 shows the modulus measured by three different methods; (1) 

measured from crosshead, (2) LVDT clamped to clear rope, and (3) optically on clear 

rope.  The latter two methods involve tight clamps on the rope.  These were positioned 

several meters from the cut damage, so as not to interfere with any cut damage effects 

of length transfer.  For this reason, the optical and LVDT was not conducted on the 

shorter samples due to the much shorter lengths from the cut damage. 

 

From cross head modulus for Bexco and Whitehill, the slightly higher modulus of L/D = 

40 over L/D = 290 would be expected since a higher proportion of strop length was 

splice and eye.   For Bexco the L/D = 1000 was lower modulus than the L/D = 290 and 

40 because the latter samples had been inadvertently made from the stiffer grade of 

polyester, rather than the regular grade fiber furnished for the project.   Within scatter 

and accuracy of the test measurements, all ropes had similar modulii at the L/D = 

1000, which would be expected since they were made from the same fiber and 

generally all ropes were made with similar lay angles.   

 

Note that the cross head (or pin to pin) consistently produces a higher modulus at the 

shorter lengths, compared with the longest length. This difference is around 15% and 

would be typical of full scale ropes, where similar ratios clear length to overall length.  

Thus, for full scale ropes, if only crosshead is used, the modulus maybe over estimated 

compared to long mooring lines in the field. 
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Table 10. All Results, Modulus Measured From Crosshead,  LVDT Clamped To 
Clear Rope And Optical On Clear Rope 
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D

 &
 

lo
ca

tio
n 

cu
t 

D
am

ag
ed

 
%

 A
re

a 

Xhead Modulus N/tex LVDT Modulus N/tex OEA Modulus N/tex 

      
9 40M 10 11.60   

17 290M 10 12.70   
20 290NS 10 12.50   
5 1000M 10 10.00 10.20  
2 40 0    

M
ar

lo
w

 

6 290 0    
      

15 40M 10    C
SL

 

14 40 0    
      

13 40M 10 12.54   
19 560M 10 11.30   
22 560NS 10 11.70   
11 1000M 10 11.00   
12 40 0    

W
hi
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hi
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18 560 0    
      

8 40M 10 15.40   
21 290M 10 14.80   
10 290NS 10 14.70   
4 1000M 10 10.50 11.40  
3 1000M 10 11.40 11.04 11.04 
1 40 0    

B
ex

co
 

7 40 0    

 
 
 
Discussion The main findings are that the length effect appears real and correlate with 

the residual strength, premature subropes breakage due to strain concentration, and 

nature and position of failure. Results are summarized in Figure 14.  
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Figure 14   Length Effects for 35 Tonne Ropes - Residual Strength vs L/D for Ropes with 10% 

Damage.  Undamaged Strength = Specified Break Strength. 
 

 

General observations and findings include  

 

• No failure of the cut damaged subropes occurred during cycling 

• Slip of the cut ends is fairly small for ropes without strand jackets and much 

larger for ropes with strand jackets  

• Cut damage magnifies strain locally and results in strain concentration 

• A tight jacket localizes the cut damage (and exacerbates the stain concentration 

and strength loss) 

• Early failure of the cut damaged subropes during break testing correlates with 

the strain concentration mechanism 

• Terminations have a significant affect on results for short samples - location of 

failure was often near the termination 

• Break strengths  for L/D = 40 samples were lower than for L/D = 290 and 560 

samples, due to cut damage propagating into the termination 

• Location of failure in the long samples was always around the cut damage 
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• A length effect was observed for the damaged Marlow and Bexco ropes.   

subropes with jacketed strands) - the residual strengths at L/D = 1000 were 

significantly lower strength than the L/D = 40 and 290. 

• No length effect was evident for the damaged Whitehill rope.  The residual 

strengths at L/D = 560 and 1000 were approximately the same.  This is perhaps 

due to the jacketed strands which are unique to the Whitehill rope design.  The 

jacketed strands may have had an effect on the strain concentration or recoil 

mechanisms at this scale.  We note that length effects were evident in the 700 

tonne Whitehill ropes (see the next section). 

• For the ropes with unjacketed strands (Marlow and Bexco), strength losses 

range up to about 30% based on CABS as the Undamaged Break Strength, and 

up to about 24 % based on the Specified Break Strength as the Undamaged 

Break Strength     

• For the rope with jacketed strands (Whitehill), Strength Losses range up to 

about 21% based on CABS as the Undamaged Break Strength, and range from 

0% to an apparent strength gain based on the Specified Break Strength as the 

Undamaged Break Strength (recall that the Undamaged Break Strength was 

14% greater than the Specified Break Strength, see Table 7). 

• When using crosshead to measure modulus on typical short length ropes at full 

scale, it may over estimate modulus by up to 15%, due to splice and eye 

contribution.  This may result an over estimate of modulus for long rope lengths 

in the field, where eye and splice length become negligible. 

 

Except for the noted absence of a length effect for the Whitehill 35 tonne rope, many of 

these findings are also reflected in the 700 tonne rope test results discussed in the next 

section. 
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Damaged Rope Tests (700t rope, L/D = 40) 
 
Rope Samples Ropes from four manufacturers (Whitehill, Bexco, Marlow and CSL) 

were tested to represent different rope constructions.  The purpose of these tests is to 

qualitatively examine the relationship between the amount of damage and residual 

strength of damaged polyester ropes.  Full scale ropes were used for these tests.   

 

All samples had an L/D = 40.  The basic number of components and weight of the core 

(not including jacket) is shown in Table 11.  It can be seen that the Marlow and Bexco 

ropes have similar amounts of fiber, whereas the Whitehill has around 8% more fiber. 

 
Table 11.  Rope components and core weight for 700t rope samples 

 no subropes no strands no yarns/ 
strand 

no textile 
yarns 

total no 
textile yarns 

rope tex 
(gm/1000m) 

Marlow 24 3 22 70 110880 13538448 
CSL 7 12 1 1148 96432 11668272 

Bexco 20 3 28 30 50400 12196800 
Whitehill 10 3 1 1859 55770 13496340 

 
A summary of the critical parameters of the rope and strops specifications is shown in 
Table 12. 
 

Table 12. 700 tonne Rope Specifications 

Rope Diameter Sleeve 
Diam. 

Spool 
D/d 

Splice 
Length

Eye 
Length Clear Length  Strop Length  

 mm in mm mm mm mm mm mm mm mm 

       40D 290D 40D 290D 

Whitehill 166 6.5 350.0 2.1 1830 1520 6640 48140 13340 54840 

Marlow 160 6.3 350.0 2.2 2300 1800 6400 46400 14600 54600 

CSL 144 5.7 350.0 2.4 3000 1200 5760 41760 14160 50160 

Bexco 147 5.8 350.0 2.4 2800 1400 5880 42630 14280 51030 

 
 
Test Results Results from all 700t Damaged Rope and Verification Tests are shown in 
Table 13. 



 

Table 13.  Damaged Rope & Verification Tests  - All Test Results & Estimated Break Loads 
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Construction & Damage Description 

   882 750 700 na          24 SR x 3 Strands x 22 Yarns = 1584 cuttable yarns 
Tested Ref. BL taken as Specified Ref BL = 700t 

1 40 10     545 7.0 77.9 77.9 72.7 24 4 83.3 625 total of 156 yarns contained in 4 SRs cut.  6 SR 
broken during cyclic loading. 

2 40 5     643 7.8 91.9 91.9 85.8 24 4 83.3 625 total of 79 yarns contained in 4 SRs cut 

 290 10     429  61.3 61.3 57.2 24 4 83.3 625 total of 156 yarns contained in 4 SRs cut.  3 SR 
broken during cyclic loading. 

M
ar

lo
w

 

   768 653 700 645          7 SR x 12 Strands = 84 cuttable strands 

20 40 10     502 5.6 71.7 77.9 76.9 7 2 71.4 466 total of 8 strands contained in 2 SRs cut.  No SR 
broken during cyclic loading. 

31 40 10     539 5.5 77.0 83.6 82.6 7 2 71.4 466 total of 8 strands contained in 2 SRs cut (same as 
20).  No SR broken during cyclic loading. 

627 
525 33 40 7     
454 

        
Total of 6 strands contained in 3 SRs cut 
(diff.damage pattern). Unloaded rope after failure of 
each subrope.  DO NOT USE RESULTS. 

21 40 5     542 6.8 77.4 84.1 83.0 7 2 71.4 466 total of 4 strands contained in 2 SRs cut 

24 40 5     561 6.0 80.1 87.0 85.9 7 2 71.4 466 total of 4 strands contained in 2 SRs cut (same as 
21).  Hardening of rope?? 

32 40 5     532 6.6 76.0 82.5 81.5 7 2 71.4 466 total of 4 strands contained in 2 SRs cut (same as 
21) 

22 40 0    655 655 8.3 93.6 101.6 100.3 7 0 100.0 653 Measured Undamaged BL = (655+634)/2 = 645 
23 40 0    634 634 8.0 90.6 98.4 97.1 7 0 100.0 653  

C
SL

 

 290 10     504  72.0 78.2 77.2 7 2 71.4 466 total of 8 strands contained in 2 SRs cut (same as 
20).  No SR broken during cyclic loading. 
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Table 13.  Damaged Rope & Verification Tests  - All Test Results & Estimated Break Loads (con’t) 
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Construction & Damage Description 

   959 815 700 699          10 SR x 3 Strands = 30 cuttable strands 
5 40 15     620  88.6 89.0 76.1 10 3 70.0 571 total of 4 1/2 strands contained in 3 SRs cut 

7 40 15     596 7.6 85.1 85.6 73.1 10 3 70.0 571 
total of 4 1/2 strands contained in 3 SRs cut 
(same as 7).  No SR broken during cyclic 
loading. 

2 40 10     655 9.5 93.6 94.0 80.4 10 2 80.0 652 total of 3 strands contained in 2 SRs cut 

3 40 10     681 7.2 97.3 97.8 83.5 10 2 80.0 652 total of 3 strands contained in 2 SRs cut (same 
as 2) 

4 40 0    675 675 8.3 96.4 96.9 82.8 10 0 100.0 815 Measured Undamaged BL = (675+718)/2 = 697 
6 40 0    718 718 9.3 102.6 103.1 88.1 10 0 100.0 815  

8 40 0    704 704 8.2 100.6 101.1 86.4 10 0 100.0 815 Broke after 1000 cycles (compare to BL 100 
cycles) 

 290 15     499  71.3 71.6 61.2 10 3 70.0 571 total of 4 1/2 strands contained in 3 SRs cut 
(same as 7).  ! SR broken during cyclic loading. 
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   867 737 700 681          20 SR x 3 Strands x 28 Yarns = 1680 cuttable 
yarns 

5 40 10     597 7.1 85.3 87.7 81.0 20 3 85.0 626 total of 168 yarns contained in 3 SRs cut 

6 40 10     579 7.9 82.7 85.0 78.6 20 3 85.0 626 total of 168 yarns contained in 3 SRs cut (same 
as 5).  1 SR broken during cyclic loading. 

7 40 5     541 8.4 77.3 79.4 73.4 20 3 85.0 626 total of 84 yarns contained in 3 SRs cut 

8 40 5     550 6.7 78.6 80.8 74.6 20 3 85.0 626 total of 84 yarns contained in 3 SRs cut (same 
as 8) 

9 40 5     542 7.2 77.4 79.6 73.5 20 4 80.0 590 total of 84 yarns contained in 4 SRs cut 
(diff.damage) 

4 40 0    681 681 7.8 97.3 100.0 92.4 20 0 100.0 737 Measured Undamaged BL 

 290 10     451  64.4 66.2 61.2 20 3 85.0 626 total of 168 yarns contained in 3 SRs cut (same 
as 5).  2 SR broken during cyclic loading. 
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Results from Damaged Rope Tests (700t x 15 m samples)   

Marlow Tests Only two 15 m Marlow rope samples were available for testing. BP 

allowed us to include results in this project from an earlier test program they sponsored 

for 180 tonne (1/4 scale of 700 tonne) Marlow rope (see Appendix D).  That program 

recognized that the Marlow splice design is unique in that it joins subropes in pairs, and 

investigated the impact of this splice design on the strength of damaged rope.  When 

one of the subrope pair is cut or breaks, the other subrope can to become slack as the 

complete subrope pair unloads. Thus there is a potential for up to 2 times the number 

of damaged subropes to not be carrying load at rope failure. The amount of unload is 

difficult to determine, because frictional forces in the splice areas can vary widely and 

the number of cycles can influence the amount of unload.   

The two Marlow samples tested here were damaged at 10% and 5%.  Four (4) 

subropes were damaged in each case.   As a result of the splice design, damage to 4 

subropes could result in a minimum of 4 to a maximum of 8 subropes to not be sharing 

load when the rope fails, and the measured break load can vary considerably between 

these bounds.   Using equation (1), the estimated break strength could range between 

500 and 625 tonnes.  The measured break strengths were 545 tonnes (10% damage) 

and 643 tonnes (5% damage), roughly within the theoretical bounds. 

Due to the limited number of tests, it is difficult to make overall conclusions.  However, 

the tests did show that the % strength loss based on CABS was more than double the 

% of the area damaged, and this is consistent with the discussion presented above on 

the splice design.  

 
CSL Tests As shown in the table, the Calculated Average Break Strength (CABS) is 

653 tonnes, or 7% less than the Specified Break Strength.  For 10% damage case, the 

measured break load was reduced by approximately 20% of the CABS, or double the 

% of the area damaged.  For 5% damage, the measured break load was reduced by 

15% of the CABS, or 3 times the % of the damaged area.  This suggests that the break 

load of a damaged rope is controlled more by the number of subropes damaged rather 

than % area damaged.  
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Whitehill Tests As shown in the table, the CABS is 815 tonnes, considerably higher 

that the specified break strength. It is noted that the measured undamaged break 

strength was 699 tonnes, essentially the same as the Specified Break Strength.  For 

15% damage case, the measured break load was reduced by approximately 25% of 

the CABS, or almost 2 times the % of the area damaged.   For 10% damage case, the 

measured break load was reduced by approximately 18% of the CABS, or again 

almost double the % of the area damaged.      

Bexco Tests The first thing to note from the Bexco test results was that splice slippage 

was found to occur in tests 1 and 3.  Figure 14 shows a plot of cylinder stroke in inches 

vs. cycles up to 600 cycles.  The graph shows that the rope kept getting longer as the 

number of cycles increased.  We considered the possibility of hysteresis effects, but 

concluded that the splices were slipping.  Bexco investigated the evidence and 

reported that the slipping was likely due to the marine finish on the polyester fibers 

used to make the rope.  They normally used Acordis fibers in their rope making, but 

this JIP required the use of fibers from Performance Fibers (formerly Honeywell).  The 

marine finish on those fibers had less friction than that for Acordis; hence a larger 

number of tucks during splice making would be required to avoid splice slipping.  

Performance Fibers furnished more fiber, and Bexco manufactured another set of rope 

samples.   The remaining tests were conducted without evidence of splice slipping.  

The observed slippage in the splices in the initial Bexco tests suggest that it would be 

prudent to examine the safety factor against splice slippage when purchasing ropes 

made with a different fiber or splice design.   
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Figure 15. Cylinder Stroke vs Cycles 
 

As shown in Table 13, the CABS is 737 tonnes, about equal to the specified break 

strength.  For 10% damage case (tests 5 & 6), the measured break load was reduced 

by approximately 20% of the CABS, or double the % of the area damaged.  For the 5% 

damage case (tests 7 & 8), the measured break load was reduced by approximately 

25% of the CABS, or about 5 times % of the area damaged.  Comparing tests 5 & 6 

with tests 7 & 8, we see that the same number of subropes (3) were cut (15% of total) 

and resulted in a similar strength loss.  This result suggests the number of subropes 

cut is more important than the % damage to the subropes, which supports the 

observation that partially cut subropes tend to break before the failure load is reached.  

 

Conclusions for L/D = 40 Testing 

The following conclusions are drawn from 15-meter CSL and SES rope testing: 

1. The Whitehill, Bexco, CSL and Marlow rope test results showed conclusively 

that by cutting 10% of the subrope area, a greater than 10% reduction occurred 

in the damaged rope measured break strength.  In our tests the break strength 

reduction was as much as 25 % for 10% damaged area. 
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2. The observed splice slipping in the first Bexco tests suggests that it would be 

prudent to examine the safety factor against splice slippage, when purchasing 

ropes made with a different fiber or a new splice design.   
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Verification Tests (700t, L/D = 290) 
 
Rope Samples Details for the rope samples used in the verification Tests are also 

shown in Tables 12 and 13 above. 

 
Results from Verification Tests (700t, L/D = 290)  

 
The break loads measured in the L/D = 290 Verification Tests are significantly lower 

than those measured with the same rope and damage in the L/D = 40 Damaged Rope 

Tests.  The strength loss based on CABS ranged from about 20 to 30 % for the L/D = 

40, and from about 25% to 40 % for L/D = 290. 

 

The strength loss for L/D = 290 was about 1.5 to 2.0 times the strength loss for L/D = 

40 for ropes (Marlow, Whitehill, and Bexco).  For the CSL rope, the strength loss for 

L/D = 290 and L/D = 40 were about equal.  This is thought to be due to the long pitch 

length of the CSL rope, which is about 3 times longer than the pitch length of the other 

three ropes. 

 

Conclusions from the L/D = 290 Testing: 
 

1. A ten or fifteen % area cut results in a much larger reduction in measured break 

strength. 

2. The 53 meter Marlow rope test at 10% area cut yielded the lowest damaged 

rope strength of the four ropes tested, presumably a result of the unique Marlow 

paired-subrope splice design. 

3. Because of the increase in strain energy of the 53 meter ropes over the 15-

meter ropes, the premature break and recoil of subropes is more pronounced, 

and the potential for damage to adjacent subrope heat-melting effect appears 

greater.  Thus recoil damage to adjacent subropes by melting is a more 

pronounced damage factor. 
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INTERPRETATION OF RESULTS 
 

The analyses addressed two aspects of the rope failure - (1) the relationship between 

damage and break strength and (2) the impact of length on the strength of damaged 

rope, i.e., length effects.   An overall summary of the interpretation of results is 

presented in the following sections.  A more detailed description of the test results and 

interpretation are presented in the Appendices.  

 

RESIDUAL STRENGTH VS DAMAGE LEVEL 
 
Data from the Damaged Full-Scale Rope Tests (700t, L/D = 40) were used to 

investigate the relationship between the residual strength and the level of damage. We 

initially assumed that residual strength would be proportional to damage as measured 

by loss of cross sectional area, i.e. 10 percent damage would result in about 10 

percent strength loss (or 90 percent residual strength) for parallel rope constructions.  

Figure 16 illustrates the observed relationship between the damaged/undamaged 

break strength and the cross sectional area of the damaged rope.  More detailed 

studies of these results have not indicated that area is a particularly precise measure of 

strength loss due to the variability in the results.   Sources of variability include (1) the 

behaviors of the different rope constructions, and (2) variability between replicate tests.  

More tests could resolve the variability due to replicate tests, but it seems unlikely that 

a general measure based on area loss could be developed to reliably predict 10 % loss 

of strength for these ropes.   Such might be successful for a given rope product line. 
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% Damaged / Undamaged Break Strength vs % Area Damaged
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Figure 16.   Damaged /Undamaged Break Strength and Cross Sectional Area Damage 

 

 

We also analyzed Strength Loss versus damage level to determine if a 10% area loss 

would lead to a 10% strength loss.  Strength Loss compares the break strength of the 

damaged rope (residual strength) to the break strength of the undamaged rope.  We 

define Strength Loss as  

 
Strength Loss = (Measured Residual Strength - Undamaged Strength)/Undamaged Strength    (2) 

 

The results for the L/D = 40 tests with 10% damaged areas are shown in Figure 17 for 

each of these datums.  The strength losses for these ropes with 10% damaged areas 

greatly exceeded 10% for 3 of the 4 ropes for all datums.  Rope 3 showed a great deal 

of damage tolerance for all datums except CABS.  This damage tolerance is due to its 

construction and termination.  This comparison also illustrates the importance of using 

an appropriate datum to address specific issues.   
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700t Rope Strength Loss vs Undamaged Strength Datum
L/D = 40 with 10% Damaged Area 
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Figure 17.  Strength Loss vs Different Datums for Undamaged Strength 
 
 
Predicting Residual Strength from Damage Level 
 

These data were also analyzed to compare the measured break strengths of the 

damaged ropes to undamaged break strengths estimated by 

 
Estimated Residual Strength = CABS x Damage Measure    (3) 

 

Area Damage If damaged area is the focus, the measure of damage is the % 

Undamaged Area and equation (3) becomes  

 
Estimated Residual Strength = CABS x % Undamaged Area    (4) 

 
As discussed below, this measure of damage is closely approximated by the 

strand/yarn damage measure because of the way the rope was damaged.   
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Strand/Yarn Damage Since the ropes were damaged by cutting whole strands or 

yarns, a measure of damage that closely approximates the ratio of undamaged 

area/total area is ratio of undamaged/total strands or yarns, and  

 
Estimated Residual Strength = CABS x % Undamaged Strands or Yarns       (5) 

 

Measured residual strengths and those estimated using strands or yarns as a measure 

of damage are shown in Figure 18.  The estimate has a bias of 15%, but the estimates 

are within ± 10% of the mean. 
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Figure 18.  Estimated Break Strengths based on % Undamaged Area 

 
 
Subrope Damage A measure of damage that might be practical in the field is the 

number of damaged subropes.  We have already introduced this damage measure in 

equation (1) as   
Estimated Residual Strength = CABS x % Undamaged Subropes                 (1) 
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The estimated and measured residual strengths are compared in Figure 19.  The bias  

in the estimate is small.  Five estimates out of the 16 are greater than ± 10% of the 

mean. 

700 T Damaged & Verifcation Rope Tests
Estimated Break Strength Based on % Undamaged Subropes
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Figure 19.  Estimated Break Strength based on % Undamaged Subropes 

 

Again we emphasize these plots include data from all rope manufacturers and the 

variability is partly due to the behavior of the different rope constructions. 
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LENGTH EFFECTS 
 
35t Length Effect Tests The 35t Length Effect Tests were completed first and 

provided evidence of a length effect as discussed previously and shown in Figure 14.   

Residual strengths tended to be smaller for the L/D = 40 and 1000 samples compared 

to the intermediate length L/D = 290 and 560 samples.  The failures of the 40D 

samples tended to occur at or near splices indicating that the failures are influenced by 

the terminations.  The failures in the L/D = 290 and 1000 samples tend to occur at or 

very near the damage site and would seem to better represent the performance of 

longer ropes.  We recognize that there are difficulties in making small scale ropes that 

could reduce the break strength of short damaged ropes, e.g., scaling the friction 

between the various rope components (subropes, strands, and yarns) and make direct 

scaling to larger ropes difficult.  For the purposes here, we note the importance of the 

Length Effects test in first demonstrating length effects  for L/D of 290 and 1000 tests, 

and will focus on the 700t tests series.  

 

700t Damaged Rope Tests (L/D = 40) & Verification Tests (L/D = 290) Figure 20 

shows the results of the 4 tests of the Verification Tests (700t, L/D = 290) along with 

results for the Damaged Rope tests (700t, L/D = 40) as previously shown in Figure 18.  
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Figure 20.  700 T Damaged & Verification Rope Tests Estimated Strength based on % Undamaged 

Subropes 
 

The Verification Tests results show substantial length effects, i.e. lower strengths, in 

three of the four ropes.  Using Strength Loss defined in equation (2) with the 

Undamaged Strength taken as CABS,  

 
Strength Loss = (Measured Residual Strength - CABS) / CABS                        (6) 

 

Figure 21 compares the Strength Losses for each of the four ropes for L/D = 40 and 

L/D = 290. Note that the Strength Losses for the longer samples are up to 2 times 

larger than those for the shorter samples for 3 of the 4 ropes, i.e., Ropes 1,3, and 4.  

Rope 2 had similar Strength Losses for both lengths, and we believe that this is due to 

the pitch length for this rope being significantly shorter than in the other ropes (see 

discussion below). 
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Figure 21. 700 tonne Strength Loss 

 

 

Figure 22 illustrates the Strength Losses for the L/D = 290 tests with 10% and 15% 

damage for the same datums shown in Figure 16 for L/D = 40.  For all datums, all 

ropes exhibited a strength loss significantly larger than the loss in cross-sectional area 

for L/D = 290.   
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700t Rope Strength Loss vs Undamaged Strength Datum 
L/D = 290 with 10% Damaged Area For Rope 1,2,4 & 15% for Rope 3

-45% 

-40% 

-35% 

-30% 

-25% 

-20% 

-15% 

-10% 

-5% 

0% 

 
 

Figure 22.  Strength Loss vs Different Datums for Undamaged Strength (L/D = 290) 
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ROPE FAILURE MODEL 
 

A simple analytical model to predict the break strength of a damaged rope was 

developed to provide a qualitative description of the effects of  

• Strain concentration. 

• Unwind  

• Length over which the damage influences rope behavior 

 

The basis of this model is summarized in Appendix E and in reference [2], 

“Experimental Investigation of the Damage Tolerance of Polyester Ropes”.   The model 

was applied to assess the effects of the mechanisms and rope construction parameters 

on damaged rope failures, and further interpret the test results. 

 
In order to better understand the rope behaviors, it is useful to examine the number of 

subrope pitches.  As shown in Table 14 the Whitehill, Marlow and Bexco are similar 

pitch length s whereas the CSL is clearly much shorter.    The pitch length is the key 

factor that limits the amount of unwind, since it is proportional to the number of lay 

lengths. 

 
Table 14.   Ratio of Subrope Pitch Lengths to Clear Length 

35t ropes - ratio clear 
length/SR pitch 

700t ropes - ratio clear 
length/SR pitch 

 

40D 290D 40D 290D 
Whitehill 17 126 20 143 
Marlow 25 178 25 184 
CSL 10 74 7 47 
Bexco   21 149 
 

Example measured load elongation curves are shown in Figure 23.  Different failure 

modes were observed depending on the rope construction and the damage level.  

Figure 23 shows both (1) progressive failures indicated by successive subrope failures 

as the rope broke, and (2) a simultaneous or more explosive failure in which the rope 

broke by all subropes failing essentially simultaneously.  These load elongation curves 

proved useful in understanding the observed length effects.
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Comparing the Rope Failure Model & Test Results  
 

The analytical model and consideration of the recoil mechanism were used to help 

develop an overall understanding, rationale, and explanation for the length effects 

observed in the 700t, L/D = 40 and 290 test results.  The model was used to predict the 

behavior and failure of subropes over the range of rope strain or elongation in each 

test. 

 

Guidance for appropriate unwind values to use in the modeling were based on other 

considerations and photographs.  For example, if 2 strands were cut in a 3 strand SR, 

the remaining strand will go straight, so maximum unwind occurs.  A calculation of 

unwind shows up to 3-4% of unwind is possible in this instance, and 3% was used 

here.  In contrast, where one strand was cut, the remaining 2 strands cannot unwind as 

much and will retain some of the helical winding.  Finally, where 0.5 of a strand was 

cut, very little unwind occurs, so values down to 0.3% unwind were assumed. 

 

Within these guidelines, unwind and damage length were adjusted to provide the best 

match with subrope failures observed during the tests.  Figures 24 - 26 compare 

Load/Elongation results from analyses and tests.  Load is expressed as load/CABS. 

Lo
ad

 

Elongation 

Undamaged
Damaged

Figure 23.  700 Tonne Rope Test Results - Progressive & Simultaneous Failures 
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Figure 24 compares the analysis with test results for Bexco, 10% damage, L/D = 40.   

The analysis assumed 2% unwind and damage spread over a length of 5D.  Both the 

analysis (Figure 24a) and test (Figure 24b) show a 63% load at first break, 69% load at 

second break, and 85% load and third and final break.  

 

 
 

Figure 24a - Predicted Load vs Elongation for a Rope with L/D = 40 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure 24b - Measured Load vs Elongation for a Rope with L/D = 40 
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Figure 25 shows the analysis for Bexco, 10% damage, L/D = 290, with 2% unwind.  

For this longer rope with the same damage and unwind, the model predicts subrope 

breaks at 49%, 58%, and 85% of the undamaged strength.  There are several 

important points:   

1. Firstly we note that the first break occurs at a load of 49% of the undamaged 

strength instead of the 63% for the L/D = 40 test discussed above.  This 

indicates that the strain concentration effect increases with rope length, and that 

damaged subropes can be expected to fail at lower rope loads.   

2. Secondly, we had noted that all 3 of the damaged subropes failed during the 

cyclic loading during the test of this rope.  Recall that the maximum load during 

cyclic loading before the break test was 45% of the Specified Beak Strength 

(30% mean +/-15% cyclic loading).This is consistent with the model results 

showing the first break at 49% of the undamaged strength. 

3. Thirdly, the break strength predicted by the model (which does not include 

recoil) is the same for the L/D = 40 and 290 ropes, i.e., 85% undamaged break 

strength.   Thus the model cannot predict the observed length effect on the 

strength of damaged subrope.  We speculate that the length effect is largely due 

to recoil damage, which we expect would be larger for the longer ropes, since 

stored energy increases with increasing length.   

 

 
Figure 25.  Predicted Load vs Elongation for a Rope with L/D = 290 with 2% Unwind 
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Figure 26 shows the analysis for Bexco, 10% damage, L/D = 290, but with 0.5% 

unwind.  For this longer rope with the same damage but less unwind, the model 

predicts subrope breaks at 33%, 42%, and 85% of the undamaged strength.  This 

prediction illustrates that lower unwind, which could be caused by the tighter jacket, 

causes subrope failure at lower rope loads due to enhanced strain concentration, but 

the break strength is still predicted to be 85% undamaged break strength as before. 

 

 
Figure 26.  Predicted Load vs Elongation for a Rope with L/D = 290 and 0.5% Unwind 

 

 

 

Table 15 below compares the model and test results for each rope at lengths of L/D = 

40 and 290. The model results and the failure mechanisms noted in Table 15 provide 

insight and an overall coherent picture of the observed behavior of damaged rope 

tests.  Results for damages of 10 and 15 % are shown for Whitehill ropes with L/D = 

40.  The Verification Test for the Whitehill Rope used a 15% damage and L/D = 290.    

 

For L/D = 40, the ropes tended to fail within ±15% of the Estimated Break Strength.  

Since the Estimated Strength is CABS x % Undamaged Subropes, this indicates that 

strain concentration was the dominant failure mechanism.  Unwind appears to have 

been a factor in causing measured values to exceed estimates for CSL and Whitehill.  
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For the Bexco rope, the measured value were less than the estimate, and the broken 

subrope suggests recoil damage.  For the Marlow rope, the measured value was less 

than the estimate, and large number of broken subropes suggests subrope failure 

doubling due to the splice design (and perhaps some unwind).   

 

For L/D = 290, strain concentration and recoil damage seem to be the dominant failure 

mechanisms for the Whitehill and Bexco.  Subrope failure due to the splice design may 

also be a factor in the Marlow results.  Unwind again appears to have been a factor in 

causing measured values to exceed estimates for CSL. 

 

The break loads measured in the L/D = 290 Verification Tests are significantly lower 

than those measured with the same rope and damage in the L/D = 40 Damaged Rope 

Tests.  The strength loss based on CABS ranged from about 20 to 30 % for the L/D = 

40, and from about 25% to 40 % for 20 for L/D = 290. 

 

Comparing like ropes, the strength loss for L/D = 290 was about 1.5 to 2.0 times the 

strength loss for L/D = 40 for ropes (Marlow, Whitehill, and Bexco).  Recoil damage is 

thought to be the principal failure mechanism responsible for the larger strength losses 

in longer ropes.  Recoil energy is due to the sudden release of strain energy, which 

tends to increase with increasing length.   

 

For the CSL rope, the strength loss for L/D = 290 and L/D = 40 were about equal.  This 

is thought to be due to the pitch length of the CSL rope, which is about 3 times longer 

than the pitch length of the other three ropes (see Table 14). The larger pitch length 

leads to more unwind, which would in turn lead to less strain energy and recoil 

damage.    
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Table 15.  Comparisons of 700t Tests for L/D = 40 & 290 : Rope Behavior Mechanisms & Length Effects 

Undamaged Rope Damage Length L/D = 40 Length L/D = 290 
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Behavior 
Mechanisms 

Marlow 
(24x3x22) na 750 10 4 625 6 545 -27% -15% 

Meas < Est 
Splice (note # 
broken SRs) 

3 429 -43% -46% 
Meas < Est 

Splice + 
Recoil 

CSL 
(7x12) 645 653 10 2 466 0 521 -20% 10% Meas > Est 

Unwind 0 504 -23% 10% Meas > Est 
Unwind 

10 2 652  668 -18% 2% Meas ~ Est no test for 10% damage 
Whitehill 

(10x3) 699 815 

15 3 571 0 608 -25% 6% Meas > Est 
 Unwind 1 499 -39% -14% 

Meas < Est 
Recoil 

Damage 

Bexco 
(20x3x28) 681 737 10 3 626 1 588 -20% -7% 

Meas < Est 
Recoil 

(broken SR) 
2 451 -39% -39% 

Meas < Est 
Recoil 

Damage 
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SUMMARY   AND CONCLUSIONS 
 

We have summarized the findings and interpretations from an extensive experimental 

program to investigate the impact of damage on the strength of polyester rope.  

Results from this valuable data set provide insight on the behavior of damaged rope 

during cyclic loading and breakage, ways to characterize damage and estimate 

residual strength, and length effects.  

 

Major findings and results include: 

• A 10% loss in rope cross-sectional area resulted in a reduction in rope strength that 

is greater than 10% for 3 out of the 4 ropes tested with L/D = 40.  For L/D = 290, all 

ropes exhibited a strength loss much larger than the loss in cross-sectional area. 

• A strength loss of less than 10% will likely result from a damage level significantly 

lower than 10%, particularly for ropes longer than L/D = 40.  Such small damage 

levels would be very difficult to measure in the field, and were not a focus of this 

study. 

• Rope damage was simulated by precisely cutting the rope structure (strands or 

yarns depending on the rope construction) to reduce the cross sectional area by a 

prescribed percentage.  The damage was inflicted by cutting strands or yarns on the 

rope’s exterior to simulate surface damage.  This was done to enhance repeatability 

between like experiments.  Actual field damage is likely to involve more subropes 

than the technique used here, and thus result in greater strength loss such that 

these results are likely conservative regarding strength loss.    

• It seems unlikely that a general damage measure could be developed that could 

reliably be used to predict a 10% strength loss in damaged polyester ropes in the 

field.  Such a damage measure may be possible for a particular rope, but would 

require a number of replicate tests and precise field inspection techniques. 

• These tests have shown that testing damaged ropes at lengths commonly used in 

rope testing and field inserts (i.e., 15m) can significantly overestimate the break 

strength of longer damaged rope. Thus using typical 15m test samples to determine 

the beak strength of damaged rope will provide unconservative results. 
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• Strain concentration will cause damaged subropes to fail at lower loads in longer 

ropes.  We expect that the larger strength losses in longer ropes result primarily 

from recoil damage. 

• A coherent summary of the overall results was developed from a simple qualitative 

analytical model, consideration of subrope behavior mechanisms, rope construction 

details, and consistent interpretation of test results.  Given that this is the first ever 

attempt at testing such large and long ropes, this comprehensive summary can 

provide useful understanding and guidance in further considerations and study of 

damaged polyester ropes.   

• The behavior and residual strength damaged ropes is dependent upon the details of 

rope construction and termination. 

 

 The results should be useful in developing a better understanding of the failure of 

damaged rope and strategies and regulations on how best to handle damaged 

polyester mooring lines. 
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MARLOW  

35tonne Rope 
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1. TEST METHOD 
 
1.1 Break load and cycling for cut damage 
Full details are given in the MMS JIP Proposal and a short summary provided below. 
 
The test procedure was the same for all rope samples (short and long, undamaged and 
damaged).   
 
The ropes were soaked in water for 24 hours prior to testing, but were not further wetted 
during testing since the duration of testing was within a few hours  (rope would not dry out in 
this time).  The ropes were loaded to 10 percent of the manufacturer’s Specified Break Load 
(SBL), and then relaxed to a small positive tension to inflict damage.   
 
The ropes were then subjected to a cyclic tension loading for 1000 cycles.  The cyclic tension 
was a mean value of 30 percent of SBL and an oscillating component of +/- 15 percent SBL 
with a period of about 30 seconds.  Following an inspection, the rope was loaded until it 
failure.  
 
1.2 Cut damage 
Table 1A-1 shows the cut damage applied to the SR’s.  Four SR’s had cut damage applied.  
In three SR’s, two strands were cut which represents 66.7% of that SR.  In the fourth SR, one 
strand was cut which represents 33.3% of that SR.  Of the total rope, 7 strands were cut 
which represents 9.7% of the strand in the rope.  It was not possible to dissect 0.2 of a strand, 
so this was the closest possible to 10%. 
 
Table 1A-1. Cut damage applied for 10% 

 
Undamaged Rope   10% Damage  

Rope  # Subropes # Strands # Yarns 
Total Cuttable 

Strands or 
Yarns 

Subrope 
Number 

# Strands 
Cut 

# Yarns 
Cut % CUT SR

Marlow 24 3 1 72 Test 1  
  1 1 1 

            2 1 
            3 0 

66.7 

          2 1 1 
            2 1 
            3 0 

66.7 

          3 1 1 
            2 1 
            3 0 

66.7 

          4 1 1 
            2 0 
            3 0 

33.3 

 10% cut damage  7.2     7  
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2. RESULTS 
 
2.1 Break load 
 
Table 1A-2 shows a summary of all the break loads.  The calculated break load was derived from the aggregate textile yarn 
strength and a realisation factor to account for strength conversion from textile yarn to rope.  
 
Table 1A-2. Summary of the break load results and analysis 
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Construction & Damage Description 

                 
      40.1 38 35           24       24 SR x 3 Strands x 1 Yarns = 72 cuttable yarns 

9 40M 10       32.39 9.0 92.5 100.9 85.0 24 4 83.3 90.0 total of 7 yarns contained in 4 SRs cut 
17 290M 10       34.07 8.8 97.3 106.1 89.4 24 4 83.3 90.0   
20 290NS 10       31.52 7.5 90.1 98.2 82.7 24 4 83.3 90.0   
5 1000M 10       28.86 8.3 82.5 89.9 75.8 24 4 83.3 90.0   
2 40 0       31.35   89.6 97.6 82.3       100.0 Tested Ref. BL 31.35+32.9/2 = 32.1t 

M
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w

 

6 290 0       32.9 8.9 94.0 102.4 86.4       100.0   
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Table 1A-3 shows the CV is reasonable at 3.4% on the control undamaged rope break tests.  
The undamaged control rope break tests were load compared to the 35 tonnes.  Marlow 
conducted sub-rope break tests and these showed that the rope should be close to 35 tonnes. 

 
Table 1A-3. Undamaged break load tests 

 
Marlow   mean std dev COV 

M-40-T-T-LE-U 31.35       
M-290-T-1A1B-U 32.90       

    32.13 1.10 3.41 
 
 
Figure 1A-1 shows that the Marlow construction does show a significant length effect of 
reducing strength with increasing length.  There also appears to be an initial effect of lower 
strength at the shortest length 40LD, which increases to 290LD. 
 

 
Figure 1A-1. Break strength versus L/D length for all damaged and undamaged samples
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2.2 Load extension curves to break 
 

 
 

Figure 1A-2. Load /extension curves to break for all damaged and undamaged samples 
 

 
 
 

 
 

Figure 1A-3. Load /extension curves to break for M40 damaged and M290 undamaged 
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Figure 1A-4. Load /extension curves to break for M290 damaged and undamaged 
 

 
 

Figure 1A-5. Load /extension curves to break for M290 undamaged and M1000 damaged samples 
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Modulus 
 

 
 

Figure 1A-6. Modulus measured from crosshead during cycling 30% +/- 15 percent SBL for M40 midspan 
damaged 

 
 

 
Figure  1A-7. Modulus measured from crosshead during cycling 30% +/- 15 percent SBL for M290 

damaged near splice
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Figure 1A-8. Modulus measured from crosshead during cycling 30% +/- 15 percent SBL for M290 damaged midspan 
 

 
 

Figure 1A-9. Modulus measured from crosshead during cycling 30% +/- 15 percent SBL for M1000 
midspan damaged 
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It is well established that modulus measured from crosshead on short samples (L/D 40) is 
around up to 10% higher than longer samples, where the effect of additional material in the 
splice and eye on axial stiffness becomes negligible.  Taking this into account the modulus 
during cycling was similar for that shown in above figures 1A-6 and 1A-9. 
 
There is good agreement between LVDT extensometer clamped on the rope measured 
modulus and that derived from crosshead as shown in table  1A-4 and figure 1A-9. 
  

Table  1A-4.  Modulus measured from crosshead 
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OEA 
Modulus 

N/tex 

       
            

9 40M 10 11.60     
17 290M 10 12.70     
20 290NS 10 12.50     M
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5 1000M 10 10.00 10.20   
 
2.3 Inspection during cycling, pre and post failure 

 
Table  1A-5.  Observations of noise during break tests and post break detailed examination of failure positions 
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Description of failure 
  
  
  
  
  

 9 40M 10 No SR broken after cycling.  After break 8 SR’s unfailed, 16 failed well clear splices. 

17 290M 10 No SR broken after cycling. All 24 SR failed 120mm from end of splice, 1 SR failed at cut 
damage, all intact SR survived unfailed at cut damage. 

20 290NS 10 

No SR broken after cycling.  Prior to break, slack strands in 2 cut SR’s and 2 strands in 1 cut SR 
still tight.  15 SR failed at cut damage, 6 SR unfailed, 3 SR failed 100mm from end of splice.  
Snapping sounds heard continuously from 30t up to break at 31t. 

  
5 1000M 10   
2 40 0 All SR failed 500mm from last tuck of splice 

M
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6 290 0 Bang heard at 26t, could be slip. 23 SR failed 100-300mm from end of splice, 1 SR failed at last 
tuck  
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M40 damaged midspan, general view, 8 strands remaining, 16 failed well clear splices 

 

 
 
M40 damaged midspan, failure point  [right hand eye/splice in above photo] 
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M40 damaged midspan, right hand view, showing remains of tracker yarn, indicating centre position  of 
damage. 
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M290 damaged midspan, cut damage location after cycling, no failed ends 
 

 
 
M290 damaged midspan, after break test, all sub ropes failed 120mm from end of splice 
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M290 damaged midspan, after break test, only one of the cut SR failed, other 3 survived 
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M290 damaged near splice, loose subrope after cycling, but before break test 
 

 
 
M290 damaged near splice, cut ends and failed subropes in same position, showing 15 SR failed at cut 
damage, 6 SR unfailed (remaining 3 of total 24 SR’s failed 100mm from end of splice and recoiled out of 
view) 
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M290 damaged near splice, 3 cut damaged SR failed 100mm from end of splice most SR broke around 
the site of cut damage 
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2.4 Slip of cut strand ends 
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3. DISCUSSION 
 
 
Due to the moderately tight jacket, unwind was limited, which caused the lower break load on 
the 1000LD.  Furthermore, the high recoil damage as a result of the tight jacket caused 
exacerbated damage, which contributed to reducing break load.  
 
Slip of the cut ends was similar for the M40 and M1000. 
 
There was significant unwind in the M290 damaged near splice sample and only one cut 
damaged SR in the M290 damaged midspan failed.  This shows that unwind in the shorter 
samples is sufficient to prevent early breakage.  Given the correct amount,  unwind can 
contribute to increasing break strength of the rope, compared to a lower amount of unwind 
which causes the SR to break prematurely 
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WHITEHILL  

35tonne Rope 
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Section 2 A-2  

1. TEST METHOD 
 
 
1.1 Break load and cycling for cut damage 
 
Full details are given in the MMS JIP Proposal and a short summary provided below. 
 
The test procedure was the same for all rope samples (short and long, undamaged and 
damaged).   
 
The ropes were soaked in water for 24 hours prior to testing, but were not further wetted 
during testing since the duration of testing was within a few hours  (rope would not dry out in 
this time).  The ropes were loaded to 10 percent of the manufacturer’s specified Specified 
Break Load (SBL), and then relaxed to a small positive tension to inflict damage.   
 
The ropes were then subjected to a cyclic tension loading for 1000 cycles.  The cyclic tension 
was a mean value of 30 percent of SBL and an oscillating component of +/- 15 percent SBL 
with a period of about 30 seconds.  Following an inspection, the rope was loaded until it 
failure.  
 
1.2 Cut damage 
 
Table 2A-1 shows the cut damage applied to the SR’s.  Two SR’s had cut damage applied.  
In one SR, two strands were cut which represents 66.7% of that SR.  In the other SR, one 
strand was cut which represents 33.3% of that SR.  Of the total rope, 3 strands were cut 
which represents 10% of the strand in the rope. 
 
 
 

Table 2A-1. Cut damage applied for 10% 
 

Undamaged Rope   10% Damage   

Rope  # Subropes # Strands # Yarns
Total 

Cuttable 
Strands or 

Yarns 

Subrope 
Number

# 
Strands 

Cut 

# 
Yarns 
Cut 

% CUT 

Whitehill 10 3 na 30     
          1 2   66.7 
          2 1   33.3 
                  
                  

  10% cut damage  3  2 3   10.0 



2. RESULTS 
 
2.1 Break load 
 
Table 2A-2 shows a summary of all the break loads.  The calculated break load was 
derived from the aggregate textile yarn strength and a realisation factor to account for 
strength conversion from textile yarn to rope. 
  

Table 2A-2. Summary of the break load results and analysis 
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   46.44 44 35          
13 40M 10    34.94 7.8 99.8 89.5 79.2     
19 560M 10    37.88 7.8 108.2 97.0 85.9 10 2 80.0 90.0 
22 560NS 10    38.46 8.35 109.9 98.5 87.2 10 2 80.0 90.0 
11 1000M 10    37.35 7.62 106.7 95.6 84.7 10 2 80.0 90.0 
12 40 0    40.34 8.4 115.3 103.3 91.4 10    

W
hi
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hi

ll 

18 560 0    37.78 7.6 107.9 96.7 85.6 10    
 
The 40 and 560 undamaged break loads were discussed with Whitehill and they agreed 
that they appear low.  This was confirmed by one test by Whitehill which gave 
43.8tonnes.  The data appears to show high variation in break load. 

 
Table 2A-3. Undamaged break load tests 

Whitehill BREAK LOAD TONNES MEAN STD DEV COV %
W40 40.34       
W560 37.78 39.06 1.81 4.63 

Whitehill test 43.80       
    40.64 3.02 7.43 
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Figure 2A-1 shows that the Whitehill construction does not appear to any length effect of 
reducing strength with increasing length.  There does appear to be a reduction in strength at 
the shortest length. 

 
Figure 2A-1. Break strength versus L/D length for all damaged and undamaged samples 

 
2.2 Load extension curves to break 
 

 
 

Figure 2A-2. Load /extension curves to break for all damaged and undamaged samples 
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Figure 2A-3. Load /extension curves to break for W40 damaged and undamaged samples 
 

 
 

Figure 2A-4. Load /extension curves to break for W560 damaged midspan and undamaged samples 
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Figure 2A-5. Load /extension curves to break for W560 near splice damaged and undamaged samples 
 

 
 

Figure 2A-6. Load /extension curves to break for W1000 damaged and W40/W560 undamaged samples 
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2.3 Modulus 
 

 
 

Figure 2A-7. Modulus measured from crosshead during cycling 30% +/- 15 percent SBL for W560 
midspan damaged 

 

 
 

Figure 2A-8. Modulus measured from crosshead during cycling 30% +/- 15 percent SBL for W560 near 
splice damaged 
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Figure 2A-9. Modulus measured from crosshead during cycling 30% +/- 15 percent SBL for W1000 
midspan damaged 

 
It is well established that modulus measured from crosshead on short samples (L/D 40) is 
around up to 10% higher than longer samples, where the effect of additional material in the 
splice and eye on axial stiffness becomes negligible.  Taking this into account the modulus 
during cycling was similar for all samples as shown in table 2A-4. 

 
Table 2A-4.  Modulus measured from crosshead 
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13 40M 10 12.54 
11.3 (–10% correction) 

19 560M 10 11.30 
22 560NS 10 11.70 
11 1000M 10 11.00 
18 560 0  
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7 40 0  
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2.4 Inspection of failure 
 

Table 2A-5.  Observations of noise during break tests and post break detailed examination of failure 
positions 
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Description of failure 
  
  
  
  
  

    
13 40M 10 Some breakage heard just prior to break.  6 SR failed at cut damage, 4 SR failed 

at end of splice 

19 560M 10 Some breakage heard just prior to failure.  All SR failed 50mm from last tuck of 
splice. One strand failed at the cut damage location in the two strands cut SR. 

22 560NS 10 Some breakage heard just prior to failure.  All SR failed at cut damage 

11 1000M 10 No noises heard up to break, rope failed in one break.  All SR failed at cut 
damage 

18 560 0 Some breaks heard around 35 tonne. 8 SR broke 50mm from last tuck of splice, 
2 SR broke midspan 

W
hi
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ll 

7 40 0 No noises up to break, cascade failure mode.  8 SR failed 50-200mm from last 
tuck of splice, 1 SR broke at last tuck, 1 SR broke crotch of eye 

 
 

 
W40 undamaged, 8 SR failed 50-200mm from last tuck of splice, 1 SR broke at last tuck, 1 SR broke 
crotch of eye 
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W40 damaged midspan, 6 SR failed at cut damage, 4 SR failed at end of splice 
 

 
 
W40 damaged midspan, the 3 cut SR’s broke at the cut damage location 
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W560 undamaged, 8 SR broke 50mm from last tuck of splice, 2 SR broke midspan  
 

 
 
W560 damaged midspan, all SR failed 50mm from last tuck of splice 
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W560 damaged midspan, no SR broke at the cut damage. Note the high unwind of the SR  
with one cut strand 
 
 

  
 
 
W560 damaged midspan, cut damaged SR’s showing no SR’s had failed, all the ends are cut) and the 
other one cut damaged SR’s remaining strand broke 
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W560 damaged midspan, fusion due to recoil between strands, but it had not breached the strand jacket, 
leaving the core load bearing fibres undamaged 
 

  
W560 damaged near splice, all SR’s failed at cut damage location (not unexpected since it is next to end 
splice)
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W1000 damaged, zero cycles, cut damage just made (typical of all samples) two strands on one SR and 
one in the other SR 

 
W1000 damaged, cycle 1, cut strand ends moved apart 25mm.  Note the SR with two cut strand has gone 
straight (unwind, see modeling section 4 main report) and the SR with one strand cut, the lay angle 
reduced 
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W1000 damaged, cycle 1, cut strand ends moved apart 25mm.  Note the SR with two cut strand has gone 
straight (unwind, see modeling section 4 main report) and the SR with one strand cut, the lay angle 
reduced 
 

 
 
W1000 damaged, all SR failed at cut damage 
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2.5 Slip cut ends 
 

There is a large one off slip of the cut ends on cycle 1 for the W40 sample and to a lesser extent on the 
W1000 sample. 
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3. DISCUSSION 
 
The Whitehill samples had many failures at the splice and in one sample, a SR failed in the 
eye, which corroborates with the high variability.  This makes it more difficult to make any firm 
inferences on trends. 
 
The most notable feature was that no subropes failed during cycling, unlike the 700t ropes.  In 
the 40 and 560 tests subrope breakage was heard and identified on the load extension curves 
to break.   
 
There was no significant difference between near splice and midspan.  It should be noted that 
the failure location was at the cut damage, which is expected since a major proportion of the 
samples failed near the splice. 
 
Some ropes failed at the end of splice and some failed at the cut damage location.  The 
strength loss at the end of splice (termination effect) was competing with the strength loss at 
the cut damage site to determine where the SR’s break. 
 
Unwind in the 40 sample will be less than the 1000 sample.  This may explain why the 40 
samples failed at a lower load. 
 
The W1000 clearly shows the effect of unwind in the cut damaged subropes.  However, the 
W1000 was not significantly weaker than the shorter samples, this maybe due to the variation 
in break load or that unwind was perfect creating maximum contribution. 
 
There was some minor recoil damage where the strands fused together.  However, the 
damage did not breach the strand jackets 
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NOMENCLATURE AND ABBREVATIONS 
 
ABBREVIATIONS 
 
YPS   Yarns per strand 
TPM   Turns per metre 
SR   Sub-rope 
SBL   Specified break load 
 
DEFINITIONS 
 
FILAMENT  Smallest fibre component around 20� diameter 
TEXTILE YARN Parallel assembly of filaments, typically 100-200 
ROPE YARN  Twisted assembly of textile yarns 
STRAND  Twisted assembly of rope yarns 
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1. TEST METHOD 
 
1.1 Break load and cycling for cut damage 
 
Full details are given in the MMS JIP Proposal and a short summary provided below. 
 
The test procedure was the same for all rope samples (short and long, undamaged and 
damaged).   
 
The ropes were soaked in water for 24 hours prior to testing, but were not further wetted 
during testing since the duration of testing was within a few hours  (rope would not dry out in 
this time).  The ropes were loaded to 10 percent of the manufacturer’s specified Specified 
Break Load (SBL), and then relaxed to a small positive tension to inflict damage.   
 
The ropes were then subjected to a cyclic tension loading for 1000 cycles.  The cyclic tension 
was a mean value of 30 percent of SBL and an oscillating component of +/- 15 percent SBL 
with a period of about 30 seconds.  Following an inspection, the rope was loaded until it 
failure.  
 
1.2 Cut damage 
 
Table 3A-1 shows the cut damage applied to the SR’s.  Three SR’s had cut damage applied.  
In two SR’s, five ropeyarns were cut which represents 55.6% of that SR.  In the third SR, six 
ropeyarns were cut which represents 66.7% of that SR. Of the total rope, 16 ropeyarns were 
cut which represents 9.9% of the strand in the rope.  It was not possible to dissect 0.1% of a 
ropeyarn, so this was the closest possible to 10%. 
 

Table 3A-1. Cut damage applied for 10% 
 

Undamaged Rope   10% Damage   

Rope  # Subropes # Strands # Yarns
Total 

Cuttable 
Strands or 

Yarns 

Subrope 
Number

# 
Strands 

Cut 

# 
Yarns 
Cut 

% CUT 

Bexco 18 3 3 162     
          1 1 3 
            2 1 
            3 1 

55.6 

          2 1 3 
            2 1 
            3 1 

55.6 

          3 1 3 
            2 2 
            3 1 

66.7 

 10% cut damage  16.2  3   16 9.9 

Section 3 A-2  



Appendix A  
Tension Technology International 

 

2. RESULTS 
 
2.1 Break load 
 
Table 3A-2 shows a summary of all the break loads.  The calculated break load was derived 
from the aggregate textile yarn strength and a realisation factor to account for strength 
conversion from textile yarn to rope.  
 
Test number 3 deviated from the test plan, in that 500 cycles were conducted without damage, 
then the cut was applied at cycle 500 and 500 cycles applied with cut damage.  This was to 
establish if there is any difference in applying cut damage after bedding-in. 

 
Table 3A-2. Summary of the break load results and analysis 

 

R
O

PE
 

TE
ST

 

L/
D

 &
 lo

ca
tio

n 
cu

t 

D
am

ag
ed

 
%

 A
re

a 
A

gg
re

ga
te

 F
ib

er
 

St
re

ng
th

 
C

al
cu

la
te

d 
B

re
ak

 L
oa

d 
(R

F=
0.

95
) 

Sp
ec

ifi
ed

 B
re

ak
 L

oa
d 

M
ea

su
re

d 
B

re
ak

 L
oa

d 

%
 E

lo
ng

. @
 B

re
ak

 

B
re

ak
 L

oa
d 

 %
 o

f S
pe

c.
 

R
ef

. B
L 

(3
5)

 

B
re

ak
 L

oa
d 

%
 o

f 
M

ea
su

re
d 

R
ef

. B
L 

Ef
fic

ie
nc

y 
B

re
ak

 L
oa

d 
%

 o
f 

C
al

cu
la

te
d 

R
ef

. B
L 

To
ta

l S
R

s 
 

 S
R

s 
D

am
ag

ed
 

%
 S

R
s 

U
nd

am
ag

ed
 

%
 A

re
a 

U
nd

am
ag

ed
 

      40.34 38 35                   
8 40M 10       29.79 6.9 85.1 84.1 78.0 20 3.0 85.0 90.0 
21 290M 10       31.24 6.9 89.3 88.1 81.8 20 3.0 85.0 90.0 
10 290NS 10       30.05 7.0 85.9 84.8 78.7 20 3.0 85.0 90.0 
4 1000M 10       26.95 7.2 77.0 76.0 70.5 20 3.0 85.0 90.0 
3 1000M 10       26.69 6.7 76.3 75.3 69.9 20 3.0 85.0 90.0 
1 40 0       35.77   102.2 100.9         100.0

B
ex

co
 

7 40 0       35.11 7.03 100.3 99.1         100 
 
Table 3A-3 shows the CV is very low at 1.3% on the control undamaged rope break tests. 

 
Table 3A-3. Undamaged break load tests 

 
Bexco   mean std dev COV 
B40 35.77       
B290 35.11       

    35.44 0.47 1.32 
 
Figure 3A-1 shows that the Bexco construction does show a significant length effect of 
reducing strength with increasing length.  There also appears to be an initial effect of lower 
strength at the shortest length, which increases to 290LD. 
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Figure 3A-1. Break strength versus L/D length for all damaged and undamaged samples 

 
 

2.2 Load extension curves to break 
 

 
Figure 3A-2. Load /extension curves to break for all damaged and undamaged samples 
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Figure 3A-3. Load /extension curves to break for B290 damaged midspan and undamaged samples 
 

 
 

Figure 3A-4. Load /extension curves to break for B290 near splice damaged and undamaged samples 
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Figure 3A-5. Load /extension curves to break for B1000 damaged at cycle 0 and 500 and B290 
undamaged samples 

 
2.3 Modulus 
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Figure 3A-7. Modulus measured from crosshead during cycling 30% +/- 15 percent SBL for B290 

midspan damaged 
 

 
Figure 3A-8. Modulus measured from crosshead during cycling 30% +/- 15 percent SBL for B1000 

midspan damaged, cut at 500 cycles 
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Figure 3A-9. Modulus measured from crosshead during cycling 30% +/- 15 percent SBL for B1000 

midspan damaged 
 

Table 3A-4 shows the modulus measured by three different methods on test 3 which is in 
close agreement.  The 1000LD was lower modulus than the 290 and 40LD because it was 
made from the regular grade of polyester, compared to the stiffer grade for the latter ropes.  
The slightly higher modulus of 40LD over 290LD would be expected since a higher proportion 
of strop length was splice and eye. 
 

Table 3A-4.  Modulus measured from crosshead 
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8 40M 10 17.0     
21 290M 10 15.4     
4 1000M 10 10.5 11.4   B
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co

 

3 1000M 10 11.8 11.4 11.04 
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2.4 Inspection of failure 
 

Table 5.  Observations of noise during break tests and post break detailed examination of 
failure positions 
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Description of failure 
  
  
  
  
  

       
8 40M 10 Breaking heard from 28 tonne until final break at 29.8 tonne. 15 SR broke 

1100mm from last tuck of splice = area of cut damage 
21 290M 10 Breaking heard around 20 tonnes. all SR failed around cut damage 

10 290NS 10 Breaking heard from 22 tonne.  11 SR failed at cut damage, 7 SR intact, all cut 
damaged strands failed.  Extensive recoil damage. 

4 1000M 10 
No noises heard up to break, rope failed in one go. 3 subropes broke at cut 
damage, rest broke 6m away. Break noise heard at cycle 40, may have been cut 
damage SR breaking. 

3 1000M 10 
Breaking heard from around 17t. 3 subropes broke at cut damage + 6 separate 
points at 9.8m 10.8, 12.0, 13.0, 15.2 and 18.3m from one end (cut damage 
location 18.9m) 

1 40 0 All 18 SR failed 1000mm from last tuck = midpsan 

B
ex

co
 

7 290 0 All SR failed 500mm from last tuck of splice. Three different locations of failure 
along length. 

 
The breaking sounds for 290 midspan and 290 near splice cut damage, coincides with the 
blips in the load extension curves.  The magnitude of drop in load would be consistent with a 
SR breaking. 
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B40 midpsan damaged, 15 SR broke 1100mm from last tuck of splice = area of cut damage 
 

 
B40 midpsan damaged, 15 SR broke 1100mm from last tuck of splice, which is in area of cut damage, 
other side of break 
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B290 undamaged. General view of 3 different locations of failure. 
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Drawing indicating zones of different hardness after the fail. 
 
 
 
 
 
 V hard 
                                                       
 
   Point 1                                         V soft 
 
Mod soft 
                                                          Point 3 
                                                         Mod soft 
      V hard 
          
           Mod soft                          V hard 
                            Point 2 
 
 
Point 1 had 15 continuous strands and 2 broken strands visible 
Point 2 had 11 continuous strands and 1 broken strand visible 
Point 3 had 10 continuous strands and 2 broken strands visible 
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B290 undamaged. Extensive recoil damage at one of the failure locations. 
 

 
 
B290 undamaged. Extensive recoil damage at another of the failure locations. 
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B290 near splice cut damage.  Rope failed at cut damage towards one eye.  Failure was with 7 SR  intact, 
11 SR failed, all cut damaged strands failed. 
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B290 near splice cut damage.  Close up photo of failure at location of cut damage.  Note the extension 
recoil damage (fluffy ends, fuzzy appearance). 
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B290 midspan cut damage, all SR failed around cut damage  
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B290 midspan cut damage, showing detail of cut damaged strands and broken ends 
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Section 3 A-18  

                
B1000 cut cycle 500, diagram of failure locations and damage. 
 
 
 
 
 
 
 
 
 
 
 

9.8m 17 SR 
intact, 1 SR 
broken with 
fusion 

12.0m 
14SR 
intact, 6 SR 

10.8m 17SR 
intact, 1 SR 
broken with 
fusion 

broken 

15.2 
18SR 

13.0m 10SR 
intact, 4 SR 
broken 

intact
18.9m cut 
damage 
site

0m 36m

18.3m 16SR 
intact, 2 SR 
broken 
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B1000 cut cycle 500, multiple failures locations along length
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B1000 cut cycle 500, failure of SR 0.5m from cut damage 
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B1000 cut cycle 500, failure of SR 0.5m from cut damage 
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B1000 cut cycle 500, failure of SR 0.5m from cut damage 
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B1000 cut cycle 0, failed in one location 
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2.5 Slip cut ends 
 

 
 

 

Section 3 A-24  



Appendix A  
Tension Technology International 
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3. DISCUSSION 
 
The Bexco samples had many failures at the cut damage. 
 
The most notable feature was that no subropes failed during cycling, unlike the 700t ropes. In 
the 40LD, 290LD and 1000LD tests subrope breakage was heard and identified on the load 
extension curves to break.   
 
There is no significant difference between near splice and midspan.  It should be noted that 
the failure location was at the cut damage. 
 
Unwind in the 40 sample will be less than the 1000 sample.  This may explain why the 40 
samples failed at a lower load. 
 
Due to the tight jacket, unwind was severely limited, which caused the lower break load on 
the 1000LD.  Furthermore, the high recoil damage and the tight jacket caused further damage, 
which contributed to reducing break load.  
 
On all the longer samples, there was extensive recoil damage where the strands fused 
together and broken, fluffy ends were protruding out of the subropes.  There was little recoil 
damage on the 40LD sample.  This is due to the short length, since recoil energy increase 
with sample length. 
 
Many of the samples failed with a few or more subropes at different locations, some less than 
metre apart between failure locations.  This implies that full load transfer is taking place over 
this distance, which would be due to the very tight jacket. 
 
There is no difference in break load whether damage is applied on a new rope or after 500 
cycles.  Furthermore, there was no difference in modulus during cycling and before or after 
the cut was applied.   This would be expected since the change in strain at the cut damage 
site is very localized and would have a negligible effect on overall strain over the strop length. 
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1. Confidential Information that does not include results or conclusions associated with individual 
rope manufacturers cannot be disclosed or published for a period of 2 years from the publication 
date of this report.  

2. Confidential Information that includes results or conclusions associated with individual rope 
manufacturers cannot be disclosed or published for a period of 5 years from the publication date 
of this report.   

Note:  This report is Confidential Information to the Minerals Management Service and the Participants, 
and is not to be disclosed to third parties except as follows:   

 
APPENDIX  B 

 

DAMAGED ROPE TESTS 
L/D = 40  

(700 TONNE, 15 M ROPE SAMPLES) 
 



Appendix B 
Stress Engineering Services, Inc. 

 

 
Appendix  B 

DAMAGED ROPE TESTS 
L/D = 40  

(700 Tonne, 15 M Rope Samples) 
 
 
 
 
Introduction This appendix documents all of the 700 tonne, 15-meter (L/D = 40) 

rope samples.   The purpose of these tests was to quantify the influence of damage 

on the strength of full-scale ropes.  These tests were the main focus of the project.   

Tests for the Marlow, Whitehill and Bexco ropes were performed at Stress 

Engineering Services, Inc. in Houston TX, while the CSL tests were performed at the 

CSL test facilities in Porto Allegre Brazil. 

 

Test Fixtures 
 
Both the CSL and SES Test Frames have a similar configuration as shown in 

Figures B1 and B2.  Both tension-type test fixtures are more than capable of 

applying the required loads and displacements of the 700 tonne ropes.  

 

 

 

B-1 
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Figure B1.  CSL Test Figure Showing Hydraulic Cylinders for loading. 
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B-3 

 
 

 

Rope Samples Eight test samples of rope were obtained from three manufacturers 

(Bexco, Whitehill, and CSL).  Two test samples of rope were obtained from Marlow.  

The full-scale ropes had Specified Break Strength of 700 tons, and were furnished 

with the splices and jacket that the manufacturer normally supplied for the rope.  

Each sample was spliced with a nominal eye-to-eye length of 15 meters (free length 

between splices of about 10 meters) such that the length/diameter ratio (L/D) was 

40.  Specifications for the rope samples are included in Table B-1 below.  

 

Figure B2.  SES Test Fixture Looking Toward The Cylinder End. 
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B-4 

Table B-1. 700 tonne Rope Specifications 

Rope Diameter Sleeve 
Diam. 

Spool 
D/d 

Splice 
Length 

Eye 
Length 

Clear Length 
mm Strop Length mm

 mm inches mm mm mm mm mm mm mm mm 

       40D 290D 40D 290D 

WHITEHILL 166 6.5 350.0 2.1 1830 1520 6640 48140 13340 54840 

MARLOW 160 6.3 350.0 2.2 2300 1800 6400 46400 14600 54600 

CSL 144 5.7 350.0 2.4 3000 1200 5760 41760 14160 50160 

BEXCO 147 5.8 350.0 2.4 2800 1400 5880 42630 14280 51030 

 

290D rope length based on max 200ft after bedding-in, with 8% max bedding-in, length must not be greater 
than 185 feet = 56.4metres 
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Table B-2  below shows the 23 tests that were successfully completed.   
 

Table B-3.  Damaged Full-Scale Tests 

 

Manufacturer Damage State 
Number 
of Tests 

Bexco Undamaged 1 

Whitehill Undamaged 3 

CSL Undamaged 2 

Bexco Damage Level 1 (10%) 2 

Whitehill Damage Level 1 (10%) 2 

CSL Damage Level 1 (10%) 2 

Marlow Damage Level 1 (10%) 1 

Bexco Damage Level 2 (5%) 3 

Whitehill Damage Level 2 (15%) 2 

CSL Damage Level 2 (5%) 3 

Marlow Damage Level 2 (5%) 1 

CSL Damage Level 3 (7%) 1 

  23 

 
 
 
Damage Tests were first run with undamaged ropes.   The Measured Break 

Strengths and the Specified Break Strengths were used to develop an initial basis 

for the undamaged break strength.  (However, as explained elsewhere, we 

eventually adopted the Calculated Average Break Strength as the datum for the 

undamaged rope strength.) 

Ropes were then tested at Damage Level 1, i.e., a 10% loss of cross sectional area,   

to determine if a 10% damage would result in a 10% strength loss as assumed in 

API 2SK.   The Damage Levels used for subsequent tests were selected on the 

basis of the Damage Level 1 results.  For the Marlow, CSL, and Bexco ropes the 

damage was reduced to 5% for Damage Level 2 since Damage Level 1 had resulted 

in strength losses greater than 10%.  Damage State 3 of 7 % was tested for CSL 
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The specific damage pattern for each rope construction and Damage State are 

shown in Table B-3 below.    

 

 

 

 

 

 

 

 

     

 

 

The damage was created by cutting specific subropes, strands, or yarn as 

appropriate to achieve the desired Damage Level.  The cuts were made in adjacent 

subropes that were on the outside of the rope to simulate surface damage that cold 

results from cuts or abrasions from mishandling during installation or being cut by 

another mooring line or work wire while in service, as shown in figure below.   

 

ropes, but results were subsequently not used due to uncertainties due to the test 

procedure followed in that specific test.  For the Whitehill rope, the damage was 

increased to15% for Damage Level 2 since Damage Level 1 resulted in strength 

losses of less than 10%. 
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Ro
# 
ands 

Mar

Bexco
1
2
3
1
2
3
1
2
3

2
3

CS

Whit

mage

t 9

pe # Subropes # Strands # Yarns

Total 
Cuttable 

Strands or 
Yarns

Subrope 
Number

# 
Strands 

Cut

# 
Yarns 

Cut

Subrope 
Number

# 
Strands 

Cut

# 
Yarns 

Cut

Subrope 
Number

# 
Strands 

Cut

# 
Yarns 

Cut

Subrope 
Number

# 
Strands 

Cut

# 
Yarns 

Cut

Subrope 
Number Str

Cut

low 24 3 22 1584
1 1 22 1 1 22

2 0 2 0
3 0 3 0

2 1 22 2 1 22
2 22 2 0
3 1 3 0

3 1 22 3 1 22
2 22 2 0
3 1 3 0

4 1 22 4 1 13
2 22 2 0
3 0 3 0

4 156 4 79

20 3 28 1680
1 1 28 1 1 14 1

2 12 2 6
3 13 3 7

2 1 28 2 1 14 2
2 12 2 6
3 13 3 7

3 1 28 3 1 14 3
2 13 2 6
3 21 3 10

4 1

3 168 3 84 4

L 7 12 na 84
1 4 1 2 1 2
2 4 2 2 2 2

3 2

2 8 3 6 2 4

ehill 10 3 na 30
1 2 1 2
2 2 2 1
3 0.5

3 4.5 2 3

Test 1* Test 2

Table B-3
Rope Construction and Damage Patterns for 700t Ropes in Damaged Full Scale Tests (L/D = 40)

Asterik (*) indicates Damage Pattern also used in Verification Tests (L/D = 290)

Undamaged Rope 10% Damage 5% Damage 5% Da15% Damage 7% Damage

Tests 7,8Tests 5,6*

TesTests 7,8Tests 5,6*

Tests 20,31* Test 33 Test 21,24,32
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Prior to inflicting damage, the rope was installed on the test machine and subjected 

to 1000 cycles of the cyclic load as specified above.  The load on the rope was then 

relaxed to a small positive tension to inflict the damage.  The damage was inflicted 

at the mid-length of the test specimen.  In some tests “tails” were attached to the 

severed subropes or elements to measure the displacement of the severed 

components. 

 

The damage was inflicted by cutting the rope at the mid point of the rope sample.  

The jacket(s) were disturbed or damaged as little as possible when severing the 

subropes or elements.  The jacket was carefully sliced at the cut location and pulled 

back while the rope was cut, measured, and inspected.  Care was taken to maintain 

the geometry of the rope while the cut was made by either mechanical confinement 

or placing the rope under a small (but safe) tension.  The damage was documented 

and photographed. Particular attention was paid to document the number of 

subropes or elements that are severed. 

 

Test Procedure and Loading    The test procedure was the same for the 

undamaged and damaged rope samples, and have been adapted from those 

described in the American Petroleum Institute Recommended Practice 2SM - 

Design, Manufacture, Installation, and Maintenance of Synthetic Ropes for Offshore 

Mooring.  The test procedure specified here incorporates aspects of the break tests 

and the fatigue tests specified in API 2SM, and are intended to subject a damaged 

rope to cyclic loading simulating storm conditions in order to provide an opportunity 

for damage growth, and then determine the remaining break strength. 

The ropes soaked in water or soaked prior to testing and sprayed during testing.   

The loading for each rope sample test will be as follows: 
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Cyclic Test – After an initial cycling of 1000 cycles and the damage, if any 

was added. Each rope was subjected to an oscillating tension for an 

additional 5,000 cycles.  Thus the total cycling was 6,000 cycles. The tension 

had a mean value of 30 percent of the MBS of the undamaged rope and an 

oscillatory component of 15 percent of MBS, such that the maximum and 

minimum tensions are 45 percent and 15 percent of the break strength, 

respectively.  The cyclic loading was (roughly) sinusoidal with a constant 

period of 30-60 seconds.   

Break Tests – After inspection, the rope was then subjected to an increasing 

load until it broke.  The rate of loading was constant at about 20 percent of 

the BS per 30 seconds until rope failure.   

Measurements and Observations    The applied load and length of the rope was 

monitored and recorded continuously.   The load-elongation curve was monitored 

and recorded during the tests, and used as a basis for selecting times for inspecting 

the rope sample under test as discussed below.   

The rope samples were visually inspected periodically during the tests.  Inspections 

were done  

• After the rope sample is mounted in the test fixture 

• During the cyclic loading 

- At the end of 6,000 cycles 

- When the load-elongation curve showed a significant break or change 

• Following the break tests 

The inspections were on the full length of rope, but focused primarily near the 

surgically inflicted damage, any location where there is a change in cross-sectional 

size or shape, and at the splices.  The “tails” affixed to the severed subropes or 

elements (if present) were measured to document any movement of these rope  
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components.  Inspections prior to failure were done under a small tension that is (1) 

sufficient to maintain the rope’s geometry and (2) small enough to ensure safety.   

Post-failure inspections after the rope breaks were performed to seek to understand 

and document the geometry, mechanism and progression of the break. 

DETAILED RESULTS FOR THE DAMAGED ROPE TESTS (700 tonne, 15-m 
samples)  

On the following pages, detailed descriptions of the results for each test are 

provided, including: 

• rope construction 

• damage 

• cyclic loading and rope condition after loading 

• undamaged rope strength as the Calculated Average Break Strength 

(CABS) based the fiber content in the undamaged rope 

• expected damaged break load as the CABS x % of undamaged subropes 

• measured damaged break load and elongation at failure 

• plot of break test 

• description of post-break rope condition and observations  

• photographs of the tests  
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MARLOW ROPE TESTS 

Marlow Test 1 

Construction:  24 SR x3 Strands = 1584 cuttable yarns 

Damage Condition:  10%:  156 yarns contained in 4 SRs cut after 1000 cycles.  

Cycles:   9,000 additional cycles applied between 15% and 45%. Max at 45% = 694 kips. 

Rope condition after 10,000 cycles: 

• Six subropes were either damaged or slack out of 24. The remaining subropes were 
tight and load-carrying 

Undamaged Break Load (CABS) = 750 tonne 

Expected Damaged Break Load for 24 – 8 subropes = 500 tonnes. 

Measured Maximum Damaged Break Load = 545 tonne 

Failure elongation = 7.0 % 

 

Break test plot: 

700 TONNE ROPE TEST
MARLOW SES_M001 ROPE FAILURE 

10% DAMAGE

0 
200 
400 
600 
800 

1000 
1200 
1400 
1600 

0 1 2 3 4 5 6 7 8 9 10 
PERCENT ELONGATION

TENSION LOAD 

Load kips Load  tonnes

 Rope Failure @ 1201 kips

 Rope Failure @ 544.9 tonne

 

Post Break Test Conditions: 

All subropes either slack or broken except for 1 subrope cut 1 of 3 strands was tight (2 
strands tight), and 1 strand of another subrope tight 
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Test Photos: 

 
 

Figure B3. Test Layout. 
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Figure B4.  Slack Subropes after 6,000 cycles. 
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Marlow Test 2 

Construction:  24 SR x3 Strands = 1584 cuttable yarns 

Damage Condition:  5%:  79 yarns contained in 4 SRs cut after 1000 cycles.  

Cycles:   5,000 additional cycles applied between 15% and 45%. Max at 45% = 694 kips. 

Rope condition after 6,000 cycles: 

• Four subropes (previously cut) were slack out of 24. The remaining subropes were 
tight and load-carrying. 

Undamaged Break Load (CABS) = 750 tonne 

Expected Damaged Break Load for 24 – 8 subropes = 500 tonnes. 

Measured Maximum Damaged Break Load = 643 tonne 

Failure elongation = 7.8 % 

Break test plot: 

700 TONNE ROPE TEST 
MARLOW SES_M002 ROPE FAILURE 

5% DAMAGE 

0

200

400

600

800

1000

1200

1400

1600

0 1 2 3 4 5 6 7 8 9 10
PERCENT ELONGATION

TENSION LOAD 

Load  Kips Load  Metric Tons

 Rope Failure @ 643.1 tonne

 Rope Failure @ 1417kips
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Test Photos: 

 

 

 

Figure B5.  Second Marlow test - damage after 6,000 cycles. 
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CSL ROPE TESTS 

CSL Test 20 

Construction:  7 SR x12 Strands = 84 cuttable strands 

Damage Condition:  10%:  total of 8 strands contained in 2 SRs cut after 1000 cycles.  

Cycles 5,000 additional cycles applied between 15% and 45%. Max at 45% = 694 kips. 

Rope condition after 5,000 cycles: 

• We infer that there were no slack subropes after 6000 total cycles.  

Undamaged Break Load (CABS) = 643 tonne 

Expected Damaged Break Load for 7-2 subropes = 466 tonne 

Measured Maximum Damaged Break Strength = 502 tonne 

Failure elongation = 5.6 % 

Break test plot: 

TEST REPORT DATABOOK
Large Scale Rope Testing JIP 700 Tonne Polyester Rope (Damage Level 1)

(maximum breaking load 502tf, overall rope elongation)
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L0 (rope/pin to pin): 13,414 mm (at 2% of MBS) 
Load rate: 20% of MBS/min 
First failure: 502 metric tons (one sub core) 
Second failure: 459 metric tons (one sub core) 
Third failure: 460 metric tons (five sub cores) 
Elongation at break: 5,6% (when first core broke)

5.6% ELONGATION 

 

Post Break Test Conditions 

Clearly from the plot above, the maximum load was achieved just prior to the first 
subrope break, followed by another subrope break, and then the rest of the rope.  
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Test Photos: 

 

 

Figures B6.  Photos from CSL Test 20. 

 

B-17 



Appendix B 
Stress Engineering Services, Inc. 

 

CSL Test 31 (Repeat of Test 20) 

Construction:  7 SR x12 Strands = 84 cuttable strands 

Damage Condition:  10%:  total of 8 strands contained in 2 SRs cut. after 1000 
cycles.  

Cycles 5,000 additional cycles applied between 15% and 45%. Max at 45% = 694 
kips. 

Rope condition after 5,000 cycles: 

• We infer that there were no slack subropes after 6000 total cycles, because 
none was mentioned.  

Undamaged Break Load (CABS) = 643 tonne 

Expected Damaged Break Load for 7-2 subropes = 466 tonne 

Measured Maximum Damaged Break Strength = 539 tonne  

Failure elongation = 5.5 % 

Break test plot: 

TEST REPORT DATABOOK
Large Scale Rope Testing JIP 700 Tonne Polyester Rope (Damage Level 1)

(maximum breaking load 539tf, overall rope elongation)
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5.5% ELONGATION 
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Post Break Test Conditions 

No report:   

 

Test Photos: 

 
Figures B7.  CSL photos of cut damage applied. 
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CSL Test 33 

Construction:  7 SR x12 Strands = 84 cuttable strands 

Damage Condition:  7%:  total of 6 strands contained in 3 SRs cut. after 1000 cycles.  
This is a different damage pattern.  

Cycles 5,000 additional cycles applied between 15% and 45%. Max at 45% = 694 
kips. 

Rope condition after 6,000 cycles: 

• We infer that there were no slack subropes after 6000 total cycles.  

Undamaged Break Load (CABS) = 653 tonnes 

Expected Damaged Break Load for 7- 3 subropes = 373 tonnes 

Measured Maximum Damaged Break Strength was 627 tonnes, one subrope failing. 
The load was relaxed for inspection, then re-loaded, breaking the second subrope.  
After another relaxation, the entire remaining rope failed at 454 tonne. 

Failure elongation = 6.8 % 

Break test plot: 

TEST REPORT DATABOOK
Large Scale Rope Testing JIP 700 Tonne Polyester Rope (Damage Level 7%)

(máximum breaking load 627tf, rope elongation)
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L0 (rope length/pin to pin): 15,197 mm (at 2% of MBS)
Load rate: 10% of MBS/min 
First Failure: 627 metric tons (one damage sub core)           rope length/pin to pin: 15406 
mm 
Second Failure: 525 metric tons (one damage sub core)     rope length/pin to pin: 15419
mm 
Third Failure: 454 metric tons (all the sub cores)                   rope length/pin to pin: 15463 
mm 

6.8% ELONGATION 
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Post Break Test Conditions 

No report.   

Test Photos: 

 

Figures B8.  CSL photos of cut damage on rope 33. 
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CSL Test 21 

Construction:  7 SR x12 Strands = 84 cuttable strands 

Damage Condition:  5%:  total of 4 strands contained in 2 SRs cut. after 1000 cycles.    

Cycles 5,000 additional cycles applied between 15% and 45%. Max at 45% = 694 
kips. 

Rope condition after 6,000 cycles: 

• One subrope was found slack after 6000 total cycles.  

Undamaged Break Load (CABS) = 653 tonnes 

Expected Damaged Break Load for 7- 2 subropes = 466 tonnes 

Measured Maximum Damaged Break Strength was 542 tonnes 

Failure elongation = 6.8 % 

Break test plot: 

TEST REPORT DATABOOK
Large Scale Rope Testing JIP 700 Tonne Polyester Rope (5% Damage)

(maximum breaking load 542tf, overall rope elongation)
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Elongation at break: 6.8% 

6.8% ELONGATION 
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Post Break Test Conditions 

No report given. 

Test Photos: 

 

Figure B9.  Two CSL photos of cut damage as well as two photos of slack subrope found after 
6,000 cycles. 
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CSL Test 24 

Construction:  7 SR x12 Strands = 84 cuttable strands 

Damage Condition:  5%:  total of 4 strands contained in 2 SRs cut. after 1000 cycles.    

Cycles 5,000 additional cycles applied between 15% and 45%. Max at 45% = 694 
kips. 

Rope condition after 6,000 cycles: 

• We infer that there were no slack subropes after 6000 total cycles.  

Undamaged Break Load (CABS) = 653 tonnes 

Expected Damaged Break Load for 7- 2 subropes = 466 tonnes 

Measured Maximum Damaged Break Strength was 561 tonnes 

Failure elongation = 6.0 % 

Break test plot: 

TEST REPORT DATABOOK
Large Scale Rope Testing JIP 700 Tonne Polyester Rope (Damage Level 2)

(maximum breaking load 561tf, overall rope elongation)
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L0 (rope length/pin to pin): 14,874 mm (at 2% of MBS)
Load rate: 20% of MBS/min 
Maximum Breaking load: 561 metric tons 
Elongation at break: 6% 

6% ELONGATION 
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Post Break Test Conditions 

No report given.   

 
Test Photos: 
 

 
 

Figures B10.  CSL photos of cut damage. 
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CSL Test 32 

Construction:  7 SR x12 Strands = 84 cuttable strands 

Damage Condition:  5%:  total of 4 strands contained in 2 SRs cut. after 1000 cycles.   
See Appendix F xx for details. 

Cycles 5,000 additional cycles applied between 15% and 45%. Max at 45% = 694 
kips. 

Rope condition after 5,000 cycles: 

• We infer that there were no slack subropes after 6000 total cycles.  

Undamaged Break Strength (CABS) = 653 tonne 

Expected Damaged Break Load for 7- 2 subropes = 466 tonnes 

Measured Maximum Damaged Break Strength = 532 tonnes 

Failure elongation = 6.2 % 

Break test plot: 

TEST REPORT DATABOOK
Large Scale Rope Testing JIP 700 Tonne Polyester Rope (5% Damage )

(maximum breaking load 532tf, overall rope elongation)
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Post Break Test Conditions 

No report:  see photos 

 

Test Photos: 

 

Figures B11. CSL photos of cut damage. 
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CSL Test 22 - Reference 

Construction:  7 SR x12 Strands = 84 cuttable strands 

Damage Condition:  Undamaged 

Cycles 10 cycles between 0 and 50% (for conditioning) 

Undamaged Break Load (CABS) = 653 

Measured Maximum Break Strength was 655 tonnes 

Failure elongation = 8.3 % 

Break test plot: 

 

TEST REPORT DATABOOK
Large Scale Rope Testing JIP 700 Tonne Polyester Rope (5% Damage )

(maximum breaking load 532tf, overall rope elongation)
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L0 (rope length/pin to pin): 14,484 mm (at 2% of MBS)
Load rate: 20% of MBS/min 
Maximum Breaking load: 532 metric tons 
Elongation at break: 6.2% 

6.2% ELONGATION 

Post Break Test Conditions 

No report:  See photos 
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Test Photos: 
 

 

Figures B12.  CSL photos showing only 4 subropes broke. 
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CSL Test 23 –Second  Reference 

Construction:  7 SR x12 Strands = 84 cuttable strands 

Damage Condition:  Undamaged 

Cycles:  10 cycles between 0 and 50% load for conditioning. 

Expected Undamaged Break Strength (CABS) = 653 tonnes 

Measured Maximum Break Strength was 634 tonnes 

Failure elongation = 8.0 % 

Break test plot: 

TEST REPORT DATABOOK
Large Scale Rope Testing JIP 700 Tonne Polyester Rope (Undamaged Rope )

(maximum breaking load 634 tf, overall rope elongation)
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8% ELONGATION 

 

Post Break Test Conditions 

No report given.   
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Test Photos: 

 

Figure B13.  CSL photos showing broken rope after break test. 
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WHITEHILL ROPE TESTS 

Whitehill Test 1  

Construction:  10  SR x3 Strands = 30 cuttable strands 

Damage Condition:  10%:  4 ½ strands cut in 3 SRs cut after 1000 cycles. See 
Appendix F xx for details. 

Cycles:   5,000 additional cycles applied between 15% and 45%. Max at 45% = 694 
kips. 

Rope condition after 6,000 cycles: 

• Test aborted after 1425 cycles because the rope eye slipped out of the load 
pin on the dead end of the fixture, causing recoil damage throughout the rope. 
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Whitehill Test 5 

Construction:  10 SR x 3 Strands = 30 cuttable strands 

Damage Condition:  15%:  4 ½ strands cut in 3 SRs cut after 1000 cycles. See 
Appendix for details. 

Cycles:   5,000 additional cycles applied between 15% and 45%. Max at 45% = 694 
tonne. 

Rope condition after 6,000 cycles: 

• The 3 cut SRs were loose, the one with 1 ½ strands cut was the loosest. 

Expected Undamaged Break Strength (CABS) = 815 tonne 

Expected Damaged Break Load for 10-3 subropes = 571 tonnes 

Measured Maximum Damaged Break Strength was 620 tonnes 

Failure elongation = 8.0 % 

 

Break test plot: 
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First Subrope Failure@ 969 kips 
Second Subrope Failure @ Max Load @ 1366.3 kips
Third Subrope Failure @ 1268 kips 
Fourth Subrope @1188 kips 

 

Post Break Test Conditions 

• Center failure.  Two SRs completely broken, the rest slack.  
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Test Photos: 

 

Figure B14.  Shows cut-back on rope jacket, revealing subropes made of 3 twisted jacketed 
strands.
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Whitehill Test 7 

Construction:  10 SR x 3 Strands = 30 cuttable strands 

Damage Condition:  15%:  4 ½ strands cut in 3 SRs cut after 1000 cycles. See 
Appendix for details. 

Cycles:   5,000 additional cycles applied between 15% and 45%. Max at 45% = 694 
tonne. 

Rope condition after 6,000 cycles: 

• The 3 cut SRs were loose, the one with 1 ½ strands cut was the loosest. 

Undamaged Break Strength (CABS) = 815 tonne 

Expected Damaged Break Load for 10-3 subropes = 571 tonnes 

Measured Maximum Damaged Break Strength was 596 tonnes 

 Failure elongation = 7.5 % 

Break test plot: 
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Post Break Test Conditions 

• Center failure.  Two SRs completely broken, the rest  slack.  

 

Test Photos: 

 

Figures B15.  Whitehill damage applied. 
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Whitehill Test 2 

Construction:  10 SR x 3 Strands = 30 cuttable strands 

Damage Condition:  10%:  3 strands cut in 2 SRs cut after 1000 cycles.  

Cycles:   5,000 additional cycles applied between 15% and 45%. Max at 45% = 694 
tonne. 

Rope condition after 6,000 cycles: 

• 1 SR slack, 2 remaining strands of other SR tight. 

Undamaged Break Strength (CABS) = 815 tonne 

Expected Damaged Break Load for 10-2 subropes = 652 tonnes 

Measured Maximum Damaged Break Strength was 655 tonnes 

Failure elongation = 9.5 % 

Break test plot: 
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Post Break Test Conditions:  Center failure.   
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Whitehill Test 3 

Construction:  10 SR x 3 Strands = 30 cuttable strands 

Damage Condition:  10%:  3 strands cut in 2 SRs cut after 1000 cycles. See 
Appendix xx for details. 

Cycles:   5,000 additional cycles applied between 15% and 45%. Max at 45% = 694 
tonne. 

Rope condition after 6,000 cycles: 

• All SRs tight except 3 SRs cut. 

Undamaged Break Strength (CABS) = 681 tonne 

Expected Damaged Break Load for 10-3 subropes = 652 tonnes 

Measured Maximum Damaged Break Strength = 581 tonnes 

Failure elongation = 7.2 % 

Break test plot: 
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Post Break Test Conditions 

• Three SRs tight, 5 SRs loose, One strand broken in outer wrap toward ram 
end.2 SRs broken.   

Test Photos: 

 

Figure B16.  Ten % cut damage on Whitehill Test 3. 
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Whitehill Test 4 (Reference) 

Construction:  10 SR x 3 Strands = 30 cuttable strands 

Damage Condition:  none   

Cycles:   100 cycles applied between 15% and 45%. Max at 45% = 694 tonne. 

Rope condition after 1,000 cycles: 

• All SRs tight.  

Undamaged Break Load (CABS) = 815 tonne 

Measured Maximum Break Strength was 675 tonnes 

Failure elongation = 8.3 % 

Break test plot: 
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Second Subrope Failure @ 1433 kips

 

Post Break Test Conditions 

• Lumps in outer jacket.  Can’t see broken SRs..   

B-40 



Appendix B 
Stress Engineering Services, Inc. 

Whitehill Test 6 (Reference) 

Construction:  10 SR x 3 Strands = 30 cuttable strands 

Damage Condition:  none   

Cycles:   100 cycles applied between 15% and 45%. Max at 45% = 694 tonne. 

Rope condition after 1,000 cycles: 

• All SRs tight.  

Undamaged Break Strength (CABS) = 815 tonnes 

Measured Maximum Break Strength 718 tonnes 

Failure elongation = 9.3 % (zero offset error on graph) 

Break test plot: 
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Post Break Test Conditions 

• Loud “pop” at max load, 5 pops with load falling.  Two SRs broken and lumps 
under jacket toward ram end.   
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Test Photos: 

 

Figures B17.  Reference sample failure inside outer jacket.  
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Whitehill Test 8 (Reference) 

Construction:  10 SR x 3 Strands = 30 cuttable strands 

Damage Condition:  none   

Cycles:   100 cycles applied between 15% and 45%. Max at 45% = 694 tonne. 

Rope condition after 1,000 cycles (compare with 100 cycles for Test 4 and 6) 

• All SRs tight.  

Undamaged Break Load = 815 tonne 

Measured Maximum Break Strength = 704 tonnes 

Failure elongation = 8.2 % 

Break test plot: 
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Post Break Test Conditions 

• Two SRs sticking out of jacket at mid section, 1 SR sticking out near ram end 
and one SR near dead end.  Four major pops heard near max. load. 
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Test Photos: 

 

Figure B18.  Reference sample break inside outer jacket. 
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BEXCO TESTS 

Bexco Tests 3 and 1 

Construction:  20 SR x 3 Strands x 28 Yarns = 1600 cuttable yarns. 

 

Both of these test samples were found to grow in length as additional cycles were 

imposed.  We found that the splice design was tailored to using the Acordes fibers, 

and for the first time, these samples were constructed with Honeywell fibers, which 

apparently have a lower friction marine finish on them.  The solution was to re-make 

the rope samples using more tucks in the splice, solving the problem. 

This graph shows cylinder stroke vs. cycles during the standard cycling.  Note that 

the stroke is growing with applied cycles, and this would likely not stop until the rope 

splice separates. 
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Bexco Test 5 

Construction:  20 SR x 3 Strands x 28 Yarns = 1600 cuttable yarns 

Damage Condition:  10%:  168 yarns cut in 3 SRs cut after 1000 cycles.  

Cycles:   5,000 additional cycles applied between 15% and 45%. Max at 45% = 694 
tonne. 

Rope condition after 6,000 cycles: 

• One SR loose of  3 SRs cut, other two tight.. 

Undamaged Break Strength (CABS) = 737 tonne 

Expected Damaged Break Load for 20- 3 subropes = 626 tonnes 

Measured Maximum Damaged Break Strength = 597 tonnes 

Failure elongation = 7.1 % 

Break test plot: 
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Post Break Test Conditions 

• Total rope failure at once, only one strand of one SR hanging loose.   

Test Photos: 

 

Figure B19.  Failure condition of Bexco rope sample. 
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Bexco Test 6 

Construction:  20 SR x 3 Strands x 28 Yarns = 1600 cuttable yarns 

Damage Condition:  10%:  168 yarns cut in 3 SRs cut after 1000 cycles.  

Cycles:   5,000 additional cycles applied between 15% and 45%. Max at 45% = 694 
tonne. 

Rope condition after 6,000 cycles: 

• All 3 SRs loose of  3 SRs cut.  Other SRs were tight. 

Undamaged Break Strength (CABS) = 737 tonne 

Expected Damaged Break Load for 20- 3 subropes = 626 tonnes 

Measured Maximum Damaged Break Strength = 579 tonnes 

Failure elongation = 7.9 %  (zero offset error on graph) 

Break test plot: 
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Post Break Test Conditions 

• Total catastropic rope failure in the middle at once, only one strand of one SR 
hanging loose.  Upon loading there were 3 loud pops before complete failure. 

Test Photos: 

 

Figures B 20.  Cut condition for Bexco Rope at 10% damage. 
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Bexco Test 7 

Construction:  20 SR x 3 Strands x 28 Yarns = 1600 cuttable yarns 

Damage Condition:  5%:  84 yarns cut in 3 SRs cut after 1000 cycles.  

Cycles:   5,000 additional cycles applied between 15% and 45%. Max at 45% = 694 
tonne. 

Rope condition after 6,000 cycles: 

• All 3 SRs are tight, with some loose yarns due to cut.. 

Undamaged Break Strength (CABS) = 737 tonne 

Expected Damaged Break Load for 20 - 3 subropes = 626 tonnes 

Measured Maximum Damaged Break Strength 541 tonnes 

Failure elongation = 7.8 % (zero offset error on graph). 

Break test plot: 
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Third Break @ 1191 kips
Rope Failure @1045 kips

First Break @ 490.8 tonne
Second Break @ 485.4 tonne
Third Break @ 540.6 tonne
Rope Failure @ 474.3 tonne

 

Post Break Test Conditions 
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• No report. 

Test Photos: 

 

 

Figures B21.  Bexco Test 7 conditions prior to break.
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Bexco Test 8 

Construction:  20 SR x 3 Strands x 28 Yarns = 1600 cuttable yarns 

Damage Condition:  5%:  84 yarns cut in 3 SRs cut after 1000 cycles.  

Cycles:   5,000 additional cycles applied between 15% and 45%. Max at 45% = 694 
tonne. 

Rope condition after 6,000 cycles: 

• All 3 SRs are tight. 

Undamaged Break Load (CABS) = 737 tonne 

Expected Damaged Break Load for 20- 3 subropes = 626 tonnes 

Measured Maximum Damaged Break Strength = 550 tonnes 

Failure elongation = 6.7 % 

Break test plot: 
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Third Break @ 1165 kips
Rope Failure @1212 kips

 

 

B-52 



Appendix B 
Stress Engineering Services, Inc. 

Post Break Test Conditions 

• Three pops then complete break, as shown on graph. 

Test Photos: 

 

Figures B22.  Photos showing cut conditions. 
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Bexco Test 9 

Construction:  20 SR x 3 Strands x 28 Yarns = 1600 cuttable yarns 

Damage Condition:  5%:  84 yarns cut in 3 SRs cut after 1000 cycles  This is a 
different damage pattern because it was spread to 4 SRs rather than 3.   

Cycles:   5,000 additional cycles applied between 15% and 45%. Max at 45% = 694 
tonne. 

Rope condition after 6,000 cycles: 

• All 4 SRs are tight. 

Undamaged Break Load (CABS) = 737 tonne 

Expected Damaged Break Load for 20- 4 subropes = 590 tonnes 

Measured Maximum Damaged Break Strength = 542 tonnes 

Failure elongation = 7.3 % 

Break test plot: 
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Third Break @ 1195 kips
Rope Failure @1164 kips
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Post Break Test Conditions 

• Three pops then complete break, as shown on graph. 

Test Photos: 

 

Figures B23.  Failure photos of Bexco rope with 5% damage. 
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Bexco Test 4 (Reference) 

Construction:  20 SR x 3 Strands x 28 Yarns = 1600 cuttable yarns 

Damage Condition:  none:   

Cycles:   1,000 additional cycles applied between 15% and 45%. Max at 45% = 694 
tonne. 

Rope condition after 1,000 cycles: 

• All SRs are tight. 

Undamaged Break Strength (CABS) = 737 tonne 

Measured Maximum Break Strength = 681 tonnes 

Failure elongation = 7.8 % 

Break test plot: 
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Post Break Test Conditions 

• Subropes all broke within the outer jacket, and jacket was ¼ the original 
diameter.  Massive recoils to ends. 
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1. Confidential Information that does not include results or conclusions associated with individual 
rope manufacturers cannot be disclosed or published for a period of 2 years from the publication 
date of this report.  

2. Confidential Information that includes results or conclusions associated with individual rope 
manufacturers cannot be disclosed or published for a period of 5 years from the publication date 
of this report.   

Note:  This report is Confidential Information to the Minerals Management Service and the Participants, 
and is not to be disclosed to third parties except as follows:   
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Appendix  C 
VERIFICATION TESTS 

L/D = 290  
(700 tonne, ~53 m rope samples) 

 
Introduction This appendix documents the four 700 tonne, ~53 meter (L/D = 

290) rope samples.  The purpose of these damaged rope tests was provide a 

basis to compare the break strength measured for a 15-meter rope sample 

during the Damaged Rope Tests with the break strength for a 53-meter rope 

sample that had the same rope construction and damage.  This comparison 

would verify either the presence or absence of length effects in testing damaged 

ropes.  One test of a long (~53-meter) sample from each rope manufacturer 

(CSL, Marlow, Whitehill and Bexco) was completed. 

   

Test Fixture The tests were performed at Tension Member Technology (called 

“TMT”, formerly Coordinated Equipment Company) in Wilmington, California.   

The TMT test fixture is capable of much longer sample lengths than the SES or 

CSL fixtures.  Hence it was used for the Verification Tests with 700 tonne ropes 

with 53-meter rope lengths.  Pictures of the TMT tests fixture are shown in Figure 

C-1 below. 
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Figure C-1.  Test Fixture at TMT California 

Rope Samples One long rope sample was obtained from each of the four rope 

manufacturers (Marlow, Bexco, Whitehill, ad CSL).  Each sample was furnished 

with the splices and jacket that the manufacturer normally supplied for the rope.  

Each sample was spliced such that it had an L/D = 290.  The nominal strope 

length was ~53m +/-.  The rope sample properties are given in Table 1 of 

Appendix B.   

 

Table C-1 below shows the 4 tests that were successfully completed.   
 

Table C-1.  Damaged Full-Scale Tests 

 

Manufacturer Damage State 
Number 
of Tests 

Marlow Damage Level 1 (10%) 1 

Bexco Damage Level 1 (10%) 1 

Whitehill Damage Level 2 (15%) 1 

CSL Damage Level 1 (10%) 1 

  4 

 
 
Damage The damage levels were identical to those used in the Damaged Rope 

Tests for the specified rope construction and damaged state, as discussed and 
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shown in Table 3 of Appendix B.  The damage was applied mid-span using the 

same procedures used in the Damaged Rope Tests. 

 
Test Procedure and Loading The test procedure used for the 700 tonne 53-

meter TMT tests was similar to that shown previously for the 700 tonne 15-meter 

test program, except that: 

 

1. The sample length was 53 meters rather than 15 meters 

2. The maximum number of cycles after inflicting damage was 1000 rather 

than 6,000. 

3. Cycling (bedding in) prior to damage infliction was ten cycles to 50% of 

700 tonnes rather than 1000 cycles from 15% to 45% of 700 tonnes.  

4. Cyclic periods were much longer, because of the longer rope sample and 

the need to stroke the cylinders long distances due to the polyester rope 

flexibility.  

 

 
DETAILED RESULTS FOR THE VERIFICATION TESTS (700 tonne, 53-m 
samples) 
 
Detailed descriptions of the results for each test are provided on the following 

pages. 
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Whitehill Test Results 
 
For the 53 meter Whitehill test with 15% damage, 1 subrope out of the 3  partially 

cut subropes was completely broken after the 1000 cycles.   

 

The following plot shows when the first strand (not subrope) broke: 

 
Figure C-2.  Load vs. elongation for cycles 163-165.  
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The load-elongation plot is shown in Figure C-3. 
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Figure C-3.  Test To Failure of Whitehill Rope. 
 

Upon break testing, all subropes, presumably including the other 2 cut subropes 

broke.  The structural response to loading suggests that partly cut subropes 

broke prior to the remaining subropes reaching their failure load.   
 

Undamaged Break Load (CABS) = 815 tonne 

Expected Damaged Break Load for 24 – 6 subropes = 571 tonnes 

Measured Maximum Damaged Break Load = 499 tonne 
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Bexco Test Results 
 

For the 53 meter Bexco test with 10% area cut, 2 strands forming the 3 strand 

subropes failed before 1000 cycles were complete.  The following Figure C-4 

shows this. 

Test 1 - Bexco Rope
Elongation vs Tension

During Cyclic-Tension Test
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Figure C-4.  Strand (not subrope) failures in initial cycling. 
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Undamaged Break Load (CABS) = 737 tonne 

Expected Damaged Break Load for 24 – 6 subropes = 626 tonnes 

Measured Maximum Damaged Break Load = 451 tonne 

The reference load is 681 and an estimated load based on 17 of 20 subropes 

would be 579 tonnes.  The estimate does not at first seem to work.  But look at 

the failure plot in Figure C-5. 

 

Test 1 - Bexco Rope
Elongation vs Tension
During Pull to Break
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Figure C-5.  Test to Failure of Bexco Rope. 

 

Examining Figure C-5 the rope failure plot, there appeared to be no additional 

subrope failures during the loading to break. A post mortem on the rope after 

failure showed that some subropes broke and recoiled, partially melting adjacent 

subropes.  The low failure load have resulted form the additional heat -damaged 

subropes breaking before the remaining undamaged subropes, resulting in the 

low failure load of 451 tonnes. 
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CSL Test Results 
 

For the 53-meter CSL test with 10% area cut, none of the 2 cut subropes were 

broken after 1000 cycles.  

 

Undamaged Break Load (CABS) = 653 tonne 

Expected Damaged Break Load for 7 – 2 subropes = 466 tonnes 

Measured Maximum Damaged Break Load = 504 tonne 

We believe that cut subrope unwinding is a factor with this rope. If the damaged 

subropes have room to unwind, and the rope jacket is not tight, some of the 

partially cut subrope remaining strands could carry additional load, justifying the 

504 tonne figure. See Figure C-6. 

Test 3 - CSL Rope
Elongation vs Tension
During Pull to Break
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Figure C-6. Test to Failure of CSL Rope 
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Marlow Test Results 
 
For the 53 meter Marlow test with 10% area cut, 3 of the 4 cut subropes were 

broken after 1000 cycles.  

 

The following Figure C-7 shows subropes breaking during cycling. 

 
Figure C-7.  Subrope Breakage During Cycling 
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Undamaged Break Load (CABS) = 750 tonne 

Expected Damaged Break Load for 24 – 4 subropes = 625 tonnes 

Measured Maximum Damaged Break Load = 429 tonne 

  

 

Test 2 - Marlow Rope
Elongation vs Tension
During Pull to Break
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Figure C-8.  Break Test on Marlow Rope. 

 

If the splice design had resulted a doubling of the subrope failures to 8 (2 pairs of 

4 damaged subropes = 8), then the Expected Damaged Break Load for 24 – 8 

subropes would be reduced to 500 tonnes.  It seems probable that the lower 

measured break load was due to partially to the potential doubling of the damage 

effect due to this splice design, but clearly other mechanisms also contributed to 

the low load. Figure C-8 shows that the other cut subrope broke during the 

loading to failure.  A post mortem on the rope after failure showed that the 

remaining cut subrope broke and recoiled, which caused partial melting adjacent 

subropes.  The additional heat -damaged subropes could break before the 
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remaining undamaged subrope pairs, resulting in the low failure load of 429 

tonnes. 
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Note:  This report is Confidential Information to the Minerals Management Service and the Participants, 
and is not to be disclosed to third parties except as follows:   

1. Confidential Information that does not include results or conclusions associated with individual 
rope manufacturers cannot be disclosed or published for a period of 2 years from the publication 
date of this report.  

2. Confidential Information that includes results or conclusions associated with individual rope 
manufacturers cannot be disclosed or published for a period of 5 years from the publication date 
of this report.   
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2001 BP TESTS 
Provided a Basis for the MMS JIP  

 

Summary 
 

BP contracted with Stress Engineering Services in 2001 to develop an “interim 

criteria for replacing damaged polyester mooring rope.  After the BP project was 

over, the MMS purchased the final report from BP.   This work gave the MMS JIP 

personnel early insight into issues with damaged rope tolerance, since there was 

no prior test experience.. 

 

For BP’s account, the choice made was to test a “model” polyester rope with a 

breaking strength of about 200 t. Damage was to be inflicted at the mid length of 

the 2.7 inch diameter rope samples 10.4 meter long.  The damage consisted of a 

“knife cut” (see Figure B5), approximately ½ inch in depth. Of course, some 

samples were un-cut, representing the “reference” breaking strength. 

 

The sample length to rope diameter ratio, L/D, was approximately 150. 

 

BP Test Objectives 
 

The initial objectives of this project were to: 

 

1. Characterize the form of most likely rope damage and perform a 

limited number of tests (9 damaged rope tests) on samples of 400 kip 

(180 t) Marlow Superline rope, a 1/4th scale model of a 1500 kip (700 t) 

prototype rope.  These tests would serve as a basis for developing an 

interim damaged rope replacement criteria.  
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2. Develop an interim damaged rope replacement criteria for BP use until 

the OTRC and DNV projects were complete and available to the 

industry.  

 

Project Plan 
 

The first set of tests was performed at National Engineering Laboratory on the 

Marlow rope samples with the “traditional” design. We found by reviewing test 

results and inspecting the failures of the traditional splice design, that the 

subrope ends were randomly spliced back to other subopes, rather than having 

each subrope end spliced back to that same subrope.  As a consequence of the 

traditional splice design, there was no clear pattern of breaking load vs. area 

damage. 

 

Marlow decided to provide a new splice design for their rope after we had tested 

6 samples with their traditional splice design.  Marlow took a company decision to 

change their splice design for all large deepwater mooring ropes, and thus, the 

splice design that we were testing was then made obsolete, and (we were told) 

would not be available in the future.   

 

The results that follow are from the “new” splice design in which specific 

subropes are “paired” with each other and spliced, forming a closed loop.  This 

splice design is the same that Marlow has used in supplying 700 t rope for the 

MMS JIP project, and hence, results from testing are relevant. 

 

The splice designs discussed shown are as follows:  The upper splice is the way 

most rope manufacturers splice each individual subrope, and the lower splice is 

the “new” splice design of Marlow.  Traditional Marlow splice was like the upper 

one, except that the splices ware randomly made to other subropes rather than 

to the same subrope. 
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Test Procedures 
 

Table D-1 below provides the cyclic loading test matrix that was agreed between 

NEL and SES at the start of the study.  For each rope the test matrix was 

conducted twice for a total number of cycles of 10,000.  After that the ropes were 

subject to break testing.  Test sequences 2 and 4 are simulated windward and 

leeward hurricanes respectively.  Test sequences 1 and 4 were periods of 

relative calm to allow the rope to allow bedding in and recovery. 

 

Table D-1. Rope Test Matrix 

 

Test 
sequence 

Mean load 
(%Nominal 

strength) 

Load 
amplitude 

(%Nominal 
strength) 

Load range 
(%Nominal 

strength) 

Cyclic period 
(Seconds) 

Number of 
cycles 

1 20 10 20 10 3000 

2 40 15 30 10 2000 

3 20 10 20 10 3000 

4 15 10 20 10 2000 

 

For the new splice series of tests (revised splice design), the ropes were placed 

around spools provided by Marlow.  The spools were fitted to the 7-inch-diameter 

pins.  
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Rope Damage 
 

The damage in this part of the testing program was introduced to the rope after it 

had been fitted into the test machine, but before any loading.    The degree of 

damage introduced was in accordance with instructions from Stress Engineering 

Services.  Specifically, the damage was introduced by surgically cutting individual 

subropes, taking extreme care not to cut adjacent ones. 

NEL/SES TESTS WITH NEW SPLICE DESIGN – “PART B” 

Summary 

 

The purpose of the work described in this Part (called part B because the prior 

tests with the traditional splice was called Part A) is to obtain some base data on 

the strength loss associated with the introduction of simulated mechanical knife-

cut damage into polyester rope, with a view to generating provisional discard 

criteria.  In this second part, the rope samples were nearly identical to that in Part 

A, except the splices were of the rather than the traditional design.  

 

Rope samples were subjected to simulated storm runs under sinusoidal loading 

before being subjected to retained break strength tests.  Some of the ropes had 

induced damage and others did not.  Nine Marlow polyester Superline rope 

samples, with new splices, were originally delivered to NEL for testing, and later 

(after the NEL test machine was decommissioned after testing 3 samples), the 

remainder were sent to SES in Houston.  The rope from which the test samples 

were made consisted of 28 subropes and had tested break strength of 461.0 

kips.  Photos of the SES test facility are shown in Figures D1 and D2. 

 

For this second series of tests the damage was introduced by using a butcher 

knife to slice the rope to a predetermined depth of cut. This knife cut had the 

effect of making both partial and complete cuts to the subropes that were in the 

path of the knife blade.  
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The second test series (MQIQ at NEL and SES at Stress) produced results for 

this new splice design.  Although the ropes were of the same construction as the 

original samples the improved splices raised the theoretical break strength from 

421.5 to 461.0 kips, a 9.4% improvement.   

 

After three tests into the second series of tests, the NEL test machine (after 

suffering a major failure) was permanently taken out of service and the tests 

were completed by SES.  

 
Rope Cut Damage 
In this part, the knife cut damage was inflicted on the rope after it was fitted into 

the test machine, but before any loading.   This would simulate the effect of 

external damage occurring during installation operations. We determined the 

degree of damage to be introduced using results from prior tests and with 

knowledge of the API RP 2SM advice.   

 

The knife-cut conditions used for part B are contained in Table D-2 

 
Table D-2. Knife cut Damage Conditions Imposed 

 
Test 
 

 
 

 

Cut Depth 
 

 
 

 

Equiv. Number of 
Subropes Cut 

 
 

 

Number of 
Subropes 

Damaged or 
Partly 

Damaged 

% Area Cut 
 

 
 

 

MQIQ 4 0.7 n/a n/a n/a 

SES 001 (ref.) 0.0 0. 0. 0.00 

SES 002 0.7 4.064 6 14.51 

SES 003 0.7 2.757 5+ ?? 9.85 

SES 004 0.5 1.710 4 6.11 

SES 005 0.5 2.907 5+ 10.38 

SES 006 0.5 1.770 4+ 6.32 
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For the cut at NEL: Figure D3 shows a 0.7-inch deep cut being made on sample 

MQIQ 4.  The jacket was removed around the area of induced damage.  The cut 

was made with a sharpened hacksaw blade (teeth removed).  Either side of the 

blade aluminum angle was glued to the blade with the distance from the base of 

the angle plate to the blade edge set at 18 mm.  Care was taken not to rock the 

blade during cutting.  The potential for rocking is real however and could be 

eliminated by suitable jigging of the blade to the rope and ensure repeatability of 

cut.  It is possible, however, that rocking could occur in real-world damage 

situations. For cuts at SES, Figures D4 and D5 show a typical rope cut, using a 

butcher knife with cut depth limiting devices attached. 

    

Test Procedures 
 

After the damage was introduced (or after the rope was fitted into the test 

machine if no damage was required) the rope was fully submerged in tap water 

and allowed to soak for a minimum of 24 hours before testing.  The rope was 

then loaded to an indicated 2% reference tension and the pin-to-pin length taken 

as the reference length.    

 

After the test matrix was completed, the load was reduced to a nominal value, 

the water was drained from the tank (at NEL, but not drained at SES) and the 

rope loaded to failure at a loading rate of around 0.10 to 0.15 in/sec.  In some 

severe damage cases the testing was terminated during cyclic storm loading and 

before break testing, because the rope came apart. These cases are noted in the 

results to follow. 

 

During the cyclic load testing, the machine load and the crosshead displacement 

were recorded on a regular basis to provide information on loading, modulus and 
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rope length.  For the break test, load and displacement data were recorded on a 

continuous basis.  After the rope had failed the provisional location of failure was 

determined and recorded. 

 

Upon completion of the break test the sample was removed from the machine, 

laid out on the floor of the laboratory and the location of failure confirmed. 

Relevant photographs were taken during and after the test program.  

Results 

Table D-3 gives the results of the retained break strength tests, which include 

maximum load, % extension to break and failure location.  The % extension to 

break values are based on the reference rope length taken at approximately 2% 

of theoretical break load prior to the start of the entire test matrix.   
Table D-3.  Results from Tests with “New” Splice Design 

 

Sample Condition Break 

Strain % 

Break Kips % Cut Load Based on 

% Area 

% Diff. 

MQIQ 1 Reference Test 7.5 480.4 0 461.0 4.22 

MQIQ 2 Reference Test 8 442.9 0 461.0 -3.92 

SES 1 Reference Test 13.2* 459.6 0 461.0 -0.30 

MQIQ 4 0.70 Inch Cut 5.7 336.3 ? 396.0 -15.07 

SES 2 0.70 Inch Cut n/a (Storm) 14.5 394.0 n/a 

SES 3 0.70 Inch Cut n/a (Storm) 9.9? 415.4? n/a 

SES 4 0.50 Inch Cut 10.2 306.0 6.1 432.8 -29.31 

SES 5 0.50 Inch Cut n/a (Storm) 10.4 413.1 n/a 

SES 6 0.50 Inch Cut 11.6 355.0 6.3 432.8 -17.98 

* Storm means that the rope failed during the rope cycling, such that a break test 

was not possible. 

 

This table shows that the average break load for the reference samples, MQIQ 1, 

MQIQ 2 and SES1 with the new splice design was 461 kips Also note that the 

one reference sample tested at SES had a break load that fell nicely between the 

to values obtained at NEL.  Note also that the break strain measured at SES 
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(Sample SES 1) was 13.2 %, much greater than the values shown for MQIQ 1 

and 2 at NEL.  We discovered that while testing SES 1, a valve setting caused 

the accumulator to be activated at the higher loads near failure, causing the 

loading rate to slow down, thus producing the higher elongation value.  This 

problem was avoided in subsequent tests.  Figures D6 through D11 show the 

load vs. % elongation for the Part B samples. 

 

Tests MQIQ 4 and SES 1 and 2 were performed using the 0.7-inch knife cut 

damage, adopted after the testing in Part A. The MQIQ 4 sample remained viable 

during the cyclic testing, and failed during the break test at 336.3 kips, or 27 % 

lower than the average reference load determined by test.  Based on 

measurements from SES 2, discussed later, we believe that the % area cut by 

the 0.7-inch knife cut was about 14.5%.  If the residual strength of the damaged 

rope was determined by reducing the undamaged breaking load by 85.5 %, the 

“theoretical breaking load would be 396. kips, our NEL test result, 336.3 kips, 

was 15% below that value.  Thus using an area ratio assumption would not hold 

true in this case.  At this point in the testing program we began wondering why 

the test result was lower than the prediction based on using the area ratio.  

 

After the SES L2000 test machine was ready for rope testing, test SES 2 was 

conducted, intended to be identical to MQIQ 4 in the 0.7-inch knife damage 

inflicted.  During the cyclic loading series of SES 2, the test machine shut down 

because of exceeding preset test limits on cylinder extension.  The preset 

conditions are used to protect the hydraulic system from damage should unusual 

test sample behavior occur.  The shutdown occurred at 1500 cycles into the first 

hurricane sequence of 40% of the calculated breaking load plus or minus 15 %.  

The only prior cycling was 3000 cycles under lower conditions: 20% load plus or 

minus 10%.  

 

Upon removing the safety covers from the water tank, we found that only 14 of 

the 28 subropes were still tensioned and resisting load.  The remaining subropes 
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were either cut and broken or not cut and slack.  Another observation was that 

the splices at both ends were no longer symmetrical in shape, indicating that the 

eye splice had “rotated” around the eye.  These conditions are shown in Figures 

D12 and D13.  At the point where the machine stopped, and 14 subropes 

appeared undamaged, the breaking strength for the remaining subropes might 

be 14/28 times the reference strength or 230.5 kips.  The Maximum cyclic load 

during the storm cycling would be about 55% of reference, or 253.6, great 

enough to cause failure of 14 subropes.  Thus we conclude that if the machine 

had not automatically shut down, the rope likely would have broken. 

 

At this point we informed John Hooker of Marlow Ropes of this result.  After we 

consulted with BP we collectively decided to do the following: 

 

1. Start testing SES 3, which was an identical test to SES 2 and 

MQIQ 4, in the event that the results of SES 2 were an 

anomaly.  Also, perform a check on the result of the knife cut 

before testing by “opening” the rope at the damage location 

and counting the strands in each element of each subrope that 

were cut by the knife blade penetration into the rope.  

2. Begin a forensic investigation of the rope sample SES 2, in 

order to determine the failure mechanism, or the cause of the 

anomaly.  John Hooker gave us permission to do this study.   

Test SES 3 shut down 329 cycles into the second hurricane loading. SES 3 

survived longer than SES 002, which failed during the first hurricane loading, but 

the failure was similar. Upon inspection we learned that 7 subropes were tight, 

and holding load, 2 subropes had one of three elements remaining in tact and the 

remaining subropes were at the bottom of the water tank, either broken or 

slacked. 
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The question we had was “why did MQIQ 4 fail differently from SES 2 and SES 

3?”  The possible answer came from the forensics investigation of SES 2 

described more fully later.  

 

In summary, we found that new splice is formed by joining pairs of subropes in a 

closed loop, looking like the shape of a rubber band.  If the cutting was all on one 

side, as we know it was for SES 2 and SES 3, subropes on that side would be 

weakened and those on the other would not.  Since the weakened subropes are 

joined to their mating undamaged subropes, the weakened subropes could break 

and the other mating subropes could become slack as the affected subropes slip 

around the eye.  We speculate that the knife cut performed at NEL may have 

resulted in a cut across both sides of the subropes, rather than on one side only.  

As a result, the cut could have damaged some subrope pairs and thus the effect 

on the rope strength would have been less severe than if all of the cutting were 

on one side.  Unfortunately the sample was discarded, so we could not confirm 

this speculation. 

 

What other differences could exist between samples SES 2 and SES 3 and 

MQIQ 4?  Examination of the eye splice protective covering on MQIQ 4 revealed 

that the protective cover had been worn away in each sample at the point where 

the rope first makes contact with the spools.  After testing had ceased at NEL, 

Marlow Ropes retrieved the remaining samples and did some reworking of the 

covering of the rope samples and added a protective jacket, before the samples 

were sent to SES.  Could the jacket reworking make the MQIQ different from 

SES 2 and SES 3?  We do not know.  Another possibility, but we think not likely, 

is that the knife cut at NEL was somehow different in character from that used at 

SES. 

 

Since both SES 2 and SES 3 broke during the storm loading, we decided to 

reduce the knife cut depth from 0.7 to 0.5 inches for the final three damaged rope 

tests.  At this point we understood which subropes were on which side of the 
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splice, so we insured that we would use the most conservative case, and made 

knife cuts on one side of the rope.  Based on experiments and theory, a 0.5 inch 

knife cut would result in a 6% area loss, well under the 10% area loss value that 

is allowed by API RP 2SM.  

 

For SES 4, a 0.5-inch knife cut caused partial damage to 4 subropes, resulting in 

the equivalent number of subropes cut equal to 1.71 subropes.  The rope sample 

survived all of the cyclic testing.  Inspection of the rope prior to break testing 

showed that 24 of the 28 subropes were carrying load and 4 subropes were 

hanging together on one element (not carrying load). SES 4 broke during 

residual load testing at 306.0 kips.  Based on the assumption of using the area 

loss ratio times the average breaking strength of the reference samples, the 

“theoretical” rope strength would be 432.8 kips. Table B-2 shows the test load 

was 29.3 % below the theoretical.  If one assumed that one cut subrope resulted 

in 2 subropes being lost, or two times the area lost, the test result still be 24% 

below theoretical. 

 

The rope for SES 5 was cut to a 0.5-inch depth also, but inspection of the cut 

subropes revealed that in this case, 5 different subropes were damaged and the 

equivalent number of subropes cut was measured as 2.90, or 70 % greater than 

for SES 4.  This difference is attributed to the variation in the way the subropes 

lay under the knife blade.   Since the damage condition of 10.4 % was near the 

API allowable, we decided to test the SES 5 rope as is. The rope broke at 90 

cycles into the first storm cycle series.  Several loud “pops” where heard between 

cycle 80 and cycle 90.  Upon inspection, 10 subropes were tight and holding 

load, and 5 subropes were slack.  The remainder of the subropes was broken.   

 

For our final test, SES 6, we decided to make the cut identical to that of SES 4, 

which successfully passed the cyclic testing series.  To insure this, we opened 

the jacket to impose the damage.  Rather than using the knife cut, we used a 

scissors to duplicate the cuts on the same subropes measured for SES 4 as 
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closely as possible.  Thus, the cutting of SES 6 was forced to be nearly the same 

as SES 4.  Break testing produced a load of 355 kips, 16% higher than SES 4.  

The “theoretical” load was the same as for SES 4, and the break load was 18 % 

lower than theoretical. 

 
Conclusions to BP Tests 
 

1. Test results vary widely on effect of damage. 

2. Indications are that partial damage to one subrope results in a total break 

in that subrope, and then slacks the entire subrope pair 

3. Using a reduced breaking strength based on an area ratio is not a 

conservative assumption for this new splice. 

4. Damage tolerance of the subrope sample appears to be a function of area 

ratio and splice design, and not area ratio only. 

5. Our results could be affected by the sample being too short, but we see no 

compelling technical reason to support this belief. 

 

At the conclusion of the testing program using Marlow rope with the “new” splice 

design, we recognized that the Marlow “new” splice design was quite different 

from the splice of other rope manufacturers.  The other rope manufacturers used 

splices in chich each individual subrope was spliced back to itself, and not 

spliced in pairs. 

 

Conclusions to BP Regarding Discard Criteria For Damaged Rope 
 

The objective of the BP damaged rope project was to develop conclusions 

regarding “interim” criteria for rope discard.  Since the new Marlow splice was 

quite different from that of other manufacturers, our task was difficult.  Here are 

our conclusions:  
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API RP 2SM states that “a damage assessment should be performed and 

recorded immediately after damage to the rope is detected.”  It states additionally 

“specific guidelines for …an evaluation have not been developed.”  Further, 2SM 

states that if the evaluation indicates that “the rope fails to retain 90% of the 

required design strength of the mooring rope, the rope should be replaced 

immediately.”  

 

Our recommendations from testing on the Marlow rope with the new splice,  and 

analysis suggest the following criteria be used by BP (with agreement from the 

MMS) until further testing by DNV and the MMS has been completed and 

evaluated: 

 

1. For the Marlow Superline Rope with the “New” splice, which we have 

tested, any main body damage to the (28 – 32) subropes below the outer 

jacket should require immediate discard.  This recommendation is made 

because we have performed tests with as little 6% of the cross sectional 

area cut, and found a 16 % variation in residual breaking strength, and the 

lowest value was 29% lower than that assumed for a 6% area loss.  This 

recommendation applies only for the Marlow Superline rope with the new 

splice design. 

 

2. BP has considered the Whitehill rope as an alternative to the Marlow rope 

used on the Ocean Confidence Project. For the Whitehill Rope, a relatively 

new design (in 2001) with seven parallel subropes, and a rope which we 

have NOT tested under damaged conditions, we recommend that, for the 

time being, any partial damage to one of the seven subropes under the 

outer jacket should be considered as total damage to that subrope. 

Further testing is underway with DNV and planned by the MMS that will 

likely result in more detailed and less conservative advice for the Whitehill 

rope. Testing of identical samples, if the need arises, will show how well 

damage is accommodated by the Whitehill splice design. Our interim 
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recommendation means that 1/7, or 14.3% of the rope residual breaking 

strength would be conservatively assumed lost for one subrope being 

partially to totally damaged. 

 

3. For rope designs by other manufacturers, the following recommendations 

should be considered: 

 

a. Most commercially available deepwater mooring ropes consist of 

anywhere between 7 and 32 parallel subropes enclosed in an outer 

jacket.  If each individual subrope is spliced to itself, like the 

Whitehill, use the recommendations given for Whitehill in (2). 

b. If the subropes are doubly spliced to mating subropes in pairs, like 

the Marlow, or if the subropes are spliced to arbitrary subropes 

without matching (like in the old Marlow splice), use the 

recommendations in (1) above.  

 

4. If damage occurs in the splice region, do not use the rope until it is re-

spliced, as long damage has not been so severe to make restoration of 

the rope body to be impractical. This recommendation is made because 

no testing of damaged splices has been done. 

 

5. The above recommendations are made assuming that inspection of the 

rope damage is possible either on deck prior to installation, with ROV 

inspection in situ, or by recovering the rope segment for on-deck 

inspection. 

 

6. One should use the general recommendations in API RP 2SM Sections 

9.4 and 9.5 for rope retirement criteria and maintenance procedures, 

except that we are concerned about subsections 9.4.1.3 and 9.4.1.4.  

These two subsections allow use of a damaged line as long as 90% of the 

design strength (9.4.1.3), or 90% of the residual breaking strength 
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(9.4.1.4) is maintained.  One concern is that if 10% of the cross section is 

found by inspection to be damaged, it is possible for the actual retained 

breaking strength to be less than 90%, because of the specifics of the way 

different splice designs resist damage in the rope body.  Another concern 

is that in recommendation 2 above, one partially damaged subrope of 7 

total subropes will result in a loss of 14.3 % of the residual breaking 

strength, 85.7% retained breaking strength, but the rope would otherwise 

be safe to use if the mooring pre-tensions were adjusted to accommodate 

the 6- rather than 7-subrope rope.  

 

7. Of course, differences between these recommendations and those of API 

RP 2SM should be negotiated with the MMS prior to BP making a decision 

on damaged rope retirement based on these recommendations. 
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Figure D1.  Overview of the SES L2000 Test Machine. 
 

 
 

Figure D2.  Close-Up of the Moving End of the SES L2000. 
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Figure D3.  Knife Cut of Rope at NEL. 
 
 

 
 

Figure D4.  Butcher Knife Cuts at SES. 
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Figure D5.  Close-Up of the Cut Rope.  Note Raised Cut Region. 
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Figure D6.  Load vs. % Elongation Curve for   MQIQ 1. 

Note 1000 kN = 224.8 kips. 
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Figure D7.  Load vs. % Elongation Curve for   MQIQ 2. 
Note 1000 kN = 224.8 kips. 

STRESS ENGINEERING SERVICES
SES-001 Tension to Failure

Load vs. Defection

455.4 kips, 9.55 % 

0

50

100

150

200

250

300

350

400

450

500

0.0 4.3 8.5 12.8 17.0 21.3 25.5 29.8 34.0 38.3

Defection, in inches

Lo
ad

, i
n 

ki
ps

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

Elongation, in %

 
Figure D8.  Load vs. % Elongation Curve for   SES 1. 
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Figure D9.  Load vs. % Elongation Curve for   MQIQ 4. 
Note 1000 kN = 224.8 kips. 
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Figure D10.  Load vs. % Elongation Curve for   SES 4. 

 

D-20 



Appendix D 
Stress Engineering Services, Inc. 

STRESS ENGINEERING SERVICES
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Figure D11. Load vs. % Elongation Curve for SES 6. 
 

 
 

Figure D12.  Photograph of Splice Rotation on SES 2. 
Note Lack of Symmetry. 
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Figure D13.  Close-Up of Joining Point of Splice. 
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Note:  This report is Confidential Information to the Minerals Management Service and the Participants, 
and is not to be disclosed to third parties except as follows:   

1. Confidential Information that does not include results or conclusions associated with individual 
rope manufacturers cannot be disclosed or published for a period of 2 years from the publication 
date of this report.  

2. Confidential Information that includes results or conclusions associated with individual rope 
manufacturers cannot be disclosed or published for a period of 5 years from the publication date 
of this report.   
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Appendix E 

The Effect of Length on the Strength of Partially Damaged 
Parallel Strand Ropes 

 

Introduction 
A parallel strand rope consists of a number of sub-ropes, typically between 10 and 
30. Accidental damage may occur to a few of the sub ropes and this reduces the 
break strength of the whole rope. Testing sponsored by the MMS has demonstrated 
that the loss of strength in the whole rope may often be greater than the sum of the 
individual strength losses of the sub-ropes. This loss of strength is greater in longer 
rope lengths. Thus, short test ropes samples appear to perform better than the long 
rope in, for example, a mooring application 
 

The Mechanism 
In this example we will take a parallel strand rope consisting of 2 sub-ropes with an 
elongation to failure of 8% 
 
Supposing each subrope has a strength of 10 tonnes, then the strength of the rope is 
20 tonnes.  
 
We cut 50% of the fibers of one of the sub-ropes at some point along its length. The 
weakened section of this sub-rope will fail at 5 tonnes when the weakened section 
has reached an elongation of 8%. The unweakened section will also have the same 
load of 5 tonnes, but the elongation will only be 4% (i.e. half that of the weakened 
section) 
 
Assuming that the weakened portion is effective over half the length of the sub-rope, 
then the overall elongation will be 6%. At this elongation the undamaged sub-rope 
will have a load of 7.5tonnes 
 
In a break strength test of the parallel strand rope there will be two failures, the first 
failure will occur at 6% elongation and a load of 12.5 tonnes (5 + 7.5 tonnes) and the 
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second failure will occur at 8% elongation and a load of 10 tonnes. 
 
Thus by cutting only 25% of the total cross-sectional area of the rope we have 
caused a 37.5% strength loss. 
 
In the next example the weakened portion of the one cut sub-rope is over 90% of the 
sub-rope length. This might be the case with a short test sample. 
 
The strength of the cut sub-rope is still 5 tonnes and the elongation to failure of the 
weakened section remains 8%. Equally the elongation of unweakened section stays 
at 4%. The only difference is that these elongations are distributed over different 
lengths, so now the overall elongation to failure of the weakened sub-rope is 7.6%. 
At this elongation the undamaged sub-rope will have a load of 9.5 tonnes. 
 
Once again there will be two failures, at 7.6% elongation and a load of 14.5 tonnes 
(9.5 + 5 tonnes) and at 8% elongation at a load of 10 tonnes. 
 

 
Thus, by increasing the length of the damaged section, the strength of the rope has 
increased. 
 
Conversely by reducing the length of the damaged section to just 10% of the rope 
length , the strength of the rope is reduced by 47.5%.  
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In a real rope with 10 or more sub-ropes the second failure will be the sum of the 
strength of the undamaged sub-ropes. The main point to understand is that the 
elongation to failure of the damaged sub-rope is a function of length over which that 
damage is spread. 
 
In testing in fatigue the cut fibers, initially may pick up load after a short distance, but 
gradually, with each fatigue cycle the length over which they do not pick up load will 
increase. 
 

Example 1 
In this example the rope consists of 10 sub-ropes. Two sub-ropes have 50% damage 
and four sub-ropes have 25% damage. This means that 20% of the rope has been 
severed and the damage is distributed over much of the rope. In the calculations that 
follow it has been assumed that the damage is effective over a length equal to 35 
times the diameter of the rope. During a break strength test there will be 3 breaks as 
the elongation increases. 
 
In the case of the shortest sample, the maximum strength occurs at the first break 
with the loss of strength is 23.5%; only slightly greater than amount of fiber cut. 
 
Sample Length  = 40 D Load % Uncut 

Rope 
Elongation 

1st Break 76.5% 7.50% 
2nd Break 68.7% 7.75% 
3rd Break 40.0% 8.00% 

 
This changes quite dramatically, when the sample length is increased to 400 D. The 
first break also gives the maximum strength but this is reduced to 61%. It is also 
worth noting that the most damaged strands broke before the maximum load was 
reached, and this occurred at the second break. 
 
Sample Length  = 400 D Load % Uncut 

Rope 
Elongation 

1st Break 52.9% 4.35% 
2nd Break 60.9% 6.17% 
3rd Break 40.0% 8.00% 

 
Further increases in length make little difference. In this example the length is 4000 
D and realistic for a 1000m mooring line. 
 
Sample Length  = 4000 D Load % Uncut 

Rope 
Elongation 

1st Break 50.3% 4.03% 
2nd Break 60.1% 6.02% 
3rd Break 40.0% 8.00% 
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Strength vs Length
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Example 2 
In this example the rope consists of 25 subropes. Three subropes have 83.3% 
damage and five subropes have 50% damage. This means that 20% of the rope has 
been severed and the damage is concentrated over proportionately less of the rope 
than in the previous example. It has been assumed that the damage is effective over 
a length equal to 35 times the diameter of the rope. During a break strength test 
there will be 3 breaks as the elongation increases. 
 
In the case of the shortest sample the second break gives the maximum strength.  
This is not surprising. The first break is that of the 83% damaged strands and they 
are only capable of contributing 2% of the nominal rope strength. 
 
Sample Length  = 40 D Load % Uncut 

Rope 
Elongation 

1st Break 72.5% 7.17% 
2nd Break 73.8% 7.50% 
3rd Break 68.0% 8.00% 

 
As the sample length increases the maximum strength is obtained at the third break 
when all of the damaged strands have broken earlier. This underlies the behavior of 
longer ropes. Damaged strands tend to break early and do not contribute to the 
strength of the rope. 
 
Sample Length  = 400 D Load % Uncut 

Rope 
Elongation 

1st Break 22.7% 1.92% 
2nd Break 47.0% 4.35% 
3rd Break 68.0% 8.00% 
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Further increases in length make no difference to the final strength. 
 
Sample Length  = 4000 D Load % Uncut 

Rope 
Elongation 

1st Break 17.3% 1.39% 
2nd Break 44.3% 4.04% 
3rd Break 68.0% 8.00% 

 

Strength vs Length
25 Sub-Rope
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Example 3 - Trends 
In this example the rope consists of 10 sub-ropes where 10% damage is inflicted in 
the first case by cutting 50% of 2 sub-ropes and in the second case by cutting 25% 
of 4 sub-ropes. The results are plotted below  
 

10 
Subropes 

2 subs 50% 
Damage 

4 subs 25% 
Damage 

   
40 85.0% 88.1% 

100 80.0% 80.3% 
200 80.0% 77.6% 
300 80.0% 76.7% 
400 80.0% 76.3% 
4000 80.0% 75.1% 
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Example 4 - Trends 

 the second example the rope consists of 25 sub-ropes where 10% damage is 

25 
Su es 

3 Subs 83.3% 5 Subs 50% 

 

Strength vs Length
10 Sub-Ropes 10% Damage
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In
inflicted in the first case by cutting 83.3% of 3 sub-ropes and in the second case by 
cutting 50% of 5 sub-ropes. The results are plotted below  
 

brop
 

40 88.0% 

Damage Damage 
  

85.0% 
100 88.0% 80.0% 
200 88.0% 80.0% 
300 88.0% 80.0% 
400 88.0% 80.0% 
4000 88.0% 80.0% 
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Strength vs Length
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In both cases, there is a clear disadvantage in spreading the same overall damage 
over more sub-ropes.  With any reasonable sample length the damaged sub-ropes 
fail prematurely and do not contribute to the rope strength. 
 

Tight Jackets 
Tight rope jackets will have a different effect and prevent the sub-ropes from 
elongating independently. This will have the effect of preventing the weak section of 
a sub-rope from stretching more than its neighbors. The loss of strength will be tend 
to be that of the amount of fiber cut or damaged. Clearly the jackets will have to be 
very tight for this condition to prevail. 
 
In practice, however, in order for the sub-ropes to become damaged the jacket has 
to be cut. Consequently the jacket will always be loose around the area of damage 
and in this area, the sub-ropes will be able to elongate independently. However, 
because the jacket is tight away from the damage, the severed fibers will pick up 
load after a short distance. In this case then, even with shorter samples, the 
tendency will be for the strength loss to approach that of longer samples. 

Unwinding 
During rope testing it was observed that some cut strands unwound and became 
slack in the construction. This had the effect of delaying the breaking of the damaged 
strands so that first breaks occurred at higher loads. The amount of unwinding 
depended on the degree of cut, the tightness of the jacket and tension-tension 
cycling. If two of three strands in a sub-rope were cut, the helix angle of the sub-rope 
became zero, whereas if only one strand were cut the helix angle reduced but not to 
zero. With very tight jackets the sub-ropes could only unwind in the vicinity of the 
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damage but if the jackets were loose the unwinding propagated with each tension-
tension cycle. 
 
This effect of unwinding was included in the model and graphing was added. It is 
now possible to produce an accurate simulation of the breaking process of damaged 
parallel strand ropes. 
 
This is illustrated in section 4.2, showing actual and calculated load elongation 
curves. 
 

Conclusions 
1) With short lengths, the % fiber damage equals the % rope strength loss 
2) With  long lengths, % rope strength loss equals the number of damaged sub-

ropes 
3) For the same amount of fiber loss, it is better to inflict severe damage on 

fewer sub-ropes. 
4) Tight jackets theoretically help to mitigate the length effect. In practice the 

jackets will be loose around an area of damage. This looseness combined 
with jacket tightness away from the damaged area will tend to amplify 
strength loss in short samples 

5) There is a secondary effect of unwinding due to the damage inflicted. This 
alters the stress strain curve as breaking of damaged strands occurs at 
higher elongation. 
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