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SUMMARY 

This report describes the work performed by the Pacific Northwest labor­
atory (PN~) and its subcontractor Battelle Columbus laboratories (BCl) on the 
Wire Rope Improvement Program during FY-1979 and the first half of FY80. The 
program, begun in 1975 by the U.S. Bureau of Mines, was transferred to the 
U.S. Department of Energy (DOE) on October 1, 1978. Since that time, the 
DOE's Division of Solid Fuels Mining and Preparation has sponsored the 
program. 

To address identified problems and provide information from which behavior 
of large-diameter wire rope could be better understood, efforts in the follow­
ing areas were undertaken during FY79 and continued in FY80: 

• large-diameter rope testing 
• small-diameter rope testing 
• data analysis and evaluation 
• wear and failure analysis 
• load sensor development 
• technology transfer. 

Wire ropes 3/4 in., 1-1/2 in., and 3 in. in diameter were tested in 
bend-over-sheave fatigue. Attempts were made to correlate fatigue life of 
these ropes. limited field rope data were available to compare with test 
results. The modes of failure and wear in laboratory ropes were compared 
with those seen previously in field ropes. 

A load sensor was designed and ordered in FY79. It will be connected to 
the drag rope and jewelry of working draglines during the summer of FY80. 

Technology transfer was achieved through disseminating written materials, 
conducting seminars, holding a national symposium, and filming of selected 
field operations • 
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INTERIM REPORT 

WIRE ROPE IMPROVEMENT PROGRAM 
FISCAL YEARS 1979-1980 

1.0 INTRODUCTION 

The work described herein was performed by the Pacific Northwest Labora­
tory under the continuation of a program begun by the U.S. Bureau of Mines in 
1975. On October 1, 1978, the program was transferred to the Division of 
Solid Fuels Mining and Preparation, U.S. Department of Energy. 

Initial results of the program showed that large-diameter wire rope hav­
ing an independent wire rope core behaved quite differently when tested under 

bend-over-sheave (BOS) fatigue than did small-diameter wire rope having a fiber 
core (see Figure 1.1). It was not known if this was due to a size effect, the 
difference in core materials, or a breakdown in the Drucker-Tachau bearing 
pressure ratio (Drucker and Tachau 1944). 

Another interesting result was the extremely short fatigue life exhibited 
by large-diameter wire rope when tested in BOS fatigue at design factors 
greater than 2.5.(a) This result, coupled with an extensive examination of 

failed ropes from the field, leads to the conclusion that field ropes may see 
greater service loads than previously expected. 

It was also confirmed that there was no standardization of techniques for 

care or removal of wire rope from service. In some instances, there was a 
lack of understanding of how wire ro~e behaves and how it should be cared for. 

To address the identified problems and provide information from which 
behavior of large-diameter wire rope could be better understood, the following 
program was undertaken during FY79: 

(a) Design Factor = Rated Breaking Strength 
Test Load 

1.1 



0.024 

0.022 

0.020 

0 
0.018 

~ 0.016 Q:: 

L&J 
Q:: 
::::;) 0.014 Vl 
Vl 
L&J 
Q:: 

0.012 ~ 

...... ~ . 
0.010 N Q:: 

< 
L&J 
co 0.008 

0.006 

0.004 

OJX12 

0 
0 

• 

• ROPE 81 

• ROPE D 

• ROPE 8 

~ , \ 1 7/16" ROPE 

I ~, .\./ 
~~ '\ 

1 3/8" RO PE " " 
,. 112 II ROPE .... ~, / 

.f&-. -- "." JI{ 

~~~.:;.~~ •. ~~:: ._~ ~ROPE 
.- .. ..:.,.:.~.~ ~.:: '":1."'--- ---- ~ 

\. .~ "-- . 

4 8 

FIGURE 1.1. 

13/811 ROPE 

12 16 20 24 28 

CYCLES AT FAILURE x 103 

Large- and Small-Diameter Rope Data Compared 
Using the Drucker-Tachau Ratio 

32 

• 



• Large-Diameter Rope Testing 
• Small-Diameter Rope Testing 
• Data Analysis and Evaluation 
• Wear and Failure Analysis 
• Load Sensor Development 
• Technology Transfer Seminars. 

One obvious approach to the program is through simulation; that is, 
through performing scaled-down experiments on smaller-diameter wire ropes. If 
a correlation could be found with similar tests performed on large-diameter 
ropes, the results of the small rope tests could be used to identify trends 
expected to occur in the large-diameter ropes. Such an approach, if success­
ful, would offer tremendous savings in cost aDd time. 

Another approach is to determine actual causes of rope failure in the 
field. Using this knowledge, appropriate remedial actions could be taken. 

A third approach is to communicate wire rope research findings directly 
to rope users--the mine operators and supervisors. Providing basic education 
in the most current technology could lead to altered field handling procedures 
that would extend wire rope life. 

Each of these three approaches was employed. The primary objectives in 
the FY79 and FY80 Wire Rope Improvement Program were: 

• to conduct large- and small-diameter rope tests for similar rope 
constructions 

• to develop analytical means by which large-diameter wire rope bend­
ing fatigue behavior could be accurately projected from small­
diameter wire rope tests and single-wire tests on wire samples taken 
from rope of both size ranges 

• to develop, through ~ear and failure analyses, a more complete 
understanding of how drag and hoist ropes fail in service. In FY80, 
the wear study was expanded to include the evaluation of certain 
nondestructive techniques, to monitor the progressive failure of the 
test ropes and to assess the possible use of these techniques in the 
field. 
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• to develop a load sensor capable of measuring both steady and dynamic 
loads on an operating dragline, to provide data necessary to evaluate 
hoist and drag rope performance 

• to provide mine operators and supervisors with more direct guidance 
concerning the basic reasons for shortened wire rope life. 

This report describes the work performed toward these objectives. .Some 
of the information presented here appeared in an earlier project report 
(Beeman 1978). The conclusions are presented first in Section 2.0. Sec­
tion 3.0 documents the experimental research on largeand small-diameter wire 
ropes.(a) The analytical work is presented in Section 4.0. Wear and fail­
ure analyses conducted to determine causes of test rope failure are described 

in Section 5.0. In Section 6.0, the development of the load sensor is dis­
cussed. Section 7.0 describes the technology transfer activities completed. 
Recommendations stemming from the program efforts are presented in 
Section 8.0. 

(a) Small-diameter rope tests were performed at Battelle Columbus Laboratories. 
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2.0 CONCLUSIONS 

Conclusions based on previous program work and the contract activities 
completed in FY79 and FY80 are described in the following paragraphs for each 
research area. 

2.1 EXPERIMENTAL WORK 

The experimental work led to three conclusions: 

• Similar modes of failure occurred during BOS fatigue tests of large­
and small-diameter wire rope. 

• Fatigue life of large-diameter wire rope at design factors of 4 
and 5 fell within expected trends. 

• Differences in BOS fatigue life for small-diameter wire ropes were 
observed for different rope constructions. 

2.2 ANALYTICAL WORK 

Three conclusions emerged from the analysis of bending stresses in wire 
ropes and the correlation of bend-over-sheav~ fatigue data for Lang-lay IWRC 
construction: 

• A modified bearing pressure ratio generally consolidates bending 
fatigue data on ropes of different constructions somewhat better 
than the standard Drucker-Ta~hau bearing pressure ratio. 

• Tensile and bending stresses in the exterior wires of all three rope 
diameters studied (from 3/4 in. to 3 in.), each having 16 outer 
wires per strand, are approximately equal for Old ratios of 30 and 
larger, but differ markedly for Old ratios of 15 and less. 

• Long-life laboratory data on small wire ropes are comparable with 
field data on large dragline hoist ropes, when consistent retirement 
criteria are used . 

2.1 



2.3 WEAR AND FAILURE ANALYSIS 

The wear and failure analysis led to five conclusions: 

• Wear patterns on test ropes and field ropes were similar, except for 
less crown wear on the laboratory ropes. 

• Cracked but unfailed wires are more prevalent in retired laboratory 
ropes tested at the highest design factors (lowest test loads). 

• Wire strength and bending fatigue resistance appear to be directly 
related at low design factors (high loads) and inversely related at 
high design factors (low loads). 

• Both ac and dc electromagnetic techniques may be useful for the 
inspection of large-diameter wire rope in the field. 

• A radiographic technique developed at Battelle, Pacific Northwest 
Laboratories, and adapted to large-diameter wire rope was identified 
as a candidate for monitoring the failure progression of wire rope 
and for use in the field examination of selected regions. This 
technique can easily resolve a l/8-in. diameter hole in the IWRC of 
a 3-in. wire rope. 

2.4 LOAD SENSOR DEVELOPMENT 

Two conclusions were drawn from the load sensor studies in FY79: 

• Drag rope dynamic loads should be considered before hoist rope loads 
because of the high uncertainty and severity of drag rope loads. 

• A load link of convenient size and shape inserted into the drag 
string was selected as the prime concept over an instrumented 
replacement part or strain gaging of existing hardware. 

2.5 TECHNOLOGY TRANSFER 

The technology transfer activities of the Wire Rope Improvement Program 
have been rewarding and interesting. Mine operators, engineers, and others 

are generally responsive to suggestions for improved use of wire rope; their 
responsiveness is expected to lead to reduced operating costs and improved 
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production. PNL has observed little need to "push" wire rope technology 
transfer, because strong technological interest continues to come from the 
wire rope community. Technology transfer is an effective and practical method 
to provide basic information and research developments to ultimate users and 
is, therefore, scheduled to continue as a viable component of the Wire Rope 
Improvement Program • 
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3.0 EXPERIMENTAL RESEARCH 

The parameters for large- and small-diameter wire rope bend-over-sheave 
(BOS) fatigue tests are shown in matrix form in Table 3.1. Large-diameter 
wire rope came from one manufacturer and was of filler-wire Seale construction. 
Small-diameter wire ropes were purchased from two comparable manufacturers for 
both the 3/4- and 1-1/2-in. diameter ropes. One manufacturer supplied filler­
wire Seale ropes while the other supplied Warrington Seale ropes. Thus, it 
was possible to examine the potential effects of modest differences in con­
struction on bending fatigue resistance. Two sheave-to-rope diameter (Old) 
ratios and four design factors were considered so that the traditionally-used 
bearing pressure ratio value could be examined for a range of test conditions. 

TABLE 3.1. Bend-Over-Sheave Fatigue Test Parameter Matrix 

Old 20 Old 30 Number of 
Rope Rope Design Factor Rope Outside Wires 

Oiameter2 in. Manufacturer 2 3 'l 2 3 'l 5 Construction ~er Strand 
3/4 M X X X X 6 x 36 WS(a) 14 

H X X X X X 6 x 41 FWS(b) 16 

1-1/2 M X X X X 6 x 41 FWS 16 

H X X X X 6 x 41 FWS 16 

3 B' X X X X 6 x 57 FWS 16 
B X X 6 x 57 FWS 16 
0 X X 6 x 41 FWS 

(a) Warrington Seale. 
(b) Filler-Wire Seale. 

The bearing pressure ratio value (Drucker and Tachau 1944) was first 
proposed as an empirical factor or design criterion that could be used to 
correlate wire rope bending fatigue data (for a particular construction) 
generated at different combinations of wire strength, rope diameter, sheave 
diameter, and rope tension. This bearing pressure ratio (B) is expressed as 

3.1 



where 
T = rope tension, lb 

2T 
B = UDd 

U = wire ultimate strength, psi 
D = sheave diameter, in. 
d = rope diameter, in. 

The usefulness and limitations of this parameter will be discussed in more 
detail in Section 4.0. 

(3.1) 

The experimental research completed at BCl involved BOS fatigue tests on 
small-diameter wire ropes and tensile tests on rope wires. The experimental 
studies completed by PNl were bend-over-sheave tests on large-diameter wire 
ropes. These companion studies are described in this section. The test 
results were used to determine if a correlation exists between large- and 
small-diameter IWRC wire rope when tested under BOS fatigue. The extent of 
correlation is discussed in Section 4.0 of this report. 

3.1 lARGE-DIAMETER WIRE ROPE TESTS 

During FY79 and the first half of FY80, fourteen ropes were tested. Of 
these, eleven were tested to failure on the large-diameter bend-over-sheave 
(BOS) fatigue machine. The test methods and results are documented in the 
next two subsections. 

3.1.1 Test Methods 

Ropes tested were of the 6 x 37 class, 3 in. in diameter with an IWRC. 
Ropes were of Right lang-lay construction. Design factors of 4 and 5 were 
used for test loads. Rope failure was defined as damage severe enough to 
preclude further field service. 

The large-diameter fatigue testing machine is shown in Figure 3.1 This 
machine is designed to test two 3-in. diameter wire ropes simultaneously under 
tensile loads up to 425,000 lb each. The tensile load is provided by a 24-in. 
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FIGURE 3.1. Large-Diameter Wire Rope Fatigue Test Machine 

diameter hydraulic cylinder. The ropes are cycled over a gO-in. diameter 
sheave for a sheave-to-rope diameter (Old) ratio of 30:1. Translation of the 
ropes is accomplished by a double-acting hydraulic cylinder with up to 20-ft 
stroke. This arrangement subjects each rope to three different strain areas. 
The no-bend region is never cycled over the sheave; the single-bend region 
undergoes one bending cycle per machine cycle; and the double-bend region 
experiences two bending cycles per machine cycle. Approximately 17 rope 
diameters (approximately two lay lengths) were subjected to double-bend 
fatigue. 

Data obtained during fatigue testing included: 
• bending cycles to failure of one strand for a given load history 
• change in rope diameter with cycles 
• rope elongation with cycles 
• numbers and location of broken wires. 

After fatigue testing, ropes were disassembled and examined for mode of 
failure . 
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3.1.2 Test Results 

By the end of FY79, 27 large-diameter wire ropes had been tested in BOS 
fatigue. Testing to failure was carried out on 21 of the 27 ropes. 

Fatigue test data are summarized in Table 3.2. Both total and adjusted 
cycles to failure are noted. The total cycles include "start-up" cycles at a 
reduced non-test load. The adjusted cycles represent the cycles at the actual 
test load. Table 3.3 shows the test results for those ropes tested at two 
different test loads. Load 1 was applied first. After some number of cycles, 
Load 1 was changed to Load 2 and ropes were cycled to failure, where failure 
was defined as that which would have surely caused its retirement in the 
field. In most cases, this was the failure of at least one strand. Multiple 
load tests were a result of the test procedures used in large-diameter rope 
testing. Initially, two ropes were placed on the machine. When a rope 
failed, it was replaced and testing continued. 

Ropes tested at two load levels were cycled initially for periods ranging 
from 33% to 75% of their expected life at the first load. The load was then 
changed and the test continued until failure. Figure 3.2 is a schematic 
representation of the ropes' load history. Failure data are summarized in 
Table 3.4 along with comparisons of expected and actual life. Expected cycles 
were obtained by estimating life on the basis of final loading conditions only, 
and on the average number of cycles from previously obtained data. 

Figure 3.3 is a plot of load versus cycles (S-N curve) for all large­
diameter ropes tested. This shows that, even at design factors as low as 5, 
large-diameter wire rope has a finite BOS fatigue life (for a Old ratio 
of 30). Tests are being conducted at a design factor of 6. It appears that, 
for these test conditions, the endurance limit of the rope (106 cycles) will 
not be reached at any reasonable design factor. 

Figure 3.4 represents elongation of a typical rope as a function of test 
cycles. Regardless of test load, ropes generally exhibited this type of elon­
gation behavior. The only variation was a shortening of all three stages with 

increasing load. The steep slope of the curve seen during Stage 1 comes from 
early "wearing in" of the rope. A 6 x 37 class, 3-in. diameter IWRC wire rope 
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TABLE 3.2. Large-Diameter Rope Fatigue Test Data Summary 

Rope Design Bending C~cles to Failure 
8 x 10-3 No. Load, 1 b Factor Manufacturer Total Adjusted 

1 249,000 3.4 D 61,610 51,070 7.1 
1a 249,000 3.4 D 61,610 51,070(a) 7.1 

2 249,000 2.9 B 152,004 84,712 8.0 

2a 249,000 2.9 8 152,004 84,712(a) 8.0 

3 330,000 2.6 D 20,816 29,346 9.4 

3a 330,000 2.6 D 30,816 2Q 346(a) 9.4 

4 330,000 2.2 B 43,866 43,760 10.6 

4a 330,000 2.2 B 42,866 43,760(a) 10.6 

5 413,000 2.1 D 2,774 2,682 118.0 

5a 413,000 2.1 D 2,774 2,682(a) 118.0 

6 413,000 1.7 B 614 508 133.0 

7 413,000 1.7 8 1,568 1,218 133.0 

8 348,300 2.3 8 1 30,318 29,464 108.0 

9 348,300 2.3 81 26,666 26,208 108.0 

10 See Table 3.3 

11 See Table 3.3 

12 424,100 1.9 81 28,880 28,158 131.0 

13 424,100 1.9 8 1 3,180 2,924 131.0 

14 424,100 1.9 8 1 2,608 2,554 131.0 

15 See Table 3.3 

16 278,200 2.9 81 44,232 44,086 8.6 
17 278,200 2.9 8 1 49,878 49,678 8.6 
18 278,200 2.9 81 43,290 43 114 (a) , 8.6 

19 199,000 4.0 8 1 103,190 103,112 6.1 

20 199,000 4.0 8 1 156,120 156,026 6.1 

21 See Table 3.3 

22 159,200 5.0 81 219,480 219,424 4.9 
• 

(a) Did not fail. 
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TABLE 3.3. Mixed Load Failure Data 

Bending Cycles Bending Cycles Bending Cycles 
Rope Load 1, Load 2, at Load 1 at Load 2 at Failure 
No. lb lb Total Aajusted Total Adjusted Total Adjusted 

10 413'fa9 348,300 954 816 66,370 65,150 67,324 65,876 
(1. 9) a (2.3) 

11 348,300 424,100 9,386 9,340 24,716 24,256 34,102 33,596 
(2.3) (1. 9) 

15 424,100 278,200 1,578 1,554 50,820 50,650 52,398 52,204 
(1. 9) (2.9) 

21 199,000 159,200 52,950 52,918 132,808 132,776 185,758 185,694 
(4.0) (5.0) 

(a) Numbers in parentheses are design factors. 
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FIGURE 3.2. Mixed Load Testing 
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TABLE 3.4. Mixed Load Life Data 

Rope Final Load, Expected 
No. lb C,}::cles 

10 348,300 28,500 

11 424,100 2,880 

15 278,200 47,100 

21 159,200 219,480 

.3 IN. ROPE MANUFACTURER B 

• 31N. ROPE MANUFACTURER D 

.. 3 IN. ROPE MANUFACTU RER B I 

10 100 

Actual 
C,}::cles 
65,966 
33,596 
52,204 

185,694 

1000 

CYCLES TO FAILURE 

Percent Increase 
in Life 

131 
1,067 

11 

-15 

10,000 

FIGURE 3.3. Fatigue Curve for Large-Diameter Rope 

100,000 

has more than 250 individual wires of varying sizes. The composite nature of 
rope accounts for the initial elongation segment, due to relative movement of 
wires as they become more tightly packed, and contributes to the early reduc­

tion in rope diameter. 
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FIGURE 3.4. Typical Rope Elongation with Test Cycles 

Change in rope diameter as a function of cycles is shown in Figure 3.5. 
Typical reduction in rope diameter was <5%. Diameter change is more pro­
nounced in the double-bend region and much less obvious in those areas of rope 
that are never cycled over a sheave. However, at high loads the initial com­
paction was not as obvious as expected. High loads may lock the wires in 
place and prevent them from moving, causing more severe notching and a dif­
ferent failure sequence than at lower loads. 

The second stage of the elongation curve is the longest of the three 

stages. During this stage, elongation increases at a fairly constant rate. 

Most individual wire wear occurs during this stage. Depending on rope con­
struction and, to some extent, on wire ultimate tensile strength (UTS), broken 
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wires begin to appear during this stage. Wires usually break at some internal 
contact point and work out to the surface. In some tests, more than 20 broken 
wires were found before failure. At the highest loads, no broken wires were 
observed before failure. 

The third and final stage has a steep slope and is of short duration. It 
may be from 10 to 100 cycles long, depending on the load, with the fewest num­
ber of cycles occurring at the highest loads. In some cases, particularly at 
the higher loads, this final stage was not clearly defined. (a) More wires 

break during this stage; sometimes, however, they may not become externally 

visible because of the short exposure in this stage. Such wire breakage 
reduces the load-carrying capacity, and failure of one or more strands quickly 
develops. At lower loads, the majority of failed wires had the appearance of 
brittle failure. At loads above approximately 40% of the catalog UTS for the 

rope, the majority of wires in the failed region failed in a ductile manner. 

3.2 SMALL-DIAMETER WIRE ROPE AND WIRE TESTS 

Bend-aver-sheave fatigue tests and tensile tests on single rope wires 
conducted at BeL are documented in the following two subsections. 

3.2.1 Bend-aver-Sheave Fatigue Tests 

Two bend-over-sheave fatigue machines were used for the small-diameter 
wire rope experiments. Each machine had two sheaves, one rigidly positioned 
on its axle and the other mounted on a movable rigid frame through which 
tension was applied to a pair of rope specimens, as shown schematically in 
Figure 3.6. Sheave spacing and stroke length were chosen so that, for all 
conditions tested, a critical section of each rope would pass on and off its 
sheave during each machine cycle. In other words, this primary test section 
received two bending cycles per machine cycle. The length of this critical 
section was always maintained at no less than four rope lay lengths, or 

approximately 26 rope diameters. Secondary test sections located to each side 
of the critical or primary test section of each rope sample were subjected to 

(a) Failure of wire rope usually occurs in a localized area. For this rea­
son, any change in length at failure is small when compared to the overall 
length of the rope; the effect may obscure measurement and observation of 
the third stage. 
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FIGURE 3.6. Small-Diameter Wire Rope Test Machine Schematic 

a single bending cycle during each machine cycle. As shown in Figure 3.7, the 
length of these secondary test sections was dictated by the sheave diameter. 

Sheaves manufactured from 1045 steel plate were 3 in. thick for the 
1-1/2-in. diameter rope and 1-1/2 in. thick for the 3/4-in. diameter rope. 
Sheave grooves were machined to 7% oversize in accordance with new ANSI 
standards for mining ropes. Throat angles of 300 were used on all sheave 
grooves; groove depths were set at the nominal rope diameter. After machining, 
all sheave grooves were flame-hardened to Rc = 55 to 60, so that no signifi­
cant changes in sheave groove contour would occur during testing. 

Selected rope tension was achieved and maintained through constant 
hydraulic pressure on the sheave load actuator. Load-pressure calibration of 
this actuator was determined before testing with a precision load cell trace­
able to the National Bureau of Standards. Linearity and stability of this 
calibration were within 2%. 
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FIGURE 3.7. Test Sections Within Each Small-Diameter Rope Sample 

As mentioned previously, two specimens were cycled simultaneously. A 
given test was continued until one rope specimen failed, at which time a 
IIdummy" rope of the same construction was mounted in place of the failed rope. 

The test was then restarted and continued until the second rope failed. Rope 
failure was defined as the failure of one complete strand. Failure of a strand 
always occurred in the primary test section, although some broken wires were 
observed in the secondary test sections of long-life rope samples. 

The resulting wire rope bend-over-sheave fatigue data are listed in 
Table 3.5 and shown in Figure 3.8. Generally, linear patterns of bearing 
pressure ratio versus life were evident in each rope construction when plotted 
on log-log paper. Overall, the 6 x 41 FWS, 3/4-in. diameter ropes had the 
longest lives, while the 6 x 36 WS, 3/4-in. diameter wire ropes experienced 
the shortest lives. The 1-1/2-in. diameter rope data for both 6 x 41 con­
structions fell between the two 3/4-in. diameter rope data sets. These small 
rope data trends are compared in Section 4.0 with the 3-in. rope data. The 
probable reasons for the moderate layering in fatigue life of the data gener­
ated for different constructions and manufacturers are also discussed in 
Sec t ion 4.0. 

3.2.2 Single-Wire Experiments 

Tensile tests were performed on wires taken from the 3/4-in., 1-1/2-in., 
and 3-in. diameter wire ropes to compare static tensile properties of the wire 
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TABLE 3.5. Bend-Over-Sheave Fat i gue Test Results for 3/4-in. 
and l-i/2-in. Lang-Lay IWRC Rope 

5heave-to- Manufacturer(b) Manufacturer(c) Bearing 
Rope Rope Design Average Average Pressure 

Factor, Ratio Diameter Di ameter Ratio, 
d. f. (a) 

Specimen Bending Cycles Cycles Specimen Bending Cycles Cycles 
x 10-3 in. D/d Identif. to Failure to Failure Identif. to Failure to Fai lure 

3/4 20 2.11 10N202B1 45,786 44,897 15.8 
105202B1 44,008 

3.00 7N203A1 33,756 33,276 9N203B1 78,520 75,665 11.1 
7S203A1 32,796 95203B1 72,810 

4.00 6N204A1 50,944 52,897 8N?04B1 109,534 101,985 8.35 
6S204A1 54,850 85204B1 94,436 

30 3.00 2N303A1 80,118 74,670 4N303B1 120,358 123,200 7.42 
2S303A1 69,226 4S303B1 125,954 

w 
4.00 1N304A1 106,906 . 107,700 3N304B1 179,642 183,200 5.57 

t--> 
w 15304A1 108,544 3S30481 186,762 

1-1/2 20 3.05 2N203A2 47,598 45,340 10.9 
2S203A2 43,090 

3.63 4N20382 59,354 58,671 9.16 
4S203B2 57,988 

4.00 1N204A2 69,360 63,450 3N204B2 66,498 65,737 8.33 
15204A2 57,542 3520482 64,976 

30 3.05 6N303B2 99,082 95,511 7.29 
65303B2 91,940 

4.00 5N304B2 137,030 131,339 5.56 
5S304B2 125,648 

(a) d.f. = rated rope strength/rope tension. 
(b) Construction in 3/4-in. rope was 6 x 36 WS; 1-1/2-in. rope was 6 x 41 WS construction. 
(c) Construction in 3/4-in. rope was 6 x 41 FW5; 1-1/2-in. rope was 6 x 41 FWS construction. 
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FIGURE 3.8. Small-Diameter Wire Rope Bend-Over-Sheave Fatigue Data 

materials. Only the outer wires in each rope construction were tested. Wires 
were tested under displacement control in an electrohydraulic test system. At 
minimum, a 10-in. gage length was used in each experiment. The resulting data 
are given in Table 3.6. This table includes information on the rope construc­
tion and diameter from which the wires were taken, as well as a range of 
experimental measurements and computations.(a) These data are based on an 

average of two tensile tests per wire size for each rope size/construction. 

(a) Experimental measurements and computations include proportional limit 
stress, yield strength, ultimate tensile strength, apparent elastic 
modulus, reduction in area, a shape parameter (Ramberg and Osgood 1943), 
and plastic strain coefficient (see Appendix A) for each wire. 
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TABLE 3.6. Single Wire Tensil e Properties(a) 

Wi re proportl09al 
Strength(c) 

Tensile Apparent Reduction 
Rope Oi ameter, Limit b Strength Elastic Modulus,(d) in Area, 

dw, o i ameter Rope 0p.L. , a 
kS~U' in. Cons truct i on in. ksi k~l ----

3/4 x 36 WS 0.042 138.0 235.0 295.0 

3/4 x 41 FWS 0.039 111. 0 213.0 285.0 

1-1/2 x 41 WS 0.76 95.0 212.0 288.0 

1-1/2 x 41 FWS 0.077 137.0 230.0 286.0 

6 x 57 FWS 0.149 129.0 190.0 221.0 

(a) Based on an average of two tensile tests per wire size for each rope slze/construction. 
(b) Based on plastic strain level of 0.01%. 

E 3X' , R.A. , 
10 ksi % 

32.0 38.0 

30.8 52.0 

27 .5 51.0 

26.5 49.0 

25.6 55.0 

Ramberg- Plastic 
Osgood Strain 
Value, Coefficient, 

n K 

5.60 1.05 x 10- 14 

4.53 5.75 x IO~ 12 

3.71 4.65 x 10- 16 

5.83 3.41 x 10-15 

7.75 4.52 x 10-19 

(c) Based on plastic strain level of 0.20%. 
(d) Listed as "apparent" because not established from precision modulus experiment; a likely value for these wire materlals would be 29 x 103 ksi. 



Table 3.7 shows an example of the stress and strain data calculated from each 

pair of load-displacement records for each wire size and rope construction. 
The resultant stress-strain curves for the five wire conditions tested are 

shown in Appendix A. 

In summary, the 3/4- and 1-1/2-in. diameter rope wires exhibited little 
difference in tensile strength or area reduction. The values found corre­
sponded favorably with wire rope industry standards for extra-improved plow 
steel wire. The 3-in. rope wire material was substantially lower in strength 
and corresponded more closely to improved plow steel strength standards. Yield 

strengths and proportional limit stresses were quite variable because of dif­
ferences in strain hardening behavior. This variability is reflected in the 
substantial difference in shape parameters. 
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TABLE 3.7. Sample Stress-Strain Data for Single Wire 
from Small-Diameter Wire Rope(a) 

Seecimen No. 
1 2 Elasti( Pl ast i( 

Stress, Total Strain, Strain b) Strain c) 
a, Et' Et' Ee' Epavg ' 
ksi % % % % --- '--- -----
20 0.64 0.58 0.062 

40 0.132 0.120 0.125 

60 0.196 0.177 0.187 

80 0.263 0.238 0.250 

100 0.328 0.297 0.312 

120 0.400 0.359 0.375 0.0045 

140 0.469 0.423 0.437 0.009 
160 0.555 0.499 0.500 0.027 

180 0.643 0.577 0.562 0.048 

200 0.749 0.674 0.625 0.086 
220 0.871 0.791 0.687 0.144 

240 1.03 0.934 0.750 0.232 
260 1.24 1.13 0.812 0.373 

280 1.47 1.36 0.875 0.540 

290 1.66 1.54 0.906 0.694 

---
(a) Rope diameter: 3/4 in.; 6 x 36 WS; 

wire diameter: 0.042 in. 
(b) Based on a va 1 ue of E = alE pavg at a : 80 ks i . 
(c) E + E 

Epavg = t1 t2 - Ee, Ee > 0.0 
2 

• 
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4.0 ANALYTICAL RESEARCH 

More than 35 years ago, Drucker and Tachau (1944) demonstrated that a 
bearing pressure ratio was useful in correlating wire rope bend-over-sheave 
fatigue data generated over a range of test conditions and rope diameters . 
The formulation was presented earlier as Equation (3.1), but it will be 
repeated here for continuity. 

where 

T 
U 

D 
d 

= rope tension, lb 

_ 2T 
B - UDd 

= wire ultimate strength, ksi 

= sheave diameter, in. 

= rope diameter, in. 

(4.1) 

Equation (4.1) has been used extensively in the wire rope industry, and has 
been proven useful in accounting for rope size effects for ropes of a given 
construction, 1/2 in. to 1-7/16 in. in diameter. (a) Experimental work 

(Gibson 1974) on two regular-lay IWRC rope constructions showed that the 
Drucker-Tachau ratio could be used to correlate BOS fatigue data from IWRC 
ropes. These data are shown in Figures 4.1 and 4.2 for 6 x 36 and 6 x 26 
construction, respectively; no definite layering with rope diameter is evi­
dent. Until recently, however, no laboratory bend-over-sheave fatigue data 
have been available on ropes of any construction exceeding 1-1/2 in. in 
diameter, so it was not possible to check adequacy of the formulation in 
correlating data trends for large-diameter ropes comparable to those used in 
the surface mining industry. 

4.1 SMALL-DIAMETER ROPE DATA CORRELATION 

A primary objective of this program was to generate bending fatigue data 

on wire ropes of similar constructions over a wide range of rope diameters, so 

(a) It should be noted that these ropes had fiber cores. 
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that adequacy of the bearing pressure ratio as a vehicle for correlation could 

be fully evaluated. Some limitations of the bearing pressure ratio correla­
tion are, of course, expected at extreme rope loads or relatively small sheave 
diameters. These limiting conditions are discussed in Appendix B; discussion 

here focuses on intermediate rope loads and sheave diameters typical of sur­
face mining usage . 

Small rope data generated in this program were presented earlier in 
Figure 3.8. Some layering of those data was evident, especially between the 
two 3/4-in. diameter rope constructions. The 1-1/2-in. diameter rope data 
were nearly indistinguishable. One obvious explanation for these trends lies 
in the construction differences for the 3/4-in. ropes. The 6 x 36 WS rope has 
only 14 outer wires per strand; the smaller number of outer wires per strand 
leads to lower flexibility and decreased bending fatigue resistance. 

In an attempt to account for differences in rope constructions used to 
generate the small rope data, the bearing pressure ratio was modified. The 

originalformulation was changed by multiplying by the ratio of the outer wire 

diameter to the rope diameter(~w.). In all other respects, the formula 
remained the same, so that it was expressed as 

where 

dw = outer wire diameter in a rope strand, in. 
d = rope diameter, in. 

(4.2) 

The small rope data were replotted in Figure 4.3 as a function of B1 , the 
modified bearing pressure ratio. A more compact grouping of the data is evi­
dent, as compared to Figure 3.8. Some layering of the data remains; however, 
the effect is likely the result of variations in fatigue resistance of the 

wires in the individual rope constructions. Because no data on the fatigue 
resistance of. individual wires were obtained, this issue could not be 
addressed further. 
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FIGURE 4.3. Small-Diameter Rope Bending Fatigue Data Plotted as a 
Function of Modified Bearing Pressure Ratio 

The scatter in Figure 4.3 is quantified in terms of ratio of maximum to 
minimum fatigue life at the high and low ends of the fatigue-life range. This 
scatter factor is only 2.25 at the low fatigue life end of the data collection. 

The scatter is even lower at the high end, with a scatter factor of 1.55. 
Scatter factors of 2.0 or higher are not uncommon with simple coupon fatigue 
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data; therefore, the amount of scatter observed in this study would have to be 
considered "normal." In comparison, the scatter factors computed in Fig-
ure 3.8 for the data plotted according to the standard bearing pressure ratio 
model were 2.55 and 1.75 for the low and high fatigue lives, respectively. 

These values were about 13% higher than those found using the modified bearing 
pressure ratio (MBPR). This finding supports the decision to use the modified 
bearing pressure ratio in place of the traditional expression. 

In Figures 4.1 and 4.2, data were presented for two different regular-lay 
(IWRC) rope constructions, 6 x 36 and 6 x 26. The 6 x 36 construction had 14 
outer wires while the 6 x 26 had only 10' outer wires. As expected, the 6 x 36 

construction displayed higher fatigue lives for all bearing pressure ratios. 

Looking at specific fatigue lives, the 6 x 36 construction endured a bearing 

pressure ratio of 0.023 for 104 bending cycles to failure and a value of 

0.0086 for 105 cycles to failure. In comparison, the 6 x 26 construction 
endured a bearing pressure ratio of 0.018 for 104 cycles to failure and a 
value of 0.0072 for 105 cycles to failure. The values of bearing pressure 

ratio for the 6 x 26 construction are 20% to 40% below those for the 6 x 36 

construction. Interestingly, the outer wire diameters in these two construc­
tions are different by about the same ratio [(0.55-0.043) 0.043 = 28%J. In 

effect, this result suggests that the two curves shown in Figures 4.1 and 4.2 
would very nearly be superimposed if plotted according to the modified bearing 
pressure ratio. This comparison is made in Figures 4.4 and 4.5. In Figure 4.4 
the two mean lines are plotted according to bearing pressure ratio. The aver­
age scatter factor between the means is 1.63; i.e., the 6 x 36 construction 
has a 63% higher fatigue life for a given B value. However, when plotted 
according to the modified bearing pressure ratio as in Figure 4.5, the scatter 
factor between the mean curves drops to only 1.19, a 19% difference in fatigue 
1 i fe. 

For the reasons just cited, the modified bearing pressure ratio (MBPR) 
will be used in all subsequent comparisons within this report . 
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FIGURE 4.4. Scatter Between Rope Constructions with Different Numbers 
of Outer Wires, Based on the Bearing Pressure Ratio 

4.2 LARGE- AND SMALL-DIAMETER ROPE DATA COMPARISON 

A comparison of bend-aver-sheave fatigue results for the large- and 
small-diameter wire ropes tested in this program is given in Figure 4.6. The 
bounds of the 3/4-in. and 1-1/2-in. diameter rope data are shown in comparison 
to the 3-in. diameter rope data. 
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FIGURE 4.5. Scatter Between Rope Constructions with Different Numbers 
of Outer Wires, Based on the Modified Bearing Pressure Ratio 

The large-diameter rope data generally do not follow the same trends as 
do the small-diameter rope data. However, all of the large rope data (with 
the exception of extremely early failures at high loads) fall within (or close 
to) the small rope data bounds. 

Actually, two different trends seem to be evident for the large-diameter 
rope data. In the long-life region (above about 100,000 cycles), the slope 
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FIGURE 4.6. Comparison of Large- and Small-Diameter Wire Rope 
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for the large rope data curve compares reasonably well with that for the small 
rope data. The mean of the large rope trend line is closely approximated by 
the upper bound of the small rope data. In other words, the relationship 
between B' and cycles to failure in the long-life region seems to be similar 
for the large and small ropes. Below 100,000 cycles to failure, the trends 
are definitely different, with the fatigue lives of the large ropes dropping 
substantially faster for increasing B' values than those for the smaller 

ropes. 
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The difference in fatigue life trends may be a result of differences in 
sheave groove oversize and sheave hardness that exist in the machines used to 
test the large (3-in.) and small (3/4-in. and 1-1/2-in.) ropes. The small 
rope tests were completed on flame-hardened sheave grooves machined to 7% 
oversize based on nominal rope diameter. The large rope tests were completed 
on unhardened sheaves designed to the nominal rope diameter (nonoversized). 
The effect of sheave hardness, independent of sheave groove geometry, is dis­
puted in the literature. One experimental program (Gambrell 1969) on various 
soft sheaves (in comparison to tool-steel sheaves) showed increased fatigue 
life with the harder sheaves; the increase was greatest at the highest rope 
loads. However, in a similar study (Gibson 1971) comparing aluminum and hard­
ened-steel sheaves, little difference in life was observed. The original work 
by Drucker and Tachau (1944) cites several investigators who report that soft 
sheaves increase rope life. 

The effect of sheave groove size and shape on fatigue life is somewhat 
more clearly established. A round sheave groove about 5% to 7% oversize with 
a 30 to 600 throat angle has been reported to provide near optimal bending 
fatigue resistance (VOl 1968). This same European source indicates that 
groove radii below, and substantially above, this level decrease fatigue 

lives. No similar U.S. data are publicly available, although these trends are 
generally supported by the recommendations of the Wire Rope Technical Board 

(1979). 

There is some probability that the effects of sheave groove geometry may 
be lost in the noise in high cycle (low load) fatigue. Current and previous 
tests at design factors of 3 or more on large-diameter rope are probably 
affected very little by nonoversized sheave grooves. The decrease in rope 
diameter that occurs during testing allows the rope to accommodate to the 
sheave groove after several thousand cycles. 

The break in the large-diameter rope fatigue data at a design factor of 
2.5 may be attributed to the onset of gross plastic deformation in the rope 
due to the combination of tensile, bending, and contact streses. At low 
loads, even with the increased contact force due to the sheave groove, a 
semi-elastic stress mode may still be in effect. Some plastic deformation 
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does occur but it probably is not enough to cause significant damage. The 

size of the plastic zone created by the contact between wires is probably 
small when compared to the wire diameter. At high test loads the size of the 
plastic zone created by the increased contact force between wires, as a result 
of a nonoversized sheave groove, may be a significant portion of the wire 
diameter. This, coupled with the bending and tensile stresses, leads to fail­
ure at fewer cycles than would be expected with an oversized sheave groove. 

To study this effect in greater detail, BOS fatigue tests are being con­
ducted on small-diameter wire rope using nonoversized unhardened sheaves. 
Results from these tests will be used to help determine the effect of a non­
oversized unhardened sheave groove on the large-diameter ropes tested at high 
loads. Initial test results indicate that the differences between small- and 
large-diameter ropes' fatigue lives cannot be explained wholly by differences 

in sheave hardness and sheave groove hardness. 

4.3 LABORATORY AND FIELD ROPE FATIGUE LIFE COMPARISON 

An obvious and very important consideration in this program is the 
relationship between laboratory test results and actual field rope service 
performance. Fortunately, a limited number of documented field data on hoist 
ropes were obtained for review. These data are presented in Table 4.1. The 

raw data include the bucket size and weight, point sheave diameter, rope diam­
eter, and average yardage of overburden removed before rope retirement. With 
a few reasonable assumptions, it was possible to convert these data into a 
form that was comparable to the laboratory-developed data. The results of the 
analysis of the field data are presented in Table 4.2. 

First, a Old ratio was computed to identify the severity of bending over 
the point sheave. Second, the number of bending cycles before retirement was 
computed as the yardage removed before retirement divided by the bucket size 

multiplied by two bending cycles per machine cycle. Rehandle was not 
considered in the computation of machine cycles, because exact values were 
unknown. It is not unlikely that 10% to 20% rehandle did occur in some cases, 
which, of course, would have increased actual rope bending cycles beyond those 
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TABLE 4.1. Field Data on Hoist Rope Fatigue Performance 

Overburden Removed 
Bucket Bucket Point Sheave Hoist Rope Before Rope 
Size, Weight, Diameter, Diameter, Retir~ment, 

Mine ~d3 lb in. in. ~d 

11 58 116,000 120 3 4,094,000(a) 

3 60 140,000 120 3 4,876,000(a) 

8 100 200,000 144 4-1/2 3,258,000(a) 

6 41 80,000 85-1/4 2-7/8 3,598,OOo(b) 

5 70 140,000 110 3-1/2 4,424,000(b) 

(a) An average value based on a series of ropes over a period of time. 
(b) A single rope retirement yardage. 

computed. This factor is probably at least partially compensated for, how­
ever, by the fact that the bucket is not always full during every dump cycle. 
Third, the full bucket weight was estimated based on an overburden density of 
2700 lb/yd3• This overburden density would correspond to dry clay and 
gravel. Densities as low as 2050 lb/yd3 are found for loose, dry earth; 
densities as high as 3400 lb/yd3 are found for wet sand and gravel. 
Acknowledging this potential spread in overburden density, a density of 2700 
lb/yd 3 was chosen as a reasonable average. Fourth, the approximate design 
factors for the bucket, both full and empty, were computed based on a pair of 
6 x 61 class, IWRC, Lang-lay wire ropes of improved plow steel grade. The 
design factors were computed based on a bucket position factor (or load magni­
fication factor) of 1.20. This factor is required to account for the angle 
from vertical in which the bucket is held during a dumping cycle. This con­
sideration is discussed more completely in Appendix C. Fifth, the outer wire 
diameters of each pair of ropes were computed based on 16 outer wires per 
strand (common in 6 x 61-class ropes). Finally, different MBPR values were 
computed based on a full bucket, an empty bucket, and an equivalent bucket 
weight. The first two MBPR calculations are straightforward, after a wire 
strength level is assumed. An ultimate strength value of 220 ksi was chosen 

as typical of IPS grade wire rope in the 3- to 5-in. diameter range. The 
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TABLE 4.2. Field Rope Data Analysis 

Approximate Modified 
Estimated APproximatrc~esign Bearing Pressu~~(d) 

Sheave to Rope Factor Outer Wi re Ratio x 10 Bucked LO?d 
Rope Rat i 0, Bend i ng When Full, b) Bucket Bucket Diameter, Bucket Bucket Equivalent 

Mine Old C.lcles(a) lb Full Em[lt.l in. Full Em[lt.l Val ue e) 

11 40 141,200 272,600 4.40 10.3 0.153 2.11 0.89 

3 40 162,500 302,000 3.97 8.57 0.153 2.33 1.09 

8 32 65,150 470,000 5.48 12.9 0.230 2.02 0.87 

5 29.6 175,510 190,700 4.82 13.9 0.147 2.17 0.92 

5 31.4 126,410 329,000 4.90 11.5 0.178 2.37 1.01 

() B d · C 1 _Yardage Removed 2 (2 b d' 1 I t' 1) a en lng yc es - Bucket Size x en lng cyc es opera lng cyc es . 
(b) Based on overburden weight of 2700 lb/yd 3; could actually vary from about 2100 lb/yd3 to 3200 lb/yd3 depending on type 

of overbu rden. 
(c) Based on 6 x 61, IWRC, Lang-lay, IPS Wire Rope, and Bucket suspended at 20 0 from vertical with drag rope at 150 

below horizontal (i.e., load magnification factor of 1.20). 
(d) B' = 2 x Individual RO[le Tension x RO[le Wire Diameter 

UTS x Sheave Diameter x (Rope Diameter)2. 

(e) Based on assumption that Nf = A B-2. 

.. 

1.37 

1.49 

1.33 

1.40 

1. 54 



third calculation for an MBPR is less straightforward, however, and requires 
some explanation. It essentially represents the MBPR that would have caused 

• rope replacement in the observed number of cycles to rope retirement, assuming 
the bucket load always remained constant--never full and never empty, but 
constantly partially full. Field service lives at this equivalent MBPR should 

• 

.' 

most nearly compare to the laboratory test data that were developed under 
constant load conditions. 

To compute this equivalent MBPR, it is necessary to assume a relationship 
between cycles to failure and MBPR. The laboratory test data suggest that the 
following relationship is approximately correct: 

where 

BI = modified bearing pressure ratio (MBPR) 
A = constant 

Nf = bending cycles to failure. 

n = a constant of approximately 2.0. 

(4.3) 

Equation (4.3) says that a twofold decrease in BJ should cause a four­
fold increase (22) in cycles to failure. This approximate trend was observed 
experimentally. As will be noted later, the criterion for rope failure is 
crucial in establishing a particular relationship between MBPR and bending 
cycles to failure. In the discussion here, laboratory ropes were considered 
to have failed when one complete strand had separated. 

One other elementary factor must also be established before an equivalent 
MBPR can be computed: half of the total bending cycles to failure were made 
with a full bucket and half were made with an empty bucket. In other words, 

(4.4) 

where 
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and 

Nl = full bucket cycles 

N2 = empty bucket cycles 
Nf = total bending cycles to rope retirement. 

Then, using Equation (4.3), it is possible to state that 

and (4.5) 

* * where Nl and N2 represent the number of cycles to failure of a rope tested 

at B' values of B'l and B'2' respectively. Because half the cycles seen 

by the rope were at B'l and half at B'2' it is safe to say that Nf should 
* * lie between Nl and N2. One of the important factors to determine is the 

* * relationship between Nl and N1 and between N2 and N2. In that regard, 
it can be said that 

where 

( 4.6 ) 

(4.7) 

x = a number between 0 and 1 that represents the fraction of damage 
caused by the loaded bucket cycles.(a) 

If nearly all damage were caused by the loaded bucket cycles, then X would be 

c lose to 1. 

(a) This relationship is based on the assumption that Miner's Rule for cumula­
tive fatigue damage applies to wire rope. 
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Equating Equations (4.6) and (4.7), it is apparent that 

Combining Equations (4.5), (4.6), and (4.8), X is defined as 

or 

A B I-n 
1 X =------

A B,-n + A B,-n 
1 2 

B,- n 
1 X =---

B,-n + B,-n 
1 2 

(4.8) 

(4.9) 

Now that X is defined in terms of known parameters, it only remains to compute 
an equivalent B' from X and other known quantities. This can be done by first 
considering that 

Nf = A B 1 -n 
eq 

where B~q = the equivalent modified bearing pressure ratio. 

Then, from Equation (4.10), 

( 
.\ -lin 

B~q = ~fJ ' 
or 

B' = ( * A *)-l /n, 
eq X N1 + (l-X)N 2 

4.15 

(4.10) 

;t 

(4.11) 



whi ch 1 eads to 

(XA 
A 

A arn) 

-lin 
B~q = 

BI- n + (I-X) 1 

or 

(x 
1 f BI = (4.12) eq B I- n _ BI- n + B2-n 

1 2 

The values for B~q are tabulated in the last column of Table 4.1. Interest­
ingly, values for X from Equation (4.9), assuming n = 2.0, were all between 
0.82 and 0.85 for the five field ropes examined. In other words, 82% to 85% 
of the damage would be expected to be caused by the full bucket bending cycles 
and only 15% to 18% of the damage by the unloaded bucket cycles. 

The field rope results from Table 4.2 are compared in Figure 4.7 with the 
laboratory results. All of the field rope data fall well below the laboratory 
data when compared on the basis of B~q. Four of the field rope retirement 
lives fall about a factor of two below the small-diameter laboratory wire rope 
fatigue life trends, while a fifth rope was retired at only about one-fourth 
of the small rope fatigue life trends. If predictions of field rope service 
life were made based on the small rope fatigue life trends as shown in Fig­
ure 4.5, it is obvious that very unconservative life estimates (i.e., danger­
ously high estimates) would result. Where does the correlation of field and 
laboratory rope fatigue performance break down? 

Several factors can significantly influence the correlation of field and 
laboratory wire rope fatigue lives. All revolve around the assumptions in the 
analysis. Material rehandle could increase the actual number of bending cycles 
by 20% over the apparent cycles in some cases. Heavy overburden could also 

bias the results, as could consistently high or low bucket position factors 
(see Appendix C). 
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BENDING CYCLES TO RETIREMENT 

FIGURE 4.7. Laboratory and Field Rope Bend-aver-Sheave Fatigue Data 
Comparison Using the One-Strand Failure Criterion 

On the average, however, it does appear likely that hoist ropes in the 
field do fail primarily by bending fatigue in a manner similar to small­
diameter wire ropes of a similar construction tested in the laboratory. This 
conclusion, of course, is not obvious from Figure 4.7. Field and laboratory 
fatigue lives appear to be different in Figure 4.7 because of a difference in 
failure criteria. In the laboratory tests on small-diameter ropes, a rope was 

not considered failed until one complete strand had failed. Hoist ropes in 
the field are never purposely left in service this long. Failure of one com­

plete strand in a hoist rope could be catastrophic, leading potentially to 
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failure of the complete rope and high risks in loss of life and/or substantial 
unnecessary (and expensive) downtime. Most large hoist ropes are retired in 
compliance with the guidelines of ANSI M11.1, which indicate rope retirement 
according to the 116 and 211 rule, i.e., six total broken wires in one lay or 
two broken wires in a single strand of one lay. 

Through a review of laboratory records it was possible to ascertain 
approximately the point at which most of the laboratory-tested wire ropes 
exceeded the 116 and 211 rule. A plot of MBPR versus cycles to retirement is 
shown in Figure 4.8. Scatter is noticeable in the results but a generally 
log-linear pattern in the laboratory data is evident. Most significantly, the 
slope of the laboratory data band in Figure 4.8 is much steeper than that 
shown in Figure 4.7. This trend holds because fewer wire breaks can be sus­
tained in a wire rope before strand failure at high loads and/or small sheaves. 
At lower loads on large sheaves, numerous wire breaks can be sustained before 
a complete strand fails. This, in turn, means that a large number of bending 
cycles can be endured at low load levels between attainment of the "6 and 2" 
rule and retirement by the one-strand failure rule. This trend was evident in 
the data. In fact, at MBPR values less than about 3 x 10-4, from 40% to 60% 
of the total cycles to strand failure were sustained after experiencing from 
two to five wire breaks in the critical test section. 

The difference in failure criteria changed the slope of the fatigue data 
trends from about -2 in Figure 4.7 to about -1 in Figure 4.8. The change in 
slope affected the basic relationship between 8 1 and Nf given in Equation eq 
(4.3), i.e., the exponent n changed from 2 to 1. Taking this factor into 
account, new values of 8~q were computed for the field data and these values 
were plotted in Figure 4.8 along with the laboratory data. InCidentally, the 
change in slope of the fatigue curve Significantly changed the values of X 
computed in Equation (4.8). Values ranging from 0.68 to 0.70 were obtained in 

the final analysis, which indicated that a higher percentage of the damage 
(wire breaks) could be ascribed to the empty bucket cycles than had previously 
been suspected. 
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FIGURE 4.8. Laboratory and Field Rope Bend-Over-Sheave 
Fatigue Data Comparison Using the Two- to 
Five-Strand Failure Criterion 

Figur8 4.8 shows a remarkably good correlation of laboratory and field 
fatigue life data. If it is assumed that the cluster of four field failures 
represents good operating practice under normal operating conditions, and that 
the outlier on the low side represents either bad operating practice (i.e., 
poor sheaves, unnecessary dynamic loading) or poor operating conditions (i.e., 
very heavy overburden, very deep overburden layers), it is easy to conclude 
that the correlation between laboratory and field data is quite good. If such 
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a correlation is accepted, this figure has a variety of interesting implica­
tions. First, it implies that hoist rope fatigue lives may be reasonably 
estimated from laboratory tests on small ropes (if the appropriate assumptions 
are made, of course). Second, it implies that most hoist rope failures are 
relatively long-life failures, corresponding to laboratory failures that one 
might see on Did = 30 sheaves at design factors between 4 and 6. Third, it 
implies that, at least for hoist ropes, the especially severe loading condi­
tions (design factors below 3) are uncommon and probably not of great concern. 

4.4 TENSILE AND BENDING STRESSES IN WIRE ROPE 

In addition to the analytical efforts to correlate wire rope fatigue 
trends for different size ropes, a companion effort was undertaken to evaluate 
the tensile and bending stresses experienced by the wire ropes in this study 
for different test conditions. 

Tensile stresses for the wires in a strand of 3-in. rope were evaluated 
(Hruska 1951). The stresses due to tension-only loading for the outer wires 
are shown in Table 4.3. 

TABLE 4.3. Tensile Stesses in the Outer Wires 
of 3-in. Diameter Test Ropes 

Design Factor esi 
10.0 19,777 
5.0 39,554 
3.3 59,330 
2.5 79,107 
2.0 98,884 
1.7 118,661 

Bending stresses were also calculated, using a computer program developed 
previously (Gibson et al. 1971). This program was then modified to calculate 
the tensile stresses and combine them with the bending stresses. Combined 
tensile and bending stresses for the outer wires are shown in Table 4.4. 
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TABLE 4.4. Maximum and Minimum Combined Tensile and Bend­
ing Stresses in Outer Wires of 3-in. Diameter 
Test Ropes (Old of 30) 

Maximum Mi nimum 
Design Factor Stress (psi) Stress (~si) 

10.0 71,859 -26,646 
5.0 91,445 -7,060 
3.3 110,030 12,525 
2.5 117,867 32,110 

2.0 150,201 51,696 

1.7 169,786 71,281 

For combined bending and tensile stress, the yield point of some outer 
wires is reached at loads of 30% to 40% of the UTS of the rope. 

Bending stresses were also calculated for the 3/4-in. and 1-1/2-in. diam­

eter test ropes. The bending stresses are comparable for the different rope 
diameters at Old ratios of 30 and greater. Bending stresses as a function of 

Old ratio for some test ropes are shown in Figure 4.9. 
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5.0 LABORATORY ROPE WEAR AND FAILURE ANALYSIS 

The test ropes were examined to compare damage with that fo und previous ly 
in field ropes. An attempt was made to correlate damage with t he t est load . 
A total of 67 rope specimens from fatigue-tested ropes were examined for 
cracks, broken wires, and other visible damage . 

5.1 WIRE WEAR 

Wear patterns on the test ropes, illustrated in Figure 5.1 , were very 
similar to those found in the field ropes (Beeman 1978), wi th only one dif­
ference . The outer wear of the test ropes was somewhat less than t hat of the 
field ropes, for two reasons . First, the sheaves on the test mach ine are made 
of mild steel, which causes little wear of the rope outer wi res . Second, test 
methods and machine design prevent gross relative motion (slidi ng) between the 
rope and the sheave. 

FIGURE 5.1. Wire Wear Patterns 
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Wear of outer wires for the test ropes from contact with the sheave was 
from 5% to 15% of the original diameter, depending on the number of cycles. 
Wear and deformation at pOints of contact with the IWRC ranged from 4% to 16% 
as the number of cycles increased. Interstrand contact wear and deformation 
varied from 1% to 5% as loads decreased and cycles increased. 

5.2 WIRE CRACKING 

Magnetic particle detection was used to examine individual wires for 
cracks. During previous testing at design factors of 3 and less, over 3000 
wires were examined and only 7 cracks were found. During the testing phase at 
design factors of 4 and 5, more than 200 wires were examined and more than 
40 cracks were found. The majority of these occurred in ropes tested at a 
design factor of 5. 

A 6 x 37 class IWRC wire rope has over 250 individual wires of varying 
diameter, tensile strength, and carbon content. The wires are made from plain 
carbon steel in the range of AISI 1030 to 1080. The wires are severely cold­
worked during drawing and have an ultimate tensile strength in the range of 220 
to 280 ksi. In general, the higher strengths are associated with the greater 
carbon content; however, this may vary with different amounts of cold working. 
Core and filler wires are usually made from the lower carbon steel and are, 
therefore, softer and more ductile. The core and filler wires wear sacrifi­
cially with respect to the wires of the strand. Strand wires are made from 
the higher carbon steels and will fail in a ductile manner under normal condi­
tions; however, if a crack is present, the wire fails in a brittle fashion. 
When a crack is present, very little energy is required to propagate the crack 
through the wire. 

Examination of broken wires from the wire rope tests provided little evi­
dence of progressive fatigue failures. It is felt that this is due to the high 
notch sensitivity of the wires. Any cracks that form propagate to failure in 
relatively few cycles. This is particularly true at the higher test loads. 
At the lower test loads the number of cycles to failure would be greater. 
This hypothesis is borne out by the fact that substantially more cracks were 
found in the wire of the ropes tested at low loads. 
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These cracks were observed to form at points of wire-to-wire contact. At 
these contact points, stresses are very high; the stress concentration promotes 
crack initiation. 

Another cause of wire damage on exterior wires is rapid frictional heat­
ing. The involved areas can be raised to the austenization temperature in 
10-3 to 10-4 seconds (Quinn 1962) and then quenched very rapidly. This 
process leads to the formation of a white layer, sometimes identified as an 
amorphous martensite. This white layer has been found on the outer wires of 
field ropes. The wire shown in Figure 5.2 had received severe surface wear 
due to scrubbing across the fairlead sheaves. Under these conditions, the 
formation of a white layer is quite common. To date, this layer has not been 
found in other wear areas of field or test ropes. Additional photomicrographs 
of wear on field and test ropes are shown in Figure 5.3. The white layer is 
extremely hard and brittle. Cracks form in this layer or at the interface 
with the metal matrix. Once the crack has formed, it commonly will grow 
through the wire in the next few cycles. 

If the cracks are below the size at which they grow rapidly, they might 
be arrested or completely destroyed by the next cycle. This might come about 
by welding the crack shut or completely removing it through the adhesion wear 
process. Depending on the wire configuration and material properties, as well 
as the loading, cracks may be routinely neutralized during the wear process 
until some critical conditions are reached and the crack propagates through 
the wire. At low design factors this may be when a substantial amount of 
material has been worn away. 

The ultimate tensile strength of the wires in a rope has been used as a 
measure of the rope's ability to resist bending fatigue. Tests on large­
diameter rope have shown that, at the lowest design factors, rope with the 
highest UTS for the outer wires gave the best fatigue life. At the higher 
design factors the opposite is true. At the lower design factors the high UTS 
wires plastically deform less and therefore display better fatigue life. At 
the higher design factors the lower UTS wires have greater ductility and a 
tendency toward higher resistance to bending fatigue. 
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FIGURE 5.2. Martensite Formation on Field Rope Wire 
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a. Wear Between IWRC and Strand Wire 

b. Wear Between Adjacent Strand Wires 

FIGURE 5.3. Photomicrographs of Wear on Field Rope 
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Another important wire property is the hardness. The higher hardness 
wires exhibit better wear resistance and probably increased fatigue life 
because of less material loss. Figure 5.4 shows the hardness of the strand 
and IWRC wires in the large-diameter test rope. Figures 5.5, 5.6, and 5.7 
show the corresponding values for the small-diameter test ropes. 
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FIGURE 5.4. 
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FIGURE 5.5. Microhardness of 3/4-in. Diameter Wire Rope Wires 
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FIGURE 5.6. Microhardness of 1-1/2-in. Diameter Wire Rope Wires 
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6.0 LOAD SENSOR DEVELOPMENT 

As part of the initial Wire Rope Improvement Program, a number of large­
diameter wire ropes with IWRCs were tested in bend-over-sheave fatigue at loads 
approaching 50% of catalog breaking strength. The post-mortem examination of 
these ropes showed that the fai~ure modes associated with very high loads were 
similar to failures noted in field ropes examined under the same program. 
This finding suggested that the loads, particularly for the drag ropes on 
operating draglines, were much higher than anticipated. 

Rope loads on operating draglines are now estimated by measuring the drum 
winding motor current. This technique can be tuned to accurately indicate 
static rope loads but it is doubtful that it can respond to impulse loads 
caused by rope dynamics. These impulse loads are felt to be quite high and 
could account for the apparent high load failures and relatively short service 
lives of drag ropes. 

6.1 OBJECTIVE 

This task was undertaken to address the lack of data necessary to evalu­
ate drag rope performance. The primary objective was to develop a load sensor 
capable of measuring impulse loads on an operating dragline. 

6.2 SYSTEM TRADEOFFS 

The data requirements were defined in discussions with the program man­
ager, task leaders, and others interested in the load sensor data. The infor­
mation required was judged to be a load/time history of the digging cycle of 
an operating dragline compiled over 4 to 6 hours during a typical work day. 
After the data requirements were established, a literature search was initi­
ated to provide input to the evaluation of data acquisition methods. The 
available literature revealed nothing d1rectly applicable to a dragline load 
sensor but contains a wealth of information concerning telemetry that could be 
useful in a general way. 
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Load sensor system requirements were established with several key 
considerations: 

• Because the requirement is to measure in-service loads, the sensor 
must not alter the normal digging cycle of the dragline. 

• To'prevent attenuation of impulse signals, the response time of the 
complete unit must be several times that of the drag system. 

• The installation, maintenance, operation, and removal of the sensor 
must have minimal effect on dragline operations. 

• The installation must be extremely durable to survive in the drag­
line environment. 

Several methods are available to measure loads in this kind of service. 
Three were given serious consideration. 

• Attach strain gages to an existing piece of hardware to measure 
strain. This option was considered impractical for two reasons: 

Strain gage installation in the field is time-consuming. 
Dragline downtime would be excessive. 

The geometry of the existing hardware is complex. There­
fore, interpretation would be difficult. 

• Acquire a replacement part to be instrumented and calibrated in the 
laboratory and substituted into the drag system. This option was 
also rejected as impractical because: 

-- with the exception of one of the pins, none of the existing 
pieces of hardware is easily replaceable. Again, dragline 
downtime would be excessive. 

the mine operators perceive the pins to be the weakest part 
in the drag system, and expressed reluctance to allow an 
unknown pin to be used on their draglines. 

• Fabricate a link of convenient shape and size and insert it into the 
drag string. 

This latter option offered many advantages and was chosen for the load 
sensor for four reasons: 
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• The link could be used on any machine of the same relative size 
by providing new adapters. This would eliminate the need to 
fabricate and calibrate a new sensor for each application . 

• The link could be designed to provide protection for all the· 
instrumentation required making the load sensor one compact, 
self-contained unit. 

• The installation and removal of a link could be effected very 
quickly, minimizing dragline downtime. 

• A link can be of any size or shape and can, therefore, be made 
very durable to ensure survival. 

Data transmission was addressed by proposing to use'radio telemetry while 
searching for a viable alternative. To date, several methods have been given 
serious consideration. 

The hardwired system was preferred because of its reliability and economy. 
It was judged unacceptable in this case because its installation would require 
machine downtime. Further, the probability of survival was very low without 
drastic modification of the digging cycle. 

Several on board data storage techniques were considered and subsequently 
rejected. Mechanical scratch gages were rejected due to lack of resolution 
and frequency response. Electronic data storage provides insufficient capacity 
for reasonable resolution. Tape recording systems have very low tolerance for 
vibration (0.5 g). All onboard storage schemes make correlation of the data 
and the digging cycle difficult. 

Low frequency radio telemetry using the drag ropes as the transmission 
medium was evaluated. This technique has been used successfully in many 
applications. Data have been transmitted over power transmission lines for 
hundreds of miles using very low power levels. Test specimens have been used 
as part of the data transmission path in many experiments. Abundant evidence 
suggests that this technique is effective when the proposed transmission 

medium is electrically isolated. However, no documentation could be found to 
help predict its usefulness when the transmission medium is effectively a 

6.3 



ground plane as in the drag system of a large dragline. The technique is very 
attractive but was judged to require development at a mine site, an activity 
outside the scope of this task. 

It was concluded that there is no viable alternative to radio telemetry. 
Different telemetry techniques (digital and pulse-code-modulated systems) were 
evaluated and, although there are advantages in terms of accuracy and relia­
bility, PNL researchers determined that the increased cost of these systems 
was not warranted at this time. The system that was judged to best fit the 
application was the single-channel FM telemetry system shown in Figure 6.1. 

TRANSDUCER 
CONDITIONING 

VOLTAGE - - CONTROLLED 
AMPLIFIER OSCILLATOR 

- =-z7 
Rf pp.1,", 

FM 
RECEIVER 

FREQUENCY 
DISCRIMINATOR 

FM 
~ TRANSMITTER 

t 

TAPE RECORDER 

FIGURE 6.1. Single-Channel FM Telemetry System 

6.3 FINAL SYSTEM DESIGN AND PROCUREMENT 

I-

The overall concept that evolved is shown in Figure 6.2. The elements of 
the system are a custom load-sensing link with a protected compartment housing 

a single-channel FM telemetry unit. Adapters are used to interface the link 
to existing dragline hardware. The remote receiver/discriminator produces an 
analog waveform that is stored on a data tape recorder. 
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FIGURE 6.2. Dragline Load Sensor 



Field verification and initial analysis of the data is performed using a 
waveform analyzer capable of storing and displaying the analog waveform and 
its frequency spectrum. This analyzer will provide data such as amplitudes 
and rise times of load impulses, frequency of their occurrence, and critical 
frequencies of the drag system. 

Requirements for four major pieces of equipment were identified: 

• a custom load link 
• a telemetry system 
• a data tape recorder 
• a waveform analyzer. 

The effort tJ write reasonable specifications for the load link and telem­
etry system was guided by a computer-aided analysis of the drag bucket system. 
This analysis utilized finite element techniques with the computer code ADINA 
to investigate the dynamic effect of various load/restraint conditions. This 
information was used to establish frequency response and optimal load range. 

This kind of analysis is a promising tool that can be used to address 
other aspects of the Wire Rope Improvement Program. The development of the 
technique is explained in Appendix D. 

A technical review of bids received in response to the specifications was 
used to select a vendor for the load link. After several iterations the con­
figuration was finalized as shown in Figures 6.3 and 6.4. Two of these units 
were received early in FY80. 

Several bids were received in response to the specification for the telem­
etry system. As expected, the bids included FM and pulse-code-modulated sys­
tems. Two transmitters and receivers were received in June 1980. 
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FIGUR E 6.4. Load Sensor 
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7.0 TECHNOLOGY TRANSFER 

Several major technology transfer efforts were undertaken as part of the 
FY79 Wire Rope Improvement Program. These included: 

• providing information to the public sector 

• writing and distributing technical information stemming from the 
project 

• developing and conducting regional wire rope seminars 

• sponsoring and conducting a national wire rope symposium 

• producing motion pictures of draglines in operation to show rope 
dynamics, bucket position factors, and other operational 
considerations. 

Each of these areas is described in this section. 

7.1 LITERATURE AND PUBLIC INFORMATION 

Throughout the year, requested information was provided to the public 
sector on a case-by-case basis. Many requests were dealt with by telephone or 
letter contact. The PNL staff visited a few sites to answer specific 
questions on wire rope technology. More than 200 coptes of the PNL report, 
Factors Affecting the Service Life of Large Diameter Wire Rope, were dissemi­
nated during FY79. Typical requestors included rope manufacturers, mining 
engineers, industrial sales staff, mine operators, mining associations and 
college educators. 

Early in FY79, a need for broadly documenting the program was identified. 
A six-page capabilities brochure was developed featuring the history of wire 
rope R&D needs, previous related research performed at PNL, planned R&D, and a 
technical explanation of the primary research methodology. Of the 500 bro- . 
chures printed, approximately 300 were mailed or distributed at seminars to 
interested parties. The capabilities brochure has been an excellent technology 
transfer tool. 
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A six-page technical brief, "Bend-Over-Sheave Fatigue Testing of Large­
Diameter Ropes Used in Surface Mining," was issued in April 1979. The brief 
was designed to present a technical summary of the Wire Rope Improvement 

Program's past history, R&D conclusions, and planned wire rope testing. The 
brief has been useful in answering inquiries from the wire rope technical com-

• 

munity, especially for those who do not want or need the large report published • 
in FY78 (Beeman 1978). The brief was also disseminated at conferences and 

seminars. 

7.2 REGIONAL WIRE ROPE SEMINARS 

Seminar development was a major technology transfer effort in FY79. 
Approximately 150 technical slides and descriptive narratives were prepared 
for presentation in 2-day seminars. One day was structured for mining opera­

tion personnel; the other day was aimed at the technical manager/supervisor. 

For the mining operation personnel (dragline operator), the topics 
included: 

• costs of changing wire ropes (draglines) 

• rope properties 

• rope construction 
• rope classification 
• rope design (including lay) 

• rope damage 
• sheave design 
• rope diameter and sheave diameter ratios 
• design factors of safety 
• example of rope abuse and poor design 

• lubrication 
• rope R&D from PNL and others 

• technology transfer. 
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Topics for the technical manager or supervisor (plant engineer or mine 
sup er i ntende'nt) inc 1 uded : 

• cost of changing wire rope (draglines) 

• brief discussion on construction, design, lay, etc. 

• rope research conducted by PNl, Bel, and others 
Drucker-Tachau factors 
bend-over-sheave fatigue 

• types of failure 

• failure comparisons/rope testing 

• rope damage analysis 

• rope properties versus rope design 

• sheave desi gn 

• case studies in rope wear, brittle fracture, etc. 

• metallurgical examinations 

• techno logy transfer 

• how to reduce load on hoist ropes 

• conclusions of PNl R&D and applications to state-of-the-art mining 
technology. 

Four seminars were presented during FY79. Early in the year a training 
seminar for PNl staff was presented at Richland by PNl subcontractor Dr. Sam 
Gambrell from the University of Alabama. Dr. Gambrell also presented a mine 
operators' seminar in September 1979 on the University of Alabama campus. 

The third seminar, a cooperative effort of PNl and the South Dakota School 
of Mines and Technology (SDSM&T), was held at Gillette, Wyoming. Gillette was 
chosen as an appropriate site because of the extensive local strip mining 
operations. SDSM&T provided the publicity, meeting plan and other organization 
tasks and, as cosponsor, lent additional credibility to the technical/mining 
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content of the seminar. Approximately 30 participants attended the seminar. 
The majority were from northeastern Wyoming; however, some representatives 
from North Dakota and Montana mines also participated. 

The fourth seminar was presented during the April 1979 COSMET(a) meet­
ing held in Kansas City, Missouri. This seminar was designed primarily for 
technical managers/supervisors. Special emphasis was placed on dragline hoist 
ropes and the improvement and/or reductions of hoist loads. 

7.3 NATIONAL SYMPOSIUM 

Planning, coordinating, and designing a national wire rope symposium began 
during FY79. The symposium was scheduled for March 1980 at Denver, Colorado. 
Washington State University (WSU) Engineering Extension Service, Pullman, 
Washington, was selected as the administrative organizer for the symposium. 
The university has a national reputation for such activities, with years of 
experience in symposium/conference management. 

During FY79, abstracts were solicited, and the sessions and agenda were 
selected. Two publicity flyers were released and the meeting site/dates were 
arranged. 
selected. 

Speakers, session chairmen, and a keynote speaker were also 
The symposium sessions were to cover four general areas: 

• simulated service and field experience 

• stress analysis 
• nondestructive examination and failure analysis 
• rope design and manufacturing. 

Approximately four presentations and/or papers were expected for each 
session; symposium proceedings will be published. 

Washington State University reported that interest in the symposium was 
high. Registration fees covered all expenses associated with presenting the 
symposium. The symposium was conducted as scheduled and was attended by 160 
people representing a good cross section of the mining industry, researchers, 

(a) "Common Surface Mining Equipment Troubleshooting," a mining industry group 
that meets on a quarterly basis to share problems and solutions connected 
with excavation machinery, principally draglines. 
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and government agencies. The symposium was written up as a five-page feature 
article in Coal Mining and Processing (Sprouls 1980) • 

7.4 INFORMATION AND RESEARCH FILM 

A motion picture of typical dragline coal mlnlng operations was taken 
during the summer of 1979. Footage covered bucket operation under various 
conditions such as hard and soft overburden, wet overburden, varied rope load, 
varied drag and hoist distances, and bucket positions. 

The film will be used to design a 15-minute general information film, a 
3D-minute Or longer operator training film, and a 3D-minute research film. 
The research film will be used to correlate, if possible, the operators' 
dragline workmanship with the dynamic loads caused by good or bad operating 
techniques. The footage has been recorded on video tape and shown to the host 
mine. It will be edited for use in future seminars • 

7.5 



• 

• 



• 

• 

• 

B.O RECOMMENDATIONS 

Recommended actions for FYB1 are described below for each major research 
area. 

B.1 EXPERIMENTAL WORK 

To further define the correlation of large- and small-diameter wire rope 
fatigue behavior, it is recommended that 

• the investigation of the effects of sheave-groove hardness and size 
be continued 

• the fatigue performance of rope wires be evaluated under controlled 
load and strain conditions 

• the cumulative damage process in ~ wire rope be experimentally 
evaluated 

• the long-life fatigue behavior of surface mining rope constructions 
be evaluated (on both small and large ropes) 

• alternative rope constructions with small outer wires, such as 
8 x 41, be investigated for superior fatigue resistance. 

B.2 ANALYTICAL WORK 

To further enhance abilities to correlate field and laboratory rope 
behav;or, it is recommended that 

• a dynamic analysis of drag rope loads be carried out 

• the issue of a bucket position factor and its influence on hoist 
rope loads be studied further in conjunction with careful reviews of 
field films 

• the overall stress analysis of wire ropes be continued 

• the effects of wire fatigue properties and failure modes be incor­
porated into the bearing pressure ratio factor or a new damage 
parameter. 
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8.3 WEAR AND FAILURE ANALYSIS 

To better understand the causes of failure in ropes subjected to severe 
wear, abrasion, and dynamic loads, it is recommended that a substantially 
expanded effort be undertaken in this area to define the role of wear and 
deformation in rope failures. Specifically, it is recommended that 

• the detailed, destructive examination of laboratory and field ropes 
be continued, including optical and electron microscopy, metallo­
graphic examinations, and wear debris analyses, at an increased 
level of effort 

• a preliminary model be formulated, relating the combined effects of 
wear, deformation, and fatigue on the ultimate retirement life of a 
wire rope 

• the evaluation and development of nondestructive techniques be con­
tinued at an increased level of effort. 

8.4 LOAD SENSOR 

In regard to the load sensor development, it is recommended that 

• additional sensors be procured 

• sensors be installed on drag, hoist, and dump ropes on a working 
dragline(s) 

• applicability of the system be investigated for operational use and 
development of an operational system begun if warranted. 

• the system be employed in the field to obtain data on specific 
operational parameters. 

8.5 TECHNOLOGY TRANSFER 

Technology transfer activities should be continued and expanded in FY81. 
Specifically, it is recommended that 

• a series of seminars be presented to mine operators in both the 
eastern and western U.S. 
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• the project sponsor a wire rope symposium in FY81. Presentations 
and papers would be solicited from three groups: rope manufac­
turers, equipment manufacturers, and mine operators. A call for 
papers would also be issued, with priority given to those dealing 
with operations and maintenance problem-solving . 

• other activities, such as distributing literature, presenting films, 
and responding to written and verbal requests for information, be 
continued . 
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APPENDIX A 

TENSILE TEST RESULTS ON ROPE WIRES 

The results of tensile tests on rope wires are illustrated by Figures A.1 
through A.5. The figures illustrate the typical log-linear strain-hardening 
behavior that most materials exhibit when subjected to a monotonically increas­
ing load beyond the proportional limit. The slope of this log-linear curve is 
the Ramberg-Osgood value; the strain intercept at a stress of 1 ksi is the 
plastic strain coefficient. Part a. of each figure shows the standard stress­
strain curve. In Part b., a logarithmic plot of stress versus plastic strain 
is given. 
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APPENDIX B 

LIMITATIONS OF THE BEARING PRESSURE 
RATIO FACTOR 

The use of the bearing pressure ratio concept for correlating large- and 
small-diameter wire ropes has been shown to have value for a limited range of 
fatigue lives and corresponding rope tensions and Old ratios. The limitations 
of the bearing pressure ratio concept are illustrated in Figure B.1, where a 
plot of rope tension versus Old is presented along with lines radiating from 
the origin. These lines represent lines of constant bearing pressure ratio 
and, therefore, should represent constant life lines. Obviously, however, 
there are physical limitations to the range of usefulness of B for a given 
rope size and strength. As tension increases toward the breaking strength of 
the rope, it does not matter how large a sheave is used, the rope will fail in 
a relatively few cycles. This is shown in Figure B.2 for a 3/4-in. rope con­
struction (solid lines). The dashed lines were approximated from a German 
publication(a) where data for an extensive range of Old and load levels were 
presented. It is obvious from Figure B.2 that the constant life lines pre­
dicted by B do not correspond with reality for very high and low loads. It 
must be remembered that this breakdown in the usefulness of B occurred for a 
single rope diameter, looking only at rope tension and Old as variables. The 
range of applicability of B for different rope diameters (as it is now defined) 
may be even more limited. 

(a) VDI. 1968. VOl Guidelines for Lifting and Hauling, VOl 2358, trans. 
NAVSHIPS Translation 1417. 
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APPENDIX C 

THE BUCKET POSITION FACTOR FOR 
SURFACE MINING DRAGLINES 

Some very interesting work has recently been initiated(a) on the con­
cept of a bucket position, or load magnification, factor for surface mining 
draglines. The concept is illustrated in Figure C.1. A dragline bucket is 
pulled by a set of drag ropes and lifted by a set of hoist ropes. A static 
analysis of forces indicates that the weight of the suspended bucket must be 
counteracted by the combined vertical components of forces in the drag and 
hoist ropes. The horizontal components of force between the drag and hoist 
ropes must also be balanced in a static analysis. Using these known condi­
tions, it is possible to compute the ratio of hoist rope tension to bucket 
weight as a function of drag rope angle and hoist rope angle. (The computa­
tion ignores rope weight and rope deviation from a straight line.) This ratio 
has been termed the bucket pOSition factor or the load magnification factor. 
Figure C.2(b) illustrates the combinations of hoist and drag rope angles 
which lead to a variety of load magnification factors. 

(a) This work was described by W.E. Anderson in his presentation, IIFatigue of 
Running Ropes,1I given at a COSMET Meeting, Kansas City, Missouri, 
April 19, 1979. 

(b) Figure C.2 is based on a similar diagram received from Trevor Davidson of 
Bucyrus Erie, Milwaukee, Wisconsin on May 23, 1979. 
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HOIST.ROPE(S) 

ORAG ROPE(S) 

L OF HORIZONTAL FORCES: TO cos GO = TO sin 8H 

L OF VERTICAL FORCES: W = TH cos 8H + TO sin 80 

TH/W = BUCKET POSITION FACTOR 

FIGURE C.1. Free Body Diagram of Forces in Dragline Hoist 
and Drag Ropes 
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TH/W = LOAD MAGNIFICATION FACTOR ON HOIST ROPE 
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APPENDIX 0 

COMPUTER ANALYSIS 

To analyze the failure of the large diameter wire ropes used in the drag­
lines, the stresses in the ropes due to operational loadings must be known. 
To be meaningful, the calculation of the stresses must take into account the 
dynamic behavior of the system. Therefore, to complement the load sensor 
experimental work, a finite element analysis of the dynamic behavior of the 
dragline ropes was proposed. During FY79, to prove the validity of using 
large displacement, dynamic finite element techniques for analyzing wire rope 
behavior, several models were run. This study showed that good agreement 
could be obtained between the finite element models and theory for both static 
and dynamic problems. 

SELECTION OF COMPUTER CODE 

It was decided that the best approach would be to use an existing finite 
element code to perform the analyses. Of several general purpose finite ele­
ment programs capable of modeling large displacement, dynamic behavior of 
cable-like structures, ADINA (Bathe 1976) was selected after an initial 
screening because of its efficiency and usability. However, because ADINA is 
a general purpose nonlinear finite element program, not written specifically 
for cable type problems, it was necessary to investigate its capabilities 
along these lines. Therefore, a series of benchmark problems was selected to 
establish its capabilities. A discussion of these benchmark problems follows. 

Nonlinear Static Stiffness of a Catenary Cable 

Two aspects of static catenary cable phenomena were studied. First, the 
classical catenary solution for the static position of a cable loaded under 
both tension and its weight was duplicated by an ADINA finite element model. 
Two methods were used. When the initial nodal locations were input at the 
approximate catenary solution under weight and tension, convergence of the 
ADINA solution followed readily. However, when a straight cable under tension 
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was started with zero loading and loaded incrementally with its weight, 
extremely small increments in loading were required, i.e., it was prohibi­
tively expensive. In all subsequent models, the approximate catenary position 
was input initially to start the problem and convergence was much quicker. 

The second aspect concerns the stiffness of a catenary cable to changes 
in horizontal end load. Felippa (1974) and Campbell (1970) have presented 
theoretical approaches to modeling cable responses in which the force­
deflection relation is a function of the geometry, elasticity, and axial 
load. To evaluate the behavior of the nonlinear ADINA truss element, an 
eight-element single-cable model was loaded horizontally in incremental stages 
(~H) and the corresponding changes in horizontal displacement (~L) and sag 
(dO-d1) were noted. Figure 0.1 depicts the geometry where Lo is the 
original length, dO the original sag, and Ho the initial horizontal 
tension. The response is shown in Figure 0.2. Convergence required that the 
maximum incremental nodal displacement not exceed 0.65% of the element length. 

The stiffness of the cable is highly nonlinear. Several asymptotic rela­
tionships are noted. First, for low tension and large sag, the cable stiffness 
approaches zero. For high tension and low sag the cable stiffness approaches 

that of an axial member in tension. The ADINA model results agree within 1.6% 
with the analytic results of Campbell (1970). 

Mode Shapes and Natural Frequencies of Single Catenary Cables 

Smith and Vincent (1950), Shears (1968), and Irvine and Caughey (1974) 

developed similar nondimensional transcendental equations for the vibrational 
eigenvalues of cables that use a nondimensional parameter as a measure of the 
tautness and elasticity of a given cable. In exploring the influence of this 
cable parameter upon the equations of motion, Irvine resolved a 300% discrep­
ancy between the solutions to two very similar problems. 
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1. For an inextensible string of very small sag-to-span ratio, the lowest 
symmetric in-plane mode natural frequency is given by the first root of 

tan (112 SL) = 1/2 SL 

S L - 2.86 TT 

2. For an inextensible straight string, the lowest symmetric in-plane mode 
natural frequency is given by the first root of 

or 

where 

cos (1/2 SL) = 0 

SL = TT 

s = (m'w2/H)1/2 

m = mass per unit length 
w ; natural circular frequency 

H = horizontal tension 
L = span. 

The conclusion is that the correct merging of solutions to the two prob­
lems can occur only by disposing of the assumption of inextensibility and 
recognizing elastic effects. 

Irvine and Caughey (1974) and Smith and Vincent (1950) presented theoret­
ical solutions for the frequencies and mode shapes of horizontal chord cables 
whose sag-to-span ratio was about 10% or less. This permitted use of the 
standard assumption that the shape of the cable between horizontally equal 
supports was parabolic. Shears (1968) included inclination of cables in his 
formulation. To test the nonlinear finite element program as a means of 
analyzing conductors, a single cable was modeled in vibration and the results 
compared with theory. The same cable data were used as in the static stiff­
ness analysis. This line has a sag-to-span ratio of 2.45% and a value for 
Irvine's cable parameter 
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where 

Le = L II + 8 ( ~ 12 J. the approximate arc length of the catenary. 

Two finite element models of the cable with horizontal chord were con­
structed using 8 and 18 truss elements with all three translational degrees of 
freedom available at nodes between the supports. The elements were slightly 

shorter at the ends than in the center for the IS-element model. Figure D.3 
portrays two of the mode shapes for the IS-element model; they match the shapes 
presented by Irvine. Note that, for a taut cable, longitudinal displacements 
are an order of magnitude smaller than transverse displacements. Table 0.1 
shows the correlation between Irvine's theory and the computed frequencies. 

---

IN PLANE ANTISYMMETRIC (MODE 1) 

(FREQUENCY = 2.519 rad/sec) 

I N PLANE SYMMETRIC (MODE 2) 
(FREQUENCY = 2.984 rad/sec) 

---- LONGITUDINAL COMPONENT (xlo) 

--- TRANSVERSE COMPONENT (xl) 

FIGURE 0.3. Typical Catenary Mode Shape 
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TABLE O.l. Theoretical and Computed Frequencies, Single-Cable 304-m Span 

8-Element 18-Element 
Theoretical Finite Element Finite Element 
Frequency Model Frequency Model Frequency 

Mode (rad/sec} (rad/sec} (rad/sec) 
Transverse 1 1.273 1.284 1.273 
Antisymmetric 

In-Plane 1 2.546 2.610 2.519 

Transverse 2 2.546 2.617 2.525 

Syrrrnetric 
In-Plane 1 3.001 3.772 2.984 

Transverse 3 3.819 4.049 3.730 

The transverse modes may be likened to a swinging motion. As Irvine 
shows, to first order, the transverse modes cause no stretching of the cable 
and thus are completely uncoupled from the in-plane modes. The sequencing and 
frequencies of the symmetric and antisymmetric modes are functions of the 
elasticity-geometry parameter for the conductor. For A2 = 66, Irvine's 
theory predicts that the lowest frequency in-plane mode shape has antisym­
metric transverse displacements and symmetric longitudinal displacements. 

To ascertain the effects of varying the cable parameter, a larger sag 
cable (A2 = 3925) model and a smaller sag cable (A2 = 2.43) were studied 
using eight elements. The parameters of the cable are the same except that 
the horizontal tension has been reduced to 6210N to provide a sag of 9.8% of 
the chord length for the larger sag cable and increased to 74500N to provide a 
sag of 0.81% of the chord length for the smaller sag cable. The predicted 
frequencies for these two models are shown in Table 0.2. Mode shapes are sim­
ilar to those of the original cable (A 2 = 66) except that the longitudinal 
displacements are now of a similar order of magnitude as the transverse 
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TABLE 0.2. Computed Frequencies, Single-Cable 304-m Span 

Large Sag (A2 = 3925) 
Computed Theoretical 
Frequency Frequency 

Mode (rad/sec) (rad/sec) 
Transverse 1 0.639 0.638 
Antisymmetric 

In-Plane 1 
Transverse 2 

Symmetric 
In-Plane 1 

Transverse 3 

1.247 
1.295 

1.899 
2.002 

1.276 
1.276 

1.826 
1.914 

Small Sag ( A2= 2.43) 
Computed Theoretical 
Frequency Frequency 

Mode (rad/sec) (rad/sec) 
Transverse 1 2.225 2.210 
Symmetric 

In-Pl ane 1 
Anti symmetric 

In-Plane 1 

Transverse 2 
Transverse 3 

2.971 

4.534 

4.535 
7.081 

2.950 

4.420 

4.420 
6.630 

displacements for the larger sag cable. For the smaller sag cable, there is a 
change in the ordering of the mode shape versus frequency. This effect was 
predicted by Irvine (1974). 

Displacement Pulse Propagation 

Another cable behavior of interest is the traveling wave (pulse). Theo­
retically, a traveling wave of arbitrary shape travels along a cable without 
changing its shape, provided internal frictional losses are sufficiently small 
and local changes in tension are neglected. For a cable with constant tension 
(H) and mass per unit length (m), the transverse wave velocity is given as 

C = JH/m 

Modeling traveling waves using discrete truss elements requires that the pulse 
shape be approximated by a series of straight lines, which may affect pulse 
shape. To test how well ADINA could predict the traveling wave phenomenon, a 
finite element model was constructed using 30 axial elements with constant 
initial tension. A triangular pulse wave was generated by forcing a t-ime­
dependent transverse displacement at one end. As shown in Figure 0.4, the 
general shape of the pulse is maintained as the wave translates along the 
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FIGURE 0.4. Pulse Shape History 

cable. The maximum value of pulse is reduced by 13% after crossing 
24 elements. The model pulse velocity agreed with the theoretical velocity 
within 2%. 

Falling Cable 

A single-cable model was used to analyze the motion of a cable that had 
snapped at one of its support ends and was falling freely. The sudden release 
of tension at one end of the cable travels to the other end at the speed of 
sound for the conductor material. During this release period, the cable 
experiences recoil (motion toward the remaining support) in addition to a 
response to the effect of gravity. 

Ideally, one would like to model the truss elements as having low capa­
city to resist compression. It was decided to use a non-zero compression mod­
ulus for the truss elements to maintain a positive definite stiffness matrix. 
Therefore, a compression modulus of two orders less than the tension modulus 
was used. This worked satisfactorily with the selected element sizes and a 
time step of 0.0025 seconds. The analysis results just prior to contact with 
the ground are illustrated in Figure 0.5. The initial geometry was a 20-m 
support height and a 7.47-m sag. Breakage was assumed to occur at the right­
hand support. 
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FIGURE D.S. Falling Cable History 

The motions computed by the ADINA finite element model indicate a longi­
tudinal springback of approximately 3-m for the 304-m span in 1.5 seconds. An 
irregularity appears on the cable shape near the remaining support. This could 
be due to the prevailing compression and is a function of the element size in 
that region. The computed falling distance of the free end of the conductor 
at 1.5 seconds is within 5% of that expected from free fall under gravity. 

To give some feel for the transient effects, a plot of the cable load at 
the support pOint is given in Figure 0.6. This clearly shows the time taken 
for the initial compression stress wave to reach the attached end of the con­
ductor. The implied velocity correlates very well with the sonic velocity of 
the cable material. 

The small compression loading that persists after the initial tension is 
released is a consequence of the assumed non-zero compression modulus. At 
about 0.7 seconds after breakage, a sharp increase in tension at the attached 
cable end is noted. This is due to the undamped stress waves propagating in 
the cable. The time between tensile loads corresponds to the time required to 
traverse the cable length at the lower sonic velocity associated with the 
assumed compression modulus. Following this period is a sequence of further 
tensile pulses, which are due to interaction between the stress waves and the 
tension induced by the falling motion. 

0.9 



30 

>< 

CONDUCTOR TENSION- STATIC CONDITION 

0.2 0.4 0.6 0.8 

TIME (sec) 

1.0 1.2 

FIGURE 0.6. Falling Cable Fixed End Load History 

Dragline Rope Response Simulation 

1.4 

Little is known about the actual tensile loads imposed on wire rope dur­
ing the operating cycle of a dragline. Most load data to date have been 
developed from records of current flow variations in the electric drum motors. 
Because of the elasticity of the rope and inertia of the system, transient 
loads of high amplitude can go undetected using this technique. These dynamic 
loads are considered to be quite high and are, therefore, a significant factor 
in rope wear. 

By using finite element techniques to predict dragline rope response, the 
possibility to improve wire rope usage and dragline design exists. To show 

the feasibility of predicting dragline rope behavior, a model of a drag rope 
and bucket-connecting hardware was developed. The system was modeled by 35 

truss elements. The drag rope was 150 ft long with a sag-to-span ratio 
of 7%. The drag rope was moving uniformly to the left at 10 ft/sec to 
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s~mulate bucket uptake. The right end of the rope was suddenly stopped to 
simulate bucket stoppage. The ten~ion in the rope 0.01 sec after bucket 
stoppage is shown in Figure D.7. The maximum tension in the rope is over 700% 
higher than before the bucket stoppage. The tension near the bucket end is 
starting to falloff as the rope rebounds. The ripple effect in the high 

tension region is probably due to stress waves reflecting at individual nodal 
points and would not be expected in an actual wire rope. 
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FIGURE D.7. Tension Distribution in Suddenly Stopped Drag Rope 

CONCLUSIONS 

Two conclusions based on this computer analysis are offered. First, the 
ability of ADINA truss elements with large displacement capabilities to model 
static and dynamic behavior of wire ropes has been clearly shown. The non­
linear static stiffness of catenary cables was modeled precisely. Significant 
dynamic phenomena such as mode shapes and frequencies, pulse propagation, and 
freely falling cables were also well represented by ADINA models. 

Second, care must be taken to ensure that sufficiently small load incre­

ments (i.e., time steps) are used to obtain convergence. The nonlinear truss 
element behavior is quite sensitive to load increment size. 
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