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Fatigue resistance of steel ropes: failure criterion
Background to the verification in prEN 1993-1-11:2020

Many steel rope systems are subjected to fluctuating tensile
loads and therefore can fail due to fatigue. Available fatigue
test data indicate that rope diameter, mean stress, socket type,
lay angle and rope length influence the fatigue resistance.
Most of the tests were terminated before full failure of the
ropes. This paper shows that the test termination criterion,
such as fracture of the first wire, fracture of 5% of the wires or
full rope fracture, has a large influence on the resulting fatigue
resistance. A probabilistic analysis is carried out for a rope
system in a bridge, demonstrating that the required structural
reliability levels are met when considering full failure as the
end-of-life criterion for ropes.

Keywords rope systems; fatigue tests; strand; probabilistic analysis;
structural reliability; Eurocode 3

1 Introduction

Steel ropes are often used for spanning large distances in
engineering structures such as bridges, long-span roofs
and lifts. Various types of rope are available, see Fig. 1.
The design of ropes and their applications and anchorage
systems in actual structures are based on long-term practi-
cal experience, where lessons learned from earlier days
have been incorporated. The European standard EN
1993-1-11 [1] provides verification rules for the structural
design of ropes. One of the verifications concerns the fa-
tigue life. A Wohler or S-N curve is provided for this,
which gives the 95% exceedance fraction of the number
of cycles to failure N (abscissa) as a function of the ap-
plied stress range Ao (ordinate), with the latter defined as
the load range divided by the metal area of the rope cross-
section.

During the revision process of the standard [2], concerns
were raised regarding the correctness of the S-N curve,
and an alternative curve was suggested, see [3], [4]. Fig. 2
shows the two curves, which are both defined by
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where N* is the number of cycles at the knee-point of the
curve, Ac" is the corresponding stress range and m; and
m, are the inverse reciprocal slopes of the two branches
of the curve (see Fig. 2 for the values). The first branch of
the curve, with parameter m;, is deduced from constant-
amplitude fatigue tests and the second branch is an exten-
sion of that curve accounting for the effect of variable
amplitude load.

The background to the S-N curve in [1] is lacking, but it is
likely that the curve is based on evaluation of test data by
Chaplin [5], given the agreement with S-N curves. The
S-N curve in [5] is based on fatigue tests carried out up to
full failure of the rope. The alternative S-N curve in Fig. 2
is introduced in [3], based on information from [6] and [7].
It is derived from the suitability tests required for rope
systems. A suitability test comprises a fatigue test carried
out for a certain endurance followed by a tensile test up
to fracture of the rope [8]. Similarly to the design of ropes,
the suitability test condition and criterion are based on
long-term experience. Using data from suitability tests
and assuming slope parameters equal to those of welded
joints in [9] - thus implicitly (and conservatively) assum-
ing that the fatigue life initiation period is limited - al-
lowed the alternative S-N curve to be derived.

It is evident from Fig. 2 that the difference between the two
curves is especially large at relatively low stress ranges
and large numbers of cycles; however, this part is relevant

Fig. 1 Rope assemblies (3D figures published by courtesy of Fatzer AG):
a) spiral strand rope, b) stranded rope, and c) full-locked coil rope
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Fig.2  S-N curve for ropes in [1] and alternative curve in [3]

for many practical applications. For this reason, fatigue
tests carried out in the past are re-evaluated in section 2.
It appears that the differences in fatigue resistance re-
ported by different authors are partly due to the different
failure criterion adopted, such as failure of the first wire,
failure of 5% of the wires, or full rope failure. Section 3
describes a probabilistic assessment for determining
which of these criteria satisfies the required reliability.
This paper is closely connected with an accompanying
paper [10] in which the S-N curve is derived from tests on
full-locked coil ropes. The two papers provide the back-
ground to the fatigue resistance of ropes for the upcoming
revision of EN 1993-1-11 [2].

2 Evaluation of fatigue tests on ropes

In the past, tests have been carried out on rope systems
and on the individual wires used to construct ropes. The
fatigue resistance of individual wires appears to be signifi-
cantly higher than that of rope systems [4]. The main rea-
son for this is that fatigue failure of wires in a rope is re-
lated to fretting corrosion at the contact location of cross-
ing wires (‘trellis points’) [11], [12]. The severity of fretting
corrosion is related to the combination of pressure and
relative displacement between the wires [13], [14], which
causes high temperatures, resulting in galling and oxida-
tion [15], and a microcrack can develop at this location.
Another reason for the inferior performance of strands is
related to the quality of the production process, which
determines the variability in stress level between the indi-
vidual wires of a strand [16]. Hence, test data should be
collected from rope systems and not from individual
wires.

Large test databases have been collected and evaluated

for spiral strand ropes and stranded ropes. Various works
by Chaplin, e.g. [5], [16], [17], are of particular importance
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because of the consistent evaluation of many test data.
The scatter in the fatigue resistance appears very substan-
tial if all data are jointly evaluated and it is much larger
than the scatter of individual test series. Sources of scatter
are geometrical and quality differences between strands
and types of socket, but also differences between test con-
ditions such as frequency. Overviews of the S-N curves
resulting from the collection of large databases are given
in [18] and [19]. The S-N curve is expressed in [18] with
the range as a fraction of either the actual breaking force
(in the past referred to as ultimate breaking load, UBL) or
the calculated minimum breaking force F i, considering
the spinning loss factor (in the past referred to as mini-
mum breaking load, MBL) and in [19] as an equivalent
load amplitude, in line with the custom in the UK and the
USA, and Germany, respectively.

A significant influence of the strand diameter on the fa-
tigue resistance was observed in [20] for ropes in a diam-
eter range 4 mm < D < 36 mm. The fatigue life was found
to decrease by a factor of 1.7 or 2.7 in the case of stranded
ropes and spiral strand ropes respectively for a diameter
increasing by a factor of 2. A similar factor of 2 to 3 ap-
plied to the fatigue life for a two times larger diameter
range is mentioned in various papers by Raoof, e.g. [12],
based on a theoretical model of fatigue fretting in strands.
Adding data from [21], Feyrer [19] extended the findings
in [20] to rope diameters 4 mm < D < 127 mm by also ac-
counting for the difference in number of wires per rope.
However, Chaplin [16] concluded that the S-N curves of
small diameter ropes are flatter - i.e. the fatigue life is
more sensitive to a variation in load range - than those of
large diameter ropes and that the S-N curves of different
diameter systems cross each other, i.e. small diameter
ropes perform better at low stress ranges (long endur-
ance) but worse at high stress ranges (short endurance)
compared with large diameter ropes. He attributes the
difference to different processing, where small diameter



wires (used in small diameter ropes) require additional
heat treatment and have different residual stresses across
the wire. Another potential cause, not mentioned in the
literature, is the temperature generated during testing due
to the fretting mechanism. A high temperature is detri-
mental to fatigue performance, and so specimens are
therefore often cooled from the outside during testing.
Cooled or not, the core of a large diameter rope is ex-
pected to be hotter than that of a small diameter rope,
and the effect may be more pronounced in the high-fre-
quency testing that is especially applied at low stress
range levels and high endurances.

Another influencing factor is the mean load of the cycle.
The fatigue resistance of individual wires reduces with
increasing mean load [22], but spiral strand ropes and
stranded ropes exhibit a different behaviour. The endur-
ance is observed to be highest at a moderate minimum
load level and lower at a high, but also nearly zero, mini-
mum load [19], [20], [23]. This might be due to the varia-
tion in stress per wire. This variation is larger at low stress
levels due to the lay quality and the absence of early yield-
ing of the most highly stressed wires [16].

Based on a theoretical model describing the fretting
mechanism in ropes, Raoof [24] concluded that the lay
angle of the wires in the strands is an important factor af-
fecting the fatigue performance. However, the lay angle in
most rope systems does not vary to a great extent. It is
usually in the order of 16° to 18° for the outer layers, with
some exceptions of 15° or 19°. Except for Raoof’s work,
the lay angle is not usually considered in the statistical
evaluation of fatigue test data for ropes.

Finally, the rope length is of importance. The test length
should include at least one recovery length or 10 lay
lengths [24], or be at least 5m [2]. Wire fractures are
often observed near the sockets in tests. However, tested
lengths are often much shorter than the rope lengths
used in real structures. From a statistical point of view, it
can be expected that the probability of failure some-
where in the free length of a long rope, i.e. a series system
consisting of multiple recovery lengths, exceeds that of
the socket regions if the rope length exceeds a certain
value. A statistical model considering the length effect
based on a Weibull distribution is given in [25]. The effect
may be obtained from tests on small diameter ropes as
these can be tested at relatively large length-to-diameter
ratios. Esslinger [26] tested 0.6 inch diameter spiral
strand ropes with lengths of 1040, 2030 and 10430 mm
(data in [19]). The data show some indications that the
transition from finite life to nearly infinite life reduces
with the length. Excluding the data in the transition re-
gion, the endurance of the longest wires was approx.
1.5 times shorter than the other two lengths for an equal
failure probability.

Applying linear regression to the test data and using the
S-N curve model of Eq. (1), Chaplin [16] provides a slope
variable mq = 4 to m; = 9 for large and small diameter
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ropes respectively for individual test series on a single
geometry. Values close to m; = 4 are also given in [18] for
individual series involving larger diameter ropes. Owing
to the statistical nature of the regression, a large scatter
reduces the value of the slope parameter because the
model is less able to describe the data properly. This is the
reason why the slope parameter reduces if multiple test
series, containing multiple geometries, are combined in
the regression. A slope parameter m; = 3.44 is suggested
in [18] when combining all data. The load range at a mean
number of cycles of 2 - 10° is 16% of the MBL for both
spiral strand ropes and stranded ropes according to that
same source (263 and 109 test data respectively), where
run-outs were considered as failures. The characteristic
fatigue resistance - defined in [18] as associated with the
mean minus two standard deviations of the fatigue life
equal to 2 - 10° cycles - is approx. 8.5% of F i, accord-
ing to the same source.

Three regressions of fatigue tests on relatively large diam-
eter ropes are used in a comparison later in this paper:

- Chaplin [17] analysed data in Casey [21] covering 40,
70 and 127 mm diameter ropes with a lay angle of 18°.
The failure criterion adopted was the number of cycles
to complete failure of the rope. Fig. 3 provides a selec-
tion of the test results. The proposed characteristic
S-N curve (1st branch) is

log,, N =log,, (3.75 : 1010) —4log,, (Ap') 2)

where Ap’ is the load range as a fraction of UBL minus
minimum load.

- Tilly [27] tested 35, 44, 53 and 63 mm diameter spiral
strand ropes and stranded ropes with lay angles of 14°,
18° and 21°, see Fig. 4. Again, test data across the two
types of rope did not differ significantly and they were
treated as one population. The failure criterion adop-
ted was the number of cycles to the first five visibly
fractured wires. The characteristic S-N curve in Tilly is
defined as giving the 95 % lower bound fatigue life:

log,, N =log,, (2 . 109) -3.3log,, (Ap) 3)

where Ap is the load range as a fraction of F y;,. Fig. 4
shows only one test failing at a relatively low load
level of approx. 10% of F. ;. Had this test been trea-
ted as an outlier and therefore ignored in the regressi-
on, a shallower S-N curve would have resulted. The
number of cycles between the 1st and the 5th broken
wires was between 0.5 and 2 times the number of cyc-
les to the 1st broken wire.

- Raoof [11] developed a theoretical prediction model
for first wire fracture. He compared his model with
tests in [12], [17], [24], [27], see Fig. 5. He explicitly ac-
counts for the lay angle and distinguishes between
failures in the free length or near the sockets. Tab. 1
provides the proposed slope parameter and the cha-
racteristic fatigue resistance to 1st wire fracture at
2 - 106 cycles for 127 mm diameter ropes.

Steel Construction 14 (2021) 3
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Tab.1 Fatigue resistance (1st wire fracture) of spiral strands in air accord-
ing to the theoretical model of Raoof [12]
Location Lay angle Ap m
Free length 12° 0.088 2.4
18° 0.064 2.1
24° 0.049 1.9
Socket region 12° 0.054 1.8
18° 0.039 1.6
24° 0.030 1.5

These three sources give significantly different fatigue re-
sistance values.

The construction of full-locked coil ropes is different from
that of spiral strand ropes and stranded ropes, and this
can affect the fatigue resistance. As most data on full-
locked coil ropes is drawn from German sources, the fa-
tigue resistance is expressed in terms of stress range, with
the latter defined as the applied load range divided by the
metal area. Sedlacek et al. [6] and Paschen [7] collected
test data from suitability tests on full-locked coil ropes
from various sources, all tested with a stress range of

150 N/mm?, terminated at 2 - 10° cycles and thereafter
subjected to a static tensile test up to full rope failure.
They developed further an empirical prediction model
initially proposed by Saul and Andrd [28] which deter-
mines the relative loss of resistance as a function of the
number of fractured wires. Based on this model, the 95 %
fraction of the relative loss in rope resistance § was de-
rived in [6] and [7] as a function of the stress range at a life
of 2 - 10 cycles Ao, see the black line in Fig. 6.

As a comparison, Fig. 6 also shows the characteristic fa-
tigue resistance values of large diameter spiral strand
ropes and stranded ropes mentioned in the previous sec-
tion. The calculated breaking force considered in this
comparison - expressing the S-N curves of Egs. (2) and
(3) and Tab. 1 in terms of stress range - is the metal area
multiplied by the nominal tensile strength of the wires fy,
and ignores the spinning loss factor for reasons of sim-
plicity. A value fy = 1500 N/mm? is considered to be a
reasonable strength value for full-locked coil ropes. Fig. 6
shows that the trend in the fraction of rope fractures ver-
sus the characteristic fatigue resistance is consistent
across the different studies. Moreover, despite the differ-
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Fig.4 Testdata from Tilly [27]
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Fig.6 Relation between the characteristic fatigue resistance (at 2 million cycles) and the relative loss of resistance according to Sedlacek et al. [6] and Pas-

chen [7] (black line) and comparison with the resistance values of Raoof [11], Tilly [27] and Chaplin [17]

ence in rope construction, the results, even quantitatively,
are in reasonable agreement. Fig. 6 indicates that the fa-
tigue resistance is highly dependent on the termination
criterion of the test.

3 Probabilistic analysis for evaluating end-of-test
criterion

As the termination criterion appears to be so important
for the fatigue resistance, the question is: Which termina-
tion criterion should be selected for the fatigue design in
the standard EN 1993-1-11 [2]? This section describes a
probabilistic assessment where the structural reliability of
a design based on full failure of the rope is compared with
the target reliability as put forward in Eurocode EN 1990
[29].

3.1 Target reliability

The Eurocodes allow a structure to be assessed with a
‘safe-life concept’, for which no inspections are foreseen
or considered at the design stage, and a ‘damage-tolerant
concept’, which requires periodic visual inspections. Ap-
plying a safe-life concept, it is evident that the reliability
at full failure of the rope should meet the reliability re-
quirement for the ultimate limit state. Differently from,
for example, welded joints, a significant warning effect
(fracture of individual wires) is to be expected for rope
systems. Theoretical models such as that of Raoof [11] in-
dicate that the inner wires are subjected to the largest
stress ranges in a bent strand. Tests show, however, that
the wires of the outer layers usually break first. For this
reason, regular visual inspections will in most cases suf-
fice in a damage-tolerant concept, where the rope system
is replaced in time.

Steel Construction 14 (2021) 5
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The reliability index j is defined as
-1
p=-o7'(p) )

where Py is the probability of failure and @(') is the cumu-
lative distribution function of the standard normal distri-
bution. EN 1990 [29] provides the target reliability indices
related to fatigue for a reference period of 50 years and a
structure in reliability class 2. The index range 1.5 < 3< 3.8
depends on the inspection and repair possibilities and the
tolerance to damage. The upper bound value of 3.8 cor-
responds to the target reliability for the ultimate limit
state, and this should be met using the safe-life concept.
Most ropes can be inspected and replaced (although pos-
sibly expensive and disruptive) and have a high tolerance
to damage. Therefore, it is reasonable to select a reliabili-
ty index closer to the lower bound value of 1.5 for the
damage-tolerant concept. Bridges are usually designed for
a life of 100 years, but target reliability levels are not pro-
vided for this period. The 50-year target reliability levels
are therefore used conservatively for a 100-year life.
Bridges are usually classified in reliability class 2 or 3.
For reliability class 3, the upper bound target value for the
50-year reliability index should be increased from 3.8 to
4.3 (safe-life concept). It is unclear as to by what extent
the lower bound value needs to be increased (damage-
tolerant concept).

3.2  Design of the rope

A rope in a motorway bridge is considered here. As a sim-
plification, the influence line is assumed to be that of a
simply supported beam with a span of 100 m. Two cases
are considered: In case 1 the rope is loaded by one slow
lane only. In case 2 the rope is loaded by a slow lane and
an adjacent fast lane (with overtaking trucks) and the two
lanes have the same influence line (i.e. same load effect
for load on the fast lane as on the slow lane). The struc-
ture is designed with Fatigue Load Model 4 (FLM4) ac-

A
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cording to EN 1991-2 and an S-N curve derived as the
95% lower bound for full rope failure of full-locked coil
ropes in the accompanying paper [10]. This S-N curve has
the following characteristics: A" = 115 MPa, N =5 - 10°,
my =4 and m, = 6. The rope is designed with the cumula-
tive damage accumulation rule of Palmgren-Miner such
that the damage Dy according to the design procedure is
equal to 1:

n.
D, =% i 5)
des z}: Ni

where 7; is the number of trucks of a certain type in
FLM4, each producing a stress range Ac;, and N; is deter-
mined with Eq. (1), where Ac" is divided by either
wit = 1.35 for a safe-life design or yys = 1.15 for a damage-
tolerant design.

The frequent traffic load effect is considered through
Load Model 1 of EN 1991-2. The stress caused by the
permanent load o, is tuned such that the frequent load
combination effect is 0.45f,, which is the condition of
validity of the S-N curve. This tuning procedure gives
op = 563 MPa for fy; = 1500 MPa.

3.3 Reliability analysis

The designed rope is subsequently considered in a proba-
bilistic analysis. The actual load and resistance are con-
sidered as realistically as possible in this analysis and
include any uncertainties. In this case, instead of FLM4,
the rope is loaded with all the vehicles in a weigh-in-
motion (WIM) database recorded in the period between
1 January and 31 October 2015 on motorway A16 in The
Netherlands. The WIM database contains dynamically
measured axle loads, axle distances and distances be-
tween vehicles, and it is described and validated in [30].
The axle loads appear to be representative, but the num-
ber of vehicles is relatively large compared with other
European motorways. It therefore forms an upper bound.
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Fig.7  Stress range versus cumulative number of cycles ngyny for a simply supported beam of 100 m span designed with yy¢ = 1.35: a) slow lane only, b) slow

and fast lanes
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All recorded axles, including the distances between them,
are applied to the influence line in a specially developed
software and the stress history is recorded. A rainflow
counting procedure is applied, resulting in the stress
range histograms. Fig. 7 provides the stress range histo-
grams for 100 years of the designed rope using the WIM
database and using FLM4 with pys = 1.35. The maximum
stress per day due to traffic load o, is obtained from the
same simulation. Fig. 8 gives this daily maximum stress a
function of the exceedance fraction 1-F. A Gumbel distri-
bution for F is used to fit the tail of the data. Fig. 8 shows
its mean and mean plus or minus two standard devia-
tions, together with the frequent values of the load effect
according to EN 1991-2. Note that the stress levels are
different in the two cases because to reach a damage
Dyges = 1 with the FLM4 model, the influence lines are dif-
ferent.

The number of annual heavy vehicles in the WIM data-
base is 2.5 - 106. This number has remained approximate-
ly constant since the start of the measurement campaign
in 2008, and measurements on other motorways show
that it is approximately the maximum number that can be
attained for a motorway. More traffic apparently results
in more traffic jams. For this reason, a trend has not been
applied to the number of vehicles.

Tab. 2. Random variables

J. Maljaars, T. Misiek: Fatigue resistance of steel ropes: failure criterion

The load effect is subject to uncertainty. The major source
of uncertainty is a modelling approximation in the struc-
tural model made by the engineer. The JCSS probabilistic
model code [31] provides a load effect uncertainty factor
that is lognormally distributed with a mean of 1 and a
standard deviation of 0.1. The load effect in terms of
stress is multiplied by this model uncertainty. The stress
due to life load is further multiplied by a dynamic amplifi-
cation factor that takes account of dynamic interaction
between the bridge and the vehicle. Measurements indi-
cate that the dynamic amplification of main loadbearing
structures is usually small. A lognormal distributed factor
with a mean of 1 and a standard deviation of 0.05 is as-
sumed here.

The damage-tolerant design concept is considered first. In
practice, depending on the structure, various criteria can
apply for the replacement of a rope. An (arbitrary, but not
unusual) replacement criterion of 5% of wires being frac-
tured is applied here. The associated S-N curve is derived
in [10] and its parameters are given in Tab. 2. Following
the JCSS probabilistic model code [31] and DNVGL-RP-
C210 [32], full correlation is assumed between the first
and second branches of the S-N curve. In addition, fol-
lowing [31] and [32], the critical damage D, (at which
failure occurs) is assumed to follow a lognormal distribu-
tion with a mean of 1 and a standard deviation of 0.3. The
limit state function is

g(X’t)chr_Dn (6)

where X is the vector of random variables according to
Tab. 2, t the time and D,, the accumulated damage using
the WIM stress range histogram and the probabilistic S-N
curve:

1
Dn = Zﬁ] =1 (7)
j
where Nj is obtained with Eq. (1) for each stress range
CuncCaatAoj that occurs.
The safe-life design concept will now be considered,

where the probabilistic S-N curve for full rope failure is
used [10]. Here, it is necessary to account for the reduc-

X Description Distribution type Mean St.dev
Cunc Model uncertainty Lognormal 1.0 0.1
Caf Dynamic amplification factor Lognormal 1.0 0.05
og Max. stress (100-year), slow lane Gumbel 159. 6.3
Max. stress (100-year), slow & fast lanes 161. 9.6
log1o(N") + mylogo(Ac’) S-N curve, 5% wire fractures 2 Student’s t (n =29, v=27) 15.78 0.212
S-N curve, full failure ? 15.95 0.189
D¢, Critical damage Lognormal 1.0 0.3
fu Tensile strength of wires Normal 1.1fuk 0.05f

A m, =441, my=m +2, N"=5- 108, full correlation between 1st and 2nd branch

b) m, =4.33, my=m; +2, N"=5- 105, full correlation between 1st and 2nd branch
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tion in static resistance of the strand with increasing fa-
tigue damage. The remaining static resistance o,.5 can be
described by (see [10])

0.45f, +
1
p Y\ mb'+1
0o =10.55f, | 1 —[DC“ ] D, <D, (8)
T
0 Dn > DCr

where f, is the actual tensile strength of the wires with an
assumed distribution according to Tab.2 and factor
b’ = 2. Assuming no dependency between days of maxi-
mum load effect, the Gumbel distribution Fr for the maxi-
mum traffic load effect in 100 years o, can be approxi-
mated by Fr = FT, where T is the number of days in
100 years (T = 36525, F in Fig. 8). The limit state function
is

g(X’ t) =Otes ~ O-sCunCCdaf - O-pCunc ©)
Thus, a conservative approximation is adopted that the
maximum load effect occurs at the end of the service life,
at maximum fatigue deterioration of the rope.

3.4 Results

The reliability indices for the two cases are determined
using the first-order reliability method (FORM). Tab. 3
provides the results. It shows that the reliability index for
a structure loaded by two (slow and fast) lanes with equal
influence lines is larger than that of a structure loaded by
one (slow) lane. This is related to the inability of FLM4 to
represent accurately the WIM database for both situa-
tions [30]. The result is a relatively heavy structural de-
sign, related to the actual loading, for a two-lane structure
compared with a one-lane structure.

All calculated reliability indices are equal to or higher
than the target values. In most practical cases, ropes are
loaded in a combination that is somewhere between that
of two lanes with equal influence lines and that of one
lane, and this gives a reliability that is significantly higher
than the target value. Hence, the characteristic S-N curve
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