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S-N curve for full-locked coil ropes
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. There are indica-
tions that the fatigue resistance of full-locked coil ropes is
somewhat lower than that of other types of rope. Fatigue test
data on full-locked coil ropes have been collected, but they
terminate at different conditions. A semi-empirical model is
employed to extrapolate the test results to full failure of the
rope. The resulting S-N curve is being adopted for the revision
of European standard prEN 1993-1-11.
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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 European standard EN 1993-1-11 [1] provides verifi-
cation rules for the structural design of ropes. One of the
verifications concerns the fatigue life, for which an S-N
curve is provided.

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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Owing to the lack of background to the S-N curve in the
current version of EN 1993-1-11 [1], a study has been car-
ried out to derive such a curve from fatigue tests. There
are indications that the fatigue resistance of full-locked
coil ropes is lower than that of other types of rope. There-
fore, test data on full-locked coil ropes have been collect-
ed, see section 2. The tests terminated at different condi-
tions, such as after 2 million applied cycles or (close to)
full failure of the rope. They were also carried out at dif-
ferent mean stress levels. A semi-empirical model is devel-
oped to account for these differences, see section 3. This
resulted in an S-N curve, see section 5, which is proposed
for the revised version of EN 1993-1-11, [2]. The current
paper provides background to the fatigue resistance of
ropes in [2]. It is closely linked to an accompanying paper
[3] describing the termination criterion that fulfils the reli-
ability requirements.

2 Fatigue test data on full-locked coil ropes

Most fatigue evaluations of rope systems are based on
tests on spiral strand ropes and stranded ropes [3]. The
construction of full-locked coil ropes is different from
that of spiral strand ropes and stranded ropes, and this
may affect the fatigue resistance. The fatigue resistance
of individual Z-shaped wires is lower than that of round
wires [4]. In a rope, these wires are twisted, and that may
further reduce their fatigue resistance. But the contact
pressure at the trellis points and the difference in stress
between individual wires may be different from those in
spiral strand ropes and stranded ropes. This implies that
the fatigue resistance and the quantitative effect of the
relevant variables distinguished for spiral strand ropes
and stranded ropes may be different for full-locked coil
ropes. Feyrer [5] provides unpublished data on full-
locked coil ropes of 28 mm diameter which have an en-
durance that is 55 % of that of comparable spiral ropes.
However, metal sockets were used for the former,
whereas resin sockets were used for the latter, and ropes
in resin sockets have a greater endurance. Data on spiral
strand ropes in [6] and full-locked coil ropes in [7] are
compared in [8], revealing a better fatigue resistance for
the former, but the tests employed different termination
criterion. A poorer fatigue resistance for full-locked coil
ropes is also suggested in [9], but that study was based
on a very limited amount of data for full-locked coil
ropes. To summarize, the comparisons suggest that
locked coil ropes have an inferior fatigue resistance, but
the comparisons are subject to debate. This section gives
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Fig. 2

an overview of the test data collected for full-locked coil
ropes.

An increase in rope diameter appears to result in a de-
crease in the fatigue resistance [3]. Therefore, the fatigue
data collected here cover large diameter ropes only. Not
much test data on full-locked coil ropes can be found in
the literature. All data are evaluated with a simple Bas-
quin relation:

loglo(N) =C, —m, log,, (Ao) (1)

where Ao is the stress range (defined as the applied load
range divided by the metal area), N is the number of
cycles, and C; and m; are fitting parameters. Petersen [7]
presented a collection of data from other German sourc-
es, see Fig. 2. Details about the geometry (diameter, lay
angle) were not provided. Tracing the original data re-
vealed that most tests were terminated before full failure
of the rope. This is not only true for the tests terminated
after 2 - 10° cycles, but also for most of the other tests.

Saul and André [10] provided the fatigue resistance of
full-locked coil ropes based on the results of various tests.
They developed an empirical model and used it to deter-
mine the fatigue resistance related to the first wire frac-
ture. They further showed that a relatively large number
of wire fractures occur near or even in the socket. This
was also observed by Schmidmeier [11] for full-locked
coil ropes loaded in bending. Sedlacek et al. [12] and
Paschen [13] collected test data from suitability tests on
full-locked coil ropes from various sources and refined
the model of Saul and Andri [10]. These suitability tests
consist of a fatigue test with N; = 2 - 10° cycles with a
stress range Ac; = 150 N/mm? and a maximum stress Gpax
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Test data for full-locked coil ropes collected by Petersen [7] (open symbol = detection of first wire fracture, solid symbol = termination of test)
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Fig.3  Mean value and standard deviation for the relation between number

of cycles (for a test stress range of 150 N/mm?) and the relative loss
of resistance according to Paschen [13]

equal to 42% of the tensile strength of the wire fy.. The
fatigue test was succeeded by a tensile test to determine
the remaining rope resistance F mip.

Based on 15 tests with wire fractures recorded as a func-
tion of the number of cycles and a model determining the
relative loss of resistance as a function of the number of
fractured wires, Sedlacek et al. [12] and Paschen [13] de-
rived a relationship between the relative loss of resistance
and the number of cycles, see Fig. 3. Using this graph in
combination with a Student’s t-distribution, they provided
the 959% fraction of the relative loss in rope resistance as
a function of the stress range at a life of 2 - 10° cycles.



The analyses of Sedlacek et al. [12] and Paschen [13] are
valid for the maximum stress range applied in the suitabil-
ity tests. There are indications in the literature that the
mean stress is highly relevant for fatigue of ropes. Based
on a Smith diagram, the following equation for determin-
ing the fatigue resistance for a defined stress range of full-
locked coil ropes is given in [7]:

_1-R
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where:

R load ratio

AogR fatigue resistance expressed as stress range at
stress ratio R
Aoy equivalent fatigue resistance at R =0

Aoy o, 2) x parameter to control the influence of load ratio
1-xR .
and wire strength, see [7].
Tab.1 Fatigue test data for large diameter full-locked coil ropes
D An fu Ao, Ry M Ny Py P, P, &% Source
[mm] [mm?] [N/'mm?] [N/mm?]
72 3640 1500 70 0.86 1.29E+06 0 0 0 a)
72 3640 1500 110 0.80 3.19E+05 1.56E+06 3 3 13 102 [10]
72 3640 1500 70 0.86 1.00E+06 0 0 0 a)
72 3640 1500 110 0.80 2.58E+05 1.02E+06 0 0 13 109 [10]
80 4350 1600 120 0.78 1.10E+06 2.10E+06 0 0 20 b) [10]
92 5750 1500 139 0.64 5.68E+05 2.09E+06 1 1 1 1 [10]
54 1975 1500 150 0.74 1.65E+06 2.00E+06 8 5 12 [10]
72 3607 1500 152 0.70 4.38E+05 2.21E+06 6 38 22 [10]
72 3607 1500 152 0.70 6.10E+05 2.09E+06 7 35 20 [10]
72 3607 1500 152 0.70 1.07E+06 2.04E+06 1 5 3 [10]
65 2953 1300 179 0.68 1.45E+06 2.10E+06 0 0 27 26 [15]
69 3147 1500 196 0.64 5.44E+05 2.00E+06 73 3 80 16 [10]
104 7504 1530 203 0.06 4.94E+05 2.00E+06 13 5 [10]
65 2953 1300 207 0.65 5.20E+05 7.53E+05 0 0 51 49 [15]
54 1975 1500 209 0.67 1.10E+06 1.61E+06 36 139 100 [16]
73 3738 1300 219 0.51 6.25E+05 2.00E+06 24 0 46 22 [10]
65 2953 1300 230 0.62 3.10E+05 5.88E+05 1 21 20 [15]
65 2953 1300 231 0.03 8.08E+05 9.80E+05 2 205 100 [15]
65 2953 1300 258 0.07 3.65E+05 1.63E+06 55 113 75 [15]
65 2953 1300 272 0.04 1.60E+05 9.71E+05 20 112 75 [15]
54 1975 1500 299 0.59 3.35E+05 4.98E+05 2 61 53 [16]
69 196 0.64  3.87E+05 1.09E+06 b) [17]
69 196 0.64 3.70E+05 1.19E+06 b) [17]
69 196 0.64 4.28E+05 2.19E+06 b) [17]
101 6900 1460 90 0.64 3.00E+07 3.00E+07 0 0 a)
101 6900 1460 180 0.65 4.00E+06 4.00E+06 0 0 a)
101 6900 1460 200 0.63 5.75E+05 1.27E+06 5 28 122 [18]
105 7490 1500 150 0.76 3.36E+05 2.00E+06 5 3 30 15 [10]
105 7490 1500 150 0.76 2.00E+06 4 2 4 2 [10]
115 9040 1500 150 0.76 3.60E+05 2.00E+06 15 1 122 52 [10]
115 9040 1500 150 0.76 3.10E+05 2.00E+06 32 0 57 24 [10]
118 9520 1500 150 0.76 3.99E+05 2.00E+06 20 2 65 20 [10]
118 9520 1500 150 0.76 3.96E+05 2.00E+06 21 1 30 9 [10]
118 9520 1500 150 0.76 5.40E+05 2.00E+06 23 0 28 8 [10]
120 9840 1600 150 0.78 1.00E+06 2.00E+06 15 2 16 5 [10]
105 7490 1600 150 0.78 2.00E+06 11 0 86 33 [10]
105 7490 1600 150 0.78 7.04E+05 2.00E+06 32 6 47 18 [10]
118 9520 1570 147 0.77 3.00E+05 2.00E+06 7 2 [13]
118 9520 1570 147 0.77 2.00E+06 0 [13]
104 7350 1570 147 0.77 1.10E+06 2.00E+06 1 0 [13]
104 7350 1570 147 0.77 9.70E+05 2.00E+06 12 5 [13]
104 7350 1570 147 0.77 6.10E+05 2.00E+06 13 5 [13]

a Test carried out at different stress range levels (see rows above and/or below) after no wire fractures in low stress range.

b |nsufficient information available for proper analysis. Data not used in the following statistical evaluation.
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This equation can also be found in the old standard,
DIN 1073 [14]. The value of x in that standard was de-
rived from two distinct points on the Smith diagram,
namely, Acy = 200 N/mm?, and the suitability test load
condition, with Ac; = 150 N/mm? and a stress ratio
R; = 0.76 for oyax = 0.42f,. Assuming a tensile strength
fuk = 1500 N/mm? (a reasonable value for full-locked coil
ropes), then x = (Gpax — A0p)/( Omax — AOR), resulting in the
value x = 0.896.

Tab. 1 and Fig. 5 give an overview of all fatigue test data
found for large diameter full-locked coil ropes, where:

An metal cross-sectional area

Aoy, stress range

R, stress ratio

N, number of cycles to first wire fracture
N, number of cycles to termination of test

Py, Ps,, Py number of fractured wires in free length, in
outer layer of free length and total fractured
wires respectively (all at termination of the

test)
A
(67, will be introduced later.)
fix ~ p
7,
// Most of the test data are from suitability tests, but were
s not necessarily performed with the stress range and stress
,/ ratio according to EN 1993-1-11 [1] or prEN 1993-1-11 [2].
Gmax /
V
£ | The test data in Fig. 5 show a large scatter, and the scatter
° 0.42-£, /s o is still significant if all data are normalized to a stress ratio
G d R = 0.76 using Eq. (2), see Fig. 6. This is expected to be
Gmin .
d related to the following:
Vv d Ac =150 N/mm? o . .
200 ’ - From a statistical point of view, the number of cycles
// to first wire fracture is likely to be related to the total
y 4 Ac =200 N/mm? number of wires in the strand, whereas different num-
4 bers of wires are used in the data of the figures.
0 N f' ) A - - First wire fracture may be difficult to detect, especially
042 fu—Aoi2 w if it is a wire in one of the inner layers. The first wire
Omean fracture data may therefore be unreliable.
Fig.4 Smith diagram according to [7] - The tests were terminated after different criteria, na-
mely, a cross-section loss between 1% and 100% of
the full cross-section. The accompanying paper [3]
shows the significance of this parameter.
A
1000 3 end of test
O Ist wire fracture
o Ooo
o @° 8o, o
— @00 PO GO O
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E
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]
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Fig.5 Fatigue test results collected for full-locked coil ropes
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Fig.6  Fatigue test results collected for full-locked coil ropes, with the stress range normalized to a stress ratio R=0.76

3 Regression model for fatigue resistance of full-
locked coil ropes

For a proper derivation of the fatigue resistance, it is nec-
essary to use one termination criterion for all tests. The
evaluation of the fatigue resistance in the following is
based on fatigue failure of the full rope. The accompany-
ing paper [3] demonstrates that an S-N curve derived
for full rope failure satisfies the reliability required by
EN 1990 [19]. In order to use the test data in conjunction
with the termination criterion for failure of the full rope,
a model is applied here to extrapolate the test data.
The model is a compromise between the challenges of:
i) using as much fatigue test data as possible in the statisti-
cal evaluation, even if the tests were carried out or termi-
nated according to different criteria, and ii) finding a bal-
ance between the accuracy of the model and the number
of calibration parameters. The basis is the empirical
model of Sedlacek et al. [12] and Paschen [13], with its
predecessor by Saul and Andrd [10]. Their model is
rewritten in the following form:

5=a(N,) )

where 6 is the relative loss of residual strength of the rope
after the fatigue test (ranging between 0 for an intact strand
and 1 for a fully broken strand), N; is the number of cycles
in a suitability test according to [1], [2] (with stress range
Ac; = 150 N/mm?) and a,b are calibration coefficients to fit
the data in Fig. 3, see Tab. 2 (first three columns).

A tensile test was not performed on all specimens after
the fatigue test and so dis not known for all tests. For this
reason, the evaluation applied here is related to a para-
meter ¢, defined as the relative loss of area, i.e. the ratio

between the area of broken wires and A,,,. Here, §”is esti-
mated to be the number of reported fractured wires at N,
over the total number of wires in the rope. This assumes
that all wires have the same cross-sectional area — which
is a reasonable approximation for most of the ropes tested
for which such information was available - and that all
wires fracture in one recovery length. Even though the
test samples are often somewhat longer than one recov-
ery length, the latter assumption is expected to be appro-
priate because: i) the fractures are often clustered near
one of the sockets and ii) tests by Esslinger [20] demon-
strate that the fatigue resistance does not vary to a great
extent between one and a few recovery lengths. A sensi-
tivity study of this conservative assumption is given at the
end of this section.

Knowing that the fatigue resistance depends on the stress
ratio, the S-N curve should refer to a specific stress ratio,
e.g. R=0 or (as used here) R = R; = 0.76. Using the Bas-
quin relation (Eq. (1)) and the stress ratio correction (Eq.
(2)), it is possible to generalize Eq. (4) for any combina-
tion of stress range Aog and stress ratio R:

b

— 111,
AG, 1-R 1-2R ™
5'=a| N| 2% 1=R 17%% (5)

Aoy 1-xR 1-R,

Tab.2 Calibration coefficients a,b,a’,b’, the latter assuming m; =4

Definition logip(@) & logg(a’) b
Average -14.56 2.13 -13.83 2.
959 fraction, -13.46 2.09 -13.02 2.

75% confidence
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The derivative of Eq. (5) with respect to the number of
cycles (i.e. the rate of relative loss of area) is

—m.b
! 1) A - R 1-xR !
dé :ab-N(b 1)| Aoy 1-R xR, ©)
dN Acog 1-xR 1-R,

Eq. (6) is derived for a relatively small loss of area
(6’<0.073, see Fig. 3). On the other hand, with a relatively

large loss of area, an increasing rate Z% is expected be-

cause the maximum stress and the stress range in the in-
tact wires increase as the number of wire fractures in-
creases. The result of this increasing stress (range) is an
increase in the rate of wire fractures towards full fracture,
which is also demonstrated in a fatigue test on a full-
locked coil rope in [18], see Fig. 7. Further, from a theo-
retical perspective, the rate should approach asymptotic

behaviour if almost all wires are broken, i.e. lim ( zif J =oco

if 8" — 1, because of the increased stress in the remaining
wires. In order to use the model for full rope failure
tests, the model of [12], [13] therefore needs to be modi-
fied.

The model of [12], [13] was modified by incrementally
adapting the internal stress range in the intact wires to
consider the actual stress instead of the nominal stress,
where the actual stress range is equal to Ao/(1 - &), i.e.
the stress range increases due to the reduced remaining
area of the strand. Eq. (6) is therefore replaced by

7

—-m.b'
s’ _ iy N0 Aoy 1-R 1-xR "
dN Aoy 1-xR 1-R,

[(-a9]™

35 1

30 -

[+ [
[=] [
1 1

,_.
wn
1

Failed outer wires [n]

where coefficients a’b” are slightly different from a,b be-
cause an (almost unnoticeable) influence of the loss of
wires is already present in the stress range in the remain-
ing wires at the end of the curve in Fig. 3, where 6= 0.073.
Coefficients a’b” are a function of the slope parameter
my. For this reason, the coefficients have been recalibrat-
ed in order to match the relationship of Fig. 3. The fourth
and fifth columns of Tab. 2 provide the calibrated values
for an assumed slope parameter 717 = 4. Note that Eq. (7)
is an estimate, like Eq. (6), where the estimate of Eq. (6) is
expected to be too optimistic for fatigue up to full failure.

Integrating Eq. (7) gives
S’y b
Jé'o (1-6)"" ds = (8)

_mlb'
albl Aat 1-R 1_xRt 'J‘Nbe'—ldN
Aop 1-xR 1-R, 0

where &% is the relative loss of area at the start of the fa-
tigue test, 6% the relative loss of area at the end of the fa-
tigue life and N; the number of cycles to failure. Solving
Eq. (8) gives

1/b'

N, - (1-6°, )(’”1”'”) ~(1-5' f)(’"l””) | o

-m,b

, A —R 1-xR !
a'(mlb +1)- o 1-R t
AO'Rl—xR l—Rt

Failure is induced, and hence the number of cycles to
failure is obtained once the maximum stress level in the
remaining wires exceeds the tensile strength of the wires:

1-5', = O max _ Aoy
flﬂ( fuk (l_R)

(10)

N[-]

Fig. 7  Number of failed outer (Z) wires as a function of the number of cycles in a test in [18]
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Fig. 8 Simulated relative loss of area as a function of number of cycles as
in a suitability test, i.e. Aoy = 150 N/mm? and R, =0.76
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Substituting Eq. (10) into Eq. (9) allows the number of
cycles to failure Nt to be determined for any combination
of Aog and R. Fig. 8 shows the average relationship be-
tween the original model of [12], [13] (Eq. (6)) and the
modified version (Eq. (7)), assuming m; = 4, with test
conditions as in a suitability test. The figure shows the
same trend in relative loss of area compared with the test
in Fig. 7.

The model is used to estimate the number of cycles to
failure of the full-locked coil rope fatigue tests. This is
done in two steps:

1 The initial condition is an undamaged strand, i.e. 6 = 0.
Using Eq. (9), the estimator 4 of variable a”is determi-
ned based on the test database by using

1-(1-8, )(mlbﬂ)

A 1-R 1 —mlb'
N,’ (m1b'+1)'[AGt 1 Rp 1_xRtJ
0, 1-xR, —Rt

(11)

™N
Il

where Ao, and R, are the control parameters of that
specific test according to Tab. 1, N, is the total num-
ber of cycles in the specific test and 6%, is the relative
loss of area at the end of the specific test.

2 The test data are extrapolated to the full failure condi-
tion using the equivalent of Eq. (10):

— -1/b'

(Wp)(’”l””)[mjmmw

P —mb'
o [ac, 1-R;1-aR )"
a(mlb +1)~

AO'pl—xRp 1-R,

(12)

1000 -A
E
E
£ 100 1
E’
9]
<
O test data extrapolated to full failure
— — — - mean value, m; = 4.33, Acc = 169 N/mm?
95% fractile, m; = 4.33, Acc = 142 N/mm?
m, =3, Acc = 130 N/mm?
m; =4, Aoc = 140 N/mm?
10 T —
10° 10 107

Fig. 9  Evaluation of the fatigue test data for full-locked coil ropes extrapolated to full fracture (DC = detail category, referring to full rope fracture)

Steel Construction 14 (2021) 17




J. Maljaars, T. Misiek: S-N curve for full-locked coil ropes

Fig. 9 shows the results of all test data extrapolated to full
failure, using the standard value for the stress ratio
R; = 0.76 and excluding: i) tests with zero wire fractures
(i.e. excluding run-outs), ii) tests that were re-run (re-in-
serted) at a higher stress range after a first fatigue test
without fractured wires, and iii) one test with the indica-
tion ‘Probe krumm’ (‘sample crooked’) [13]. In total,
29 tests then remain.

A large reduction in the scatter compared with the origi-
nal data (Fig. 5) is visible in Fig. 9. The remaining stand-
ard deviation of the 10th base logarithm of N is s = 0.19.
This is a realistic value for the aleatory scatter in fatigue
data and comparable with the scatter of individual test
series on a single rope system in [21]. The number of re-
maining datasets, 29, is sufficient for deriving a character-
istic S-N curve. The same procedure as used to obtain the
characteristic S-N curves of the details in EN 1993-1-9
[22] is applied here to obtain the characteristic S-N curve,
defined as the one-sided lower 95% prediction bound
[23]. Fig. 9 gives the resulting characteristic S-N curves for
a free slope and for predefined, fixed slopes 71; = 3 and
my = 4. The Aoc values in the legend refer to the charac-
teristic fatigue resistance in N/mm? at 2:10° cycles. The
resulting free slope 711, = 4.33 is close to — and for practical
conditions slightly more beneficial than - the slope m; =4
as adopted in EN 1993-1-11 [1], whereas the correspond-
ing value Aoc = 142 N/mm? is slightly lower when com-
pared with the value Acc = 150 N/mm? in EN 1993-1-11
[1]. Fig.9 was generated for the mean stress influence
factor x = 0.896 mentioned previously. Optimizing the fit
with this factor with both m; and x as unknowns gives a
best fit factor x = 0.917, m; = 4.06 and Aoc = 142 N/mm?.
Hence, the factor x in [14] fits the data well.

1000 H

100

O full locked coil data extrapolated to full failure
full locked coil ropes tests (close to) to full failure
. spiral strand ropes and stranded ropes [20]
— — — - mean value, m; = 4.33, Ac¢c = 169 N/mm?

076 (locked coil) or Aoy (ref. [20]) [N/mm?]

95% fractile, m; = 4.33, Acc = 142 N/mm?
m; =3, Acc = 130 N/mm?
m; =4, Acc = 140 N/mm?

Acp

As a validation of the model, the extrapolation to N; using
Eq. (12) for test data with 67, < 0.5 is compared with the
specimens that were tested to (almost) full failure, i.e. the
data with 67, > 0.5. Fig. 10 illustrates the comparison.
Note that the squares in the figure indicate the actual
number of tested cycles of the data with &7, > 0.5, i.e. no
extrapolation with Eq. (12). The data fall in the same scat-
ter band, indicating that the extrapolation using Eq. (12)
is appropriate. As a reference, the data of Casey [6] cover-
ing large diameter spiral strands and stranded ropes were
also added to the figure (not corrected for stress ratio),
thus demonstrating that full-locked coil ropes do indeed
have the lowest fatigue resistance of the three types of
rope. The model is also applied to extrapolate the test
data to a criterion of 5% fractured wires and compared
with tests that were terminated at that condition, see
Fig. 11. Again, good agreement was obtained. For this
condition, Acc = 116 N/mm?, i.e. 20% lower than full
fracture, m=4.33 and s = 0.21.

Finally, the sensitivity to the assumption at the start of
this section is considered, namely, that all fractured wires
are considered in ¢ irrespective of the location of the
fracture. The analysis is redone but now assuming that the
fractures are equally distributed between the two socket
regions and that the wires fractured near one socket are
fully effective at the other socket (i.e. the specimen is
longer than one recovery length). The resulting S-N curve
has the parameters m, = 4.44 and Acc = 149 N/mm?. The
effect of the assumption is thus small.

10 T
10° 106

Ne[-]

107

Fig. 10 Fatigue test data extrapolated to full failure compared with the specimens that were tested to (almost) full failure (DC = detail category, referring to full

rope failure)
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Fig. 11 Evaluation of fatigue tests with 5% of wires fractured
4 Discussion of the results show that the cumulative damage rule of Palmgren-Miner

The resulting value of the fatigue resistance at 2 - 10° cycles
as derived for full rope failure, Aoc = 142 (or 149) N/mm?,
is close to the stress range Ac; = 150 N/mm? used in the
suitability test. The suitability criterion in [1], [2] also im-
plies that the rope must have a considerable residual
strength Fres > 0.92F 1in, in turn implying that the speci-
men is not close to failure at the end of the fatigue part of
the suitability test. Further, the suitability criterion pro-
vided is such that rope systems designed with reasonable
care will satisfy it, i.e. the average resistance will be higher
than the criterion and it is therefore not unusual for the
characteristic fatigue strength to appear to be close to the
suitability criterion. Finally, the conditions of the suitabil-
ity tests are considered to be conservative for almost all
practical situations; for a more likely (average) stress ratio
R = 0.4 in practice instead of R = 0.76 applied in the suit-
ability tests and used to derive the S-N curve, Eq. (2) re-
sults in a 25% higher fatigue resistance. Suitability tests
are still considered crucial, because the derived character-
istic S-N curve is based on rope systems that have passed
the suitability criterion. For convenience, a rounded
value Aoc = 145 N/mm? is adopted in [2]. The curve ap-
pears to be conservative for spiral strand ropes and
stranded ropes with a large diameter. The curve is also
deemed to be conservative for small diameter ropes.

Owing to a lack of data, conventions must be applied to
the number of cycles at the knee-point N* and the slope
parameter of the second part of the S-N curve. This sec-
ond part is associated with damage introduced by varia-
ble-amplitude loading. A limited number of tests have
been performed on ropes with variable-amplitude load-
ing, basically consisting of blocks with constant ampli-
tude [6], [24]. The data - all from spiral strand ropes —

[25] gives a reasonable estimate of the life [5]. However,
the fraction of the damage created in the second branch
of the S-N curve is too small for estimating N* and m,. In
prEN 1993-1-9:2020 [26], N* depends on the type of de-
tail and values of 2 - 10, 5 - 10% and 107 cycles are pro-
posed for non-welded details, welded details with a high
fatigue resistance and welded details with a low fatigue
resistance respectively. Many suitability tests contain frac-
tured wires in a stress range that is just a little higher than
the 2:10° cycles of the proposed S-N curve. Hence, it is
likely that N* > 2 - 10°. A value N* =5 - 10° cycles is pro-
posed here. This value might be (slightly) conservative but
this seems appropriate considering the lack of data and
the observation that N* may increase with rope length [3].
It means that the 959% fraction of the stress range at the
knee-point is A¢” = 115 MPa. Haibach’s proposal [27] is
often applied for slope parameter mi,, i.e. my = 2my — 1.
However, considering the limited amount of proof, it is
proposed to use the same slope parameter as in [1] as a
conservative figure, namely, m, = mq + 2. For my = 4 this
gives m, = 6. Fig. 12 shows the S-N curve finally selected
for the updated standard [2], together with the S-N curve
in the original standard [1] and a previous alternative ac-
cording to [8].

The S-N curve is valid for fluctuating tension. In practical
applications, the terminations should be carefully de-
signed in order to prevent additional stresses in the sock-
et region, since they may lead to a decrease in the fatigue
life, which is not accounted for in the fatigue tests and
hence in the S-N curve. One of the most recent and exten-
sive studies into bending fatigue of full-locked coil ropes
in bridges is that by Schmidmeier [11]. He concludes that
the influence of bending on the fatigue performance is
limited in the case of proper anchorage details that allow

Steel Construction 14 (2021) 9
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Fig.12 S-N curves according to [1] and [8], the proposed curve for variable-amplitude loading

for flexibility. Finally, the risk of corrosion or corrosion
fatigue of ropes must be considered [13]. This is not ac-
counted for in the proposed S-N curve.

5 Conclusions

A database was collected concerning fatigue test results
on large diameter full-locked coil ropes. These tests were
carried out at different mean stress levels and (mostly)
terminated before full failure. The data were corrected for
mean stress — which appears to be significant for this type
of rope - and a semi-empirical model was employed to
extrapolate the test data to full failure. The evaluation al-
lows the following conclusions to be drawn:

- The resulting, realistic value of 19% for the standard
deviation of the logarithm of the number of cycles to
failure and the good agreement between test results
and predictions at 5% and 100% wire factures de-
monstrate the validity of the semi-empirical extrapola-
tion model.
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