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Abstract

Wire strands made of high-strength steel (HSS) are largely employed in bridge engineering for
the realization of deck support systems (cable-stayed bridges). Owing to their peculiar desti-
nation of use, cable-stayed bridges are usually placed in aggressive environments. Hence, sig-
nificant corrosion processes can occur in strands if not correctly protected, resulting in a
substantial decrease of both their static and fatigue resistance. Non-uniform and localized cor-
rosion (i.e., “pitting”’) can further worsen the performance of HSS wire strands. Thus, assessing
the static and cyclic response of existing cables adopted for bridges is crucial for a proper
estimation of the remaining service life of the entire structure. Within this context, in this work
a model to predict the static and fatigue performance of pitted HSS strands is presented. Cor-
roded parts of steel wires are modelled via spring elements accounting for the real pit geometry.
An application of the Strain Energy Density (SED) method is presented to derive constitutive
behavior of such elements. Predictions made with the described model are finally compared
with experimental results on real corroded elements drawn from literature.
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1 INTRODUCTION

When designing bridges to cross significant spans, staying cables arguably represent a competitive
solution for carrying bridge deck and traffic loads [1]. Such cables undergo rather strong tensile actions
during their service life due to the combined effect of static loads (i.e., bridge self-weight, weight of non
structural components such as pavement and safety rails) and cyclic actions (i.e., traffic, wind, earth-
quakes). Therefore, a critical focus is needed in correctly assessing the structural behavior of such de-
tails. Indeed, as largely shown in scientific literature, detailing may play a decisive role in affecting the
global response of steel and composite structures [2-24]. For instance, with reference to typical cable-
stayed bridges, a local collapse of a single cable can lead to disproportionate bridge failure owing to the
lack of structural redundancy.

Staying cables are usually manufactured using high-strength steels (HSS), namely in form of wire
ropes made by arranging multiple layers of 7-wire strands [1]. Although a proper protective coating is
always needed according to EN:1993-1-11 indications [25], the elevated aspect ratio of strands leaves
them often exposed to surficial corrosion. Indeed, due to the typically long service life of existing cable-
stayed bridges, such preventive measures (e.g., zinc coating) become gradually ineffective, hence ex-
posing outer wires to aggressive exogenous agents.

This condition can result in strongly localized damage (pitting [1]), which impairs both the tensile
and fatigue performance of HSS wires in dependence from several factors [1]. In light of this, assessing
static and cyclic behavior of corroded steel ropes still represents an open and wide field of research.
Within this framework, in the present work an analytical model to predict tensile and cyclic behavior of
pitted HSS strands is presented, i.c., based on an application of the SED method [26-28].

The paper is mainly divided in two parts. In the first section, features of the proposed model are
discussed. Finally, a first validation of the model is reported with tests drawn from literature.

2 MODEL FEATURES

The proposed model for corroded HSS wire ropes features a sub-assemblage of in which individual
wires are assumed as base components (Figure 1). Corroded wires are modelled by means of three dis-
tinct, in-series axial springs. Namely, while the inner spring represents the damaged portion of the wire,
outer ones account for its pristine ends. Intact wire parts are regarded as indefinitely elastic up to failure,
while damaged portions behave elasto-plastically. Static and fatigue strength of damaged portions has
been assessed by means of a FEM-based application of the SED method (Figure 2) [26-28].

FEM modelling of pitted wires was developed using ABAQUS v. 6.14 software [29]. C3D10 ele-
ments (10 node—tetrahedron, quadratic geometry, standard integration) were used to discretize each part.
Wires symmetry was explicitly accounted for to balance computational effort with analyses accuracy.
According to the SED method [26-28], static (fatigue) failure is governed by averaged strain energy
density — ASED (range) W (AW) over a control volume centered at the pit tip and having radius Ro.

SUB-ASSEMBLY: i-th wire RE-ASSEMBLY: wire rope
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Figure 1: Equivalent modelling of a corroded wire rope.
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Control volume

Figure 2: FEM-based application of the SED method for pitted wires.

Based on typical fracture toughness Kic and ultimate tensile strength £, for HSS [30], Ro = 0.28 mm
was assumed according to indications reported in [26-28].

2.1 Static behaviour of the proposed model

The proposed model behaves as a displacement-based system in static conditions, i.e. for monotonic
tensile loads. Three subsequent behavior stages can be identified for the i-th wire, namely:
e Elastic — Under imposed displacements A smaller than A, the single wire model behaves as
purely elastic, with A. being the proportionality limit of the equivalent spring, i.e. the ratio
among the wire peak resistance F*, which is calculated through the SED method [26-28],
and the wire equivalent stiffness K¢q (Equation 1);

Keq = ( EA +$jﬁn)-l (1)

e Plastic — Once the imposed displacements exceed the proportionality limit A., the single
wire behaves as perfectly plastic. Namely, an axial plastic hinge forms in the damaged part;
therefore, with F = F* being constant, the inner spring absorbs each new displacement in-
crement, while the outer ones do not further elongate;

e Broken — Plastic stage lasts until the ultimate displacement of the wire A, is reached. Sub-
sequently, the i-th wire cannot sustain any further elongation increment and the explicated
force drops to zero (that is, F(A > A,) = 0).

The tensile behavior of the whole rope is derived by assuming a system of N wires in parallel (i.e.,
subjected to the same displacement A; = A, = ... = A, Figure 3a).

Accordingly, the secant stiffness of the wire rope gradually reduces as more wires enter the plastic
range. Hence, when the most brittle wire fails, the explicated force Fr abruptly decreases. However,
collapse of the first wire does not always imply that the peak resistance of the rope has been reached.
Indeed, less damaged wires can usually still sustain further elongations with an increase of the overall
rope reaction. Finally, when the peak tensile resistance Frmax is attained, the rope quickly fails due to
the sequential collapse of several wires, as they are cannot redistribute internal forces without breaking
in turn. This phenomenon, which is usually referred as waterfall break in scientific literature, is a pecu-
liarity of HSS wire ropes. Hence, the resulting behavior is quasi-brittle, as opposed to the usual ductility
exhibited by steel structural details [2-24].

2.2 Fatigue behaviour of the proposed model

The proposed model behaves as a force-based system in cyclic conditions, i.e. for fatigue loads (Fig-
ure 3b). The applied fatigue load is distributed among wires in proportion to the ratio among their equiv-
alent stiffness K¢q; and the secant stiffness of the rope Kr as follows (Equation 2):

A — Keq,i AFR _ Keq,i AFR (2)
! KR Amin,i EF: 1 Keq,i - ZF: 1 Keq,i Amin,i

where B is the number of broken wires at a given step of fatigue analysis.
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Fatigue strength of each wire is estimated through the SED method [26-28]. When the i-th wire
breaks, the remaining N — i + 1 wires undergo a reduction of the fatigue strength owing to two simulta-
neous phenomena, i.e., i) the increment of applied stress range (see Equation 2) and ii) the presence of
a prior damage deriving from previous cycles. The latter effect is accounted for by cumulating damage
through the linear Palmgren-Miner model [1,4].

Fatigue analysis continues until the last wire reaches its residual fatigue strength. Hence, total fatigue
life of the rope N is calculated as the sum of fatigue life increments related to each wire ANj.

Number of cycles
N, n[-] o)

; : N 7
NJ) | [ (n.3-T)N(n.G)
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Figure 3: a) Static and b) fatigue behavior of the proposed model.

2.3 Application of the SED method

Static strength of each wire has been calculated through FEM-based ASED calculations. Namely,
according to [26-28], a weakened component fractures when the ASED in the control volume reaches
the quantity £,%/2Es. Based on performed finite element analyses, a resistance domain F*—d, has been
derived, with d, being the pit depth (Figure 4a). Indeed, pit length L, proved to have a minor influence
on the static resistance of wires.

1.00 D=4.1mm 1.0E+04
f, = 1860 N/mm?
0.90 Fo=24.6 kN 1.0E+03
=£0.80 —
i = 1.0E+02
& 0.70
1.0E+01
0.60
0.50 1.0E+00
0.00 0.20 0.40 0.60 0.80 1.00 0.00 0.20 0.40 0.60 0.80 1.00
d/D[] dy/D [-]

Figure 4: Performance domain of pitted wires: a) static and b) fatigue conditions.

As for fatigue conditions, equivalent, SED-based, stress magnification factors (k) for damaged parts
have been derived, e.g., depending on pit geometry. Values of & are obtained by inverting the general
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expression of ASED over a given control volume estimated for a unitary load (W) applied on the free
end of the wire (Equation 3):

(k- 1)?
le W(Ggross: 1) :T (3)

where W is estimated through finite element analyses (Figure 4b).

It is worth remarking that such factors should be not intended as the ratio among nominally applied
stress ranges on wire ends and “real” stress ranges acting at the pit tip. Indeed, £ simply reduces applied
stress ranges to equivalent stress ranges adopted for fatigue checks within the framework of the SED
method.

3 APPLICATION TO CASE STUDIES

3.1 Validation for static conditions

A first validation of the proposed model in static conditions is thus illustrated as respect to experi-
mental outcomes for real HSS corroded 7-wire strands employed as post-tensioning elements in dams
anchor systems [31] (Figure 5).

Validation is carried out with reference to a wide set of 161 specimens with different degrees of
corrosion #. Data for deepest pits and comparison against test results and predictions are summarized in
Table 1 with reference to 9 representative specimens. Notably, the proposed model can reliably predict
the tensile strength of corroded strands. The average predicted/experimental results ratio tensile is 1.02,
with a low COV = 0.05. In light of these outcomes, the proposed model can be considered validated as
respect to static conditions.

Table 1: Parameters and numerical predictions for representative corroded 7-wire strands [31].

Specimen Label [31] n dp,max Lz,max FR,max Fmax,test

[-1 [%] [mm] [mm] [KN] [kN]

8 7 0.6 2.4 256.3 253.6 (+2%)
38 14 0.7 2.8 239.6 233.1 (+2%)
73 25 1.2 10.1 2214 204.2 (+7%)
99 34 1.7 7.6 186.3 179.8 (+3%)
112 43 17 6.9 153.9 155.2 (-2%)
133 55 1.7 17.1 127.2 122.0 (+4%)
143 67 3.1 10.2 94.9 89.3 (+6%)
156 78 3.7 20.4 60.4 58.6 (+3%)
160 83 3.9 15.7 45.2 45.0 (+0%)
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Figure 5: Validation of the model in static conditions.
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3.2 Validation for fatigue conditions

The proposed model is hence validated in fatigue with respect to fatigue tests on pitted wires ex-
tracted from 7-wire HSS strands [32].

Validation is carried out with reference to a wide set of 61 specimens with different degrees of cor-
rosion 1. Pits geometry for tested wires is summarized in Table 2. Fatigue assessment of pitted wires
according to the proposed, SED-based formulation, is summarized in Figure 6 (Wohler diagram). No-
tably, a rather high prediction accuracy is attained, as fatigue data are located within a very narrow
scatter band (coefficient of determination R? = 0.95, scatter ratio T = 1.33). In light of these outcomes,
the proposed model can be considered validated as respect to fatigue conditions.

Table 2: Parameters for fatigue tests on pitted wires [32].

Ac R d, L.
[N/mm?] [%o] [mm] [mm]
MIN 270 0.4 0.18 0.36
MAX 840 0.5 0.68 9.93
1.00E+05
= - y = 373615x0-33
£ R T R? = 0.9542
= 1.00E+04 A R
l_ni; ’: ‘..“"'5---9...‘. s
3 Tt
1.00E+03
1.0E+04 1.0E+05 1.0E+06

N[

Figure 6: Validation of the model in fatigue conditions.

4 CONCLUSIONS

In the present work, a mechanical model for the prediction of the structural behavior of corroded
wire ropes was presented and validated in this work against literature results. In light of reported out-
comes, the following conclusions can be drawn:

e The proposed model is based on a sub-assembly of corroded ropes by means of elasto-plastic springs;

o In spite of its simplicity, the model predicted tensile resistance of corroded ropes tested in [31] with
high accuracy;

e The fatigue resistance of pitted wires tested in [32] was also successfully predicted;
e Further studies are needed to further prove the reliability of the proposed formulation.
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