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Saddle systemisave been used on recent projedtssupport the cables in cablgayed and extradosed bridge
structures. A major design consideration tbeseanchoraye systersis the inservice fretting fatigue behaviour
of the cables within the pylon saddlm order to better understand the fatigue behaviour of these anchorage
systems a research project was undeken, whereinfatigue tests were performed osaddletest specimens,
analytical model$or calculating displacements and contact forces were developedaanditiaxial stresdased
fretting fatigue model was developefbr calculating fatigue lifeln the current paper, it is shown how the
developed modelxan be used to perfornprobabilistic analysis of fretting fatigue life for the purpose of
assessing the fatigue reliability of saddlestems, using twopproachesg fretting maps, in conjunction with
Monte Carlo simulation (MCS) tire multiplicative dima@sional reduction methodMDRM)
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Cablestayed and extralosed bridges are a popular solution for meditmalong span bridge applications. These

bridges utilize high strength steel cables in tension to transfer gravity forces at the bridge deck to a tower
structure2 Ndylaré. The stay cableare normally attackd directly to the deck and the pylon. In several recent

projects, however, the alternative of using saddle systems for anchoring the strands of the cables has been
employed (see Figure 1). With this approach, the cable is anchored to the bridge dec& sid@wnf the pylon,
SEGSYRSR 2@0SNJ I NIRAIFf adaNFI OS 2N dal RRt S¢ sgAGKAY (GKS
on the other end to the deck on the opposite side of the pylon. A major design consideration for this type of
anchorage sstemis thein-service fretting fatigue behaviour of the cables within the pylon saddle

Figurel: Second Vivekananda Bridge, India

Frettingfatiguegenerally refers to surface deterioration as a result of cyclical movement of two elements, which

Structural Engineering InternationaSubmitted on:02/01/19 Scientific Papel




A

FNB AYLRaAy3ad 2y SFEOK 20KSNJ I AAIYyAFAOLy G O2yal OG F2N
avYlfft | YLX A{dzR S Fidtthg faijue ¢aagy ig tiipicallyat masimuntliye so-called mixed slip

regime Thistypicallyoccuiswhen displacement amplitude s@mnall, e.gless than 100 pril] or 10-20 um [2,3],

depending orthe experiment set upBasic principles of fretting fatigue andiprary concerns withiegardsto

durability under fretting fatigueare outlined in 4].

Currently, here exists little in the way of guidander designing stay cable saddle systems for fretting fatigue.

The current guidelines (e.gp]) permit saddlesystem fatigue performance to be confirmed through as few as

three largescale fatigue tests, which need not be continued until a fatigue failure occurs.

Recently efforts have been initiated aTechnische UniversitdfTU)Berlinto better understand the rietting
fatigue behaviour of stay cable saddle systems, with the goal of reducing the prohibitive costs efcklme
testing. These have included pilot tests on a redusedle saddle and the development of better tools for
calculating the contact forcemnd displacements required for fretting fatigue analy8iS].

This work culminated with a deterministic fretting fatigue analysis of the palsts, which employed an elastic
3D finite element (FE) model of the wisaddle interface. This analysis pided the required stresses to
determine fatigue life using a multiaxial strasased approach. The results of this work were presérdaea
recent IABSE symposiuB].[The current papepresents a extension of this workln this paper, the pilot test
study conducted at TU Berliand the previouslydeveloped deterministicfretting fatigue modelare first
reviewed. Thisnodel isthenimprovedby considering the nonlinear material behaviourtioé saddle material.
Next, it isshown how theextendedmodelcaro0 S dza SR (2 RS@Sft 2L aFNBOGGAYy I YI LA
of the various model inputs on fatigue life. Using these fretting maps and Monte slamldation (MCS), the
model isthen adapted to give probabilisti¢ rather than deterministia; predictions of fatigue life. While this
approach is shown to beiable its practicality for broader application is limited Hye considerableanalysis
time required to generate aingle fretting map. In aattempt at findinga more efficient solution to this pblem,

the multiplicative dimensional reduction methdd@dDRM) is employed. With this approach, it is shown that a
probabilistic analysis of the foynilot tests can be performed with much less computational effort.

The test ig used in theTU Berlirpilot study (see Figure 2(a,b)) inclube steel saddle, which enabléssts to

be performed forsaddleradii of 500 mm, 1000 mm, and 1500 mm. At each radius, three cable strands can be
tested simultaneously. The loaddpplied with a single actuator and monitored with load cells at the twosend

of eachstrand. In the pilot study, four tests were performed: two at radiRs, 1000 mm, and one each at radii,

R= 500 adl 1500 mm. In accordance with]| the strands were cyed between a nominal maximum load/stress
level of 45% GUTS (i.e. 126 kN orf 8&a) and a minimum loddvel resulting in a nominatress range of 200
MPa. Figure 2(d3ummarizes the results of thisstudy. One interesting result was that the lowest fagglives
occurred at the intermediate radius. The largest radius led to a runout (test stopped with no failure).
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Figure2: Pilot test loading frame (a,b), fractured wire asaddle wear strifc), and results (d).

Figures 2(c) shows a photo of typicalavescars at the first wire failure locations for TestRI=(1000 mm).
Looking atthis photg, it can be seen that the wire fracture location generally does not occur at the first wear
scar, but rather part way along the contact region. It should be noted the wear scars in Figure 2(c) may not

be a true indication of actual wear in the high strength steel wire, as the tested strands were galvanized. Thus,
the discoloured elliptical regions may only denote the region where the zinc coating was worn effafple

of the condition of one of the saddle wear strips (®+ 1500 mm) is also shown in Figure 2(c). The indents in
this photo suggest either severe plastic deformation or wear (or both) of the saddle material.

Details on the analysis of the critical parameters (slip displacements, contact forces, and normal stresses) at the
points where the outer strand wires corthia stay cablesaddle can be found ir6{9]. Briefly, this analysis
considers lhe mechanics of a flexurally stiff cable, bent around a cylindrical saddle, with load transferred from
the cable to the saddle through contact and frictional streskedso considers the mechanics of the cable itself,
which consists of six wires spiraj around a central wire, with contact and frictional stresses acting between
the wires.The resulting closed form expressiomgich can be implemented in a spreadshegiow the critical
contactparameters to be obtained for each point where thigiratshaped outer cable wigecontactthe saddle

around the saddIperimeter. They allow the designer to avoid the more tht@nsuming alternative of obtaining

these contact parameters by a global FE analysis of the cabtidle systemOnce these paranters are
obtained, by measurement or analytical means, they can be used as inputs for a fretting fatigue analysis, which
can be performed to estimate the fatigue life or number of applied load cycles to faiure,

The analysis of fretting fatigue problemsing multiaxial stress approaches is reviewedeaxeralreferences
(e.0.[1,10,11]). [11] presents a detailed explanation of how the critical plane methods can be implemented using

the so-called SmithWatsonTopper W7 parameter,” maxd 3, where:

oY , ¥ ., 2cd SO , D0 @

In this expression,maxA & G KS YI EAYdzY y2NXNIE &0 NBsaiathe2ngrmal &rdin LI | v S
amplitude (i.e. half of the strain range) on the same plafiee right handside of Equation (1) is the Coffin

Manson equation which requires knowledge ohaterial parametersncluding the fatigue strength coefficient

(" f thestrength exponently), the fatigue ductility coefficienty fRandthe ductility exponent €). In the critical

plane analysis, different planes are checked, and the one with the maximum valugJoffa is taken a the

critical plane. For the[3 case, the following stress and strain transformations can be used:

” ” 3 ” a‘ ” 3‘ c Or 3‘ 3‘ C Or 3 3‘ C Ol- 3‘ 3 (2)
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where:n=-8 A Y& ‘&inyTo * O@), ariin,=-& A y0d ‘O2 &aént' v areangles between the normal axis of
the plane and thé (horizontal)andv (vertical)axes. To implement the approach, these angles are varied in 5°
increments around 180° andnax 3 is calculated for each planEquation (1) is then solved fbk.

The critical parameter values at each contact point betwtensaddle and strand wire were determined for
each saddle radius tested in the pilot study, gsthe approach described iii-p]. Figure 3(a) shows the elastic

3D FEnterfacemodel (madeusingthe software ABAQUS), which was used to determine the stress and strain
parameters on the contact surface requiréat the multiaxial stres$ased fatigue lif@nalysis ThisFEmodel
represents a single contact point between the cable outer wire and the saddle. The wire part has a radius
corresponding tahe wire radius and a curvature along its length based on the geometry of the spiral of the
outer cable wire. These sourcesafrvature being much more significant than the radius of the saddle itself
the saddle part can be modelled adlat surface The normal or contact force is applied as a uniform pressure
on the saddle part. In the longitudinal direction, the saddle pafbded, and the wire part is displaced, resulting

in the possibility of relative slip at the contact surface between the two parts.

Only slip displacements parallel to the wire longitudinal axis were consida®d, simplificationallowing a

plane of gmmetry to be assumed. A node spacing of 50 um x 50 um was prescribed in the contact region. A
contact interactionwas imposed between thbottom surface of the wire and thop surface of the saddle.
Tangential contact surface behaviour was controllechgghe penalty method. The friction coefficiept, was
assigned, with exact sticking assumed when the shear traction is less than friction coefficient. The normal
behaviour was imposed assuming hard contact, controlled using the penalty method. In orceduce the
KSAIKG 2F GKS al RR fstifened rdgiddvas addéd atsth pottormYto prévdnOekcessive
O0SYRAY3IAd ¢KS NBadzZ GAy3 Y2RSt AyOftdzZRSR I 6ANB alLJI NIié o
In order to minimize the@mputation time, ABAQUS Standard C3D8R@&e linear brick elements were used.
Figure 8b) shows the load sequence whereby the slip displacement, normal stress, and contact pressure were
applied to perform the fretting analysis. The actual analysis omhgidered the first thredoadingsteps. The
stress, strain, and slip ranges were calculated based on the values obtained at the end of Stepdt2saod|d.

also be noted that the contact pressure here means the nominal, externally applied contastifgreéBhe actual
normal stress at the interface is an output of the FE analysis and varies throughout the contact zone.

Sample output of the FE analysis after ppgicessing are shown in Figure 3@3 reported previously i®], for

each contact point bthe R= 1000 mm radius with = 0.6 assumed. Specifically, the SWT parameter calculated
FG GKS AyGSaINIGA2Yy LRAyda 2F (GKS T koBcéntreNd & plattdd. St SYSy
Looking at this figure, it can be seen that the SViflamete is typically greatest ghoints near the front and

back edge of the contact zorfat ~2 and ~8 mm)n the middle of the contact zone, this parameter is z&its

trend is similar to that seen in other studies (e.g. [1]), and can be explaindtelfgct that the stress state in

the stick zone is essentially a state of triaxial compression, with little change under cycling due to the lack of
relative movement of the components on either side of the contact surf&igure 3(d) shows fatigue life
predictionsfor the first five contact points (CPE1P05) between the spiralling cable outer wire and the saddle
wear stripmade using the SWT parameter foe same saddle radius andvalue Since the material constants
required in Egn.1) hadnot yet been obtained for the tested strandire material, values for thesparameters

were taken from 12], as the material used in the two studies was similar (1860 MPa high strength steel strand):
E=196 GPa,i(x 2329 MPas £©1.09b=-0.061,c=-0.707.
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Figure3: Interface model (a), loading (b), SWT parameter (c), and fatigue life outpinbfa)9].

Following complgon of the work presented in [[7 the employed model was improved by considering the
nonlinear material properties of the sdt& and further refining the meskror considering the nonlinear material
properties of the S235 steel saddle wear strip, a simple, elastic perfect plastic material model was agsumed
with yielding but no strain hardening consideredjh a yield/ultimate stress of 500 MPa (the approximate peak
true stress level for this material reported ihJ]). The mesh size in the contact regimrasdecreased from 50

pm x 50 um to 25 um x 25 prihese changes had counteracting effects on pleak SWT parameter aritus

the calculated fatigue life for a typical contact poisee Figure 4)Refining the mesh resulted in an increase in
the peak SWT parameter and allowing the saddle material to yaddt appears to have done in the actual
saddleg see Figure 2(cYended to decrease the peak SWT parameter, as well as increasing the length of the
contact zone from ~6 mm to ~9 mm and sharpening the SWT parameter gradient at the boundary of the contact
zone (see Figure 4(b)). The required computation time for a sargbysis was significantly increased with both
modifications to the model.
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Figure 4R= 1000 mm (CPO1) SWT results with elastic (a) and ghessiic (b) saddle material model
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Inorder to investigatehe feasibility of usinghe modifiedmodel to generate results that would lend themselves
to the development of generaeddesign toolsanalyses were performed with the modified modielorder to
produced ¥ NB (i (i A y A fre¥ihgLdég aderiticay parameter such as fatigue life or the SWT parameter is
plotted versus one or several critical inputs, such as the contact forcie nornal stress or slip displacement
parallel to the contact plane. From examining these mays&ful conclusions can be drawithe idea of the
fretting map is generallgttributed work byVingsbo and Soderber@4]. In[14], three regimes are identified: 1)

a dick regime, where little or no fatigue damage occurs, 2) a mixed-sligkeegime, where fretting fatigue
occurs, and 3) a gross slip regime, where fretting wear ac@gcording to [4], if the degree of wear is
sufficient, then hgher fatigue lives caresult because the wear annihilates midadigue cracks as they form.
This idea is elaborated upon B 15], where it isnoted that wear tends to occur in situations where gross slip is
occurring. In these situations, fatigue lives are higher, and féateggue cracks are observed.

In order to generate fretting maps for the present problem of a cable wire rubbing against a saddle wear strip,
a series of analyses were run for a range of contact forces and slip displacements centred around the values for
the first contact point on thdR= 1000 mm pilot test saddle. The normal stress (stress in the wire parallel to the
contact surface) was cycled at the same range for all analyi<#$300 MPa). Given the high degree of
uncertainty in the actual friction @fficient, /7 this parameter was also varied. The resultingtingg maps are

shown in Figure 5With such maps, @ontact point could be designed for fretting fatigue by calculating the
critical parameters using the arygiical methods discussed ii-p] (which can be performed using a spreadsheet

or simple subroutine), and entering the fretting majith these parameter valuet® obtain the corresponding

SWT parameter. The fatigue life can then be determined by solving forEquation (1).
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Figureb: Fretting maps.

In practice, this approachassignificant practical challenges, which still need to be overcome. The set of three
fretting mapsin Figure 5s only applicable to one normal stress rarfg@0 MPajgnd mean normal stress level.

For other valuesf these parameters, additional maps would be needed. Also, for values of the slip displacement
and contat force outside of the analysianges, extrapolation would be required or additional analyses would
need to be performed to extend the rangestbé maps. Each point in Figurengs the result of an analysis that
took on the order of one day with the employed workstation. Eveallibfthis were done, the results would

only be applicable for one saddle material. Also, for the current analysis, istdeoation was given to the effect

of the thin galvanizing layer present on the wire, which may influence the friction coefficient or act to distribute
the local stresses in the contact zone. The effect of galvanizing on wire fretting fatigue has beed syud
others (i.e. 1L6]). Howevermore work is needed to fully understariiis effect Thus, while the presented work
represents a starting point in the development of a mechanistic approach for the fretting fatigue design of stay
cable saddle systemBjrther effortis still needed to turn it into a practical design tool.
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In addition to offering potential as a design tool, it was also thought that fretting maps such as those irbFigure
could rTJake propabilistic arlalysis of fretting f{:\tigue possible us:ing methods such as Monte Carlo simulation,
o KA OK NXIj dzA NXestablisy'the prolhabilitylofifadute afieRa given number of applied cycles, as they
could eliminate the need to perform a new FE analysis for each trial in the simulation.
Details of MCS can be found in numesquapers and textbooks (e.d.7} 18]). In plying MCS to the current
problem, the following procedurezas employed (see also Figure 6
1 Step 1. Generattrial values for the live load and friction coefficient from their distributions.
1 Step 2. Use the anglical methods discussed iii-P] to find the correspondingcontact parameters.
1 Step 3. We the fretting maps in Figure &nd interpolation (e.g. lineaor spine) to find the SWT
parameter for trial values of the contact parameteistained in Step 2
1 Step 4. Generate trialalues forthe CoffinrMansonmaterialparameters { 1% (b, c).
1 Step 5. Calculate the number of tas to failure,Nr, with the SWT vak obtained in Step 3 and the
material parameter trial values obtained in Step 4 by solviopgaEon (1).
I Step 6. Repeatt&os 1-5 until an accurate failure density function is obtained.

After repeatingthis procedure for asufficientnumber oftrials, probability and cumulative density functions
(PDFs and CDFsg)n be constructedbr a range of fatigue livedyr.
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Figure6: Proposed pocedure for MCS using fretting maps.

To demonstrate MCS using theppachshownin Figure 6 statistical distributions were established for the
model input parameters. The case of the first contact point on Ry 1000 mm pilot test was used for this
analysis. Given that the pilot test was a controlled lab experiment, the applied cable foge nas treated as

a deterministic parameter and no variation in the saddle geometry was assumed. For the-Narifion
parameters,the scatter in the data from12] was used, along with Bayesian regression with uninformative
priors. The principles of liner Bayesiamegression are presented id9]. Theresulting parameter distributions
are summarized in Table The tstudent distribution was used for the CoffManson parameters because it
was thought to be appropriate, given the small size of the dahused to establish these parameters.
Researcherée.g. R0,21]) hawe proposed differenfriction coefficiers for steel/steel contact. In this analyses
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lognormal distribution with a mean of 0.4 and COV of 28%sed.The lognormal distribution is udefor the
friction coefficient, as it avoids the illogical possibility of a trial with a negative friction coefficient.

Table2; CoffirManson material parameters

Model c b sG(MPa) | &
RosseleFatemi| -0.56 | -0.09 2503 0.11
Medians -0.59 | -0.09 2790 0.45
Fitted Curve | -0.77| -0.08 2761 1.48

Tablel: Probabilistic model parameters.
Parametel Mean | Std. Dev.| Distribution

c -0.77| 0.130 t-student

b -0.08 | 0.0036 t-student
Log(sd) | 3.44 | 0.0165 | t-student
Log(Up | 0.17 | 0.489 t-student

U 0.40 0.080 logormal

The use of the data froni ] to establish the CoffiManson parameters was necessitated by the laakaferial

to perform a sufficient number of strailife tests on the cable wire tested at TU Berlin to obtain bagphkcific
parameers for this material. Some of thremainingcable material was available fsubsequentesting, which

was performed to confirm the similarity of the materials from these two studiém steels from both studies
were nominally 1860 MPa high strength steel wirbe hardness dhe materialused in the TU Berlin pilot study
was measured to b&1 HRMn average, based on microhardness measurements across the width of several
wire, and the hardness of the materitdsted in [L2] was reported a$3 HRCFigure Ta) shows lhe strainlife

test data from 2] used to establish the CoffiManson paraneters in Tables 1 and 2. Figuréby shows a
comparison of stresife data obtained for the two materials, indicating similar fatigue behaviour.

Figure7: Straintlife data from EI ManoufylP] (a) and strestife data for two wire steels (b).

In orderto investigate the sensitivity of the results to the assumed mean values of the GAdfison model
parameters, these parameters were also obtained used several empirical models available in the literature
relating the parameter values to material hardnemsd/or ultimate tensile strengthincluding the Rossele
Fatemi and Medians method22,23]. The resulting parameter values are given in Table 2.

Figure &a) presents results of the probabilistic analysis for@we1000 mm specimen with the mean values f
the CoffirManson material parameterebtained usinghe three different approaches compared. Looking at
this figure, it can be seen that the different parameter assumptions result in a horizontal shift in th&RDF.
& F A U ddeIRoasedron the El Manouf¥d] data) results in a pdf that is centred over the test data, indicating
a good match between the model and the test results. The two empirical material models (Restate and
Medians) result in PDFs shifted to the léfilicating a conservative underestimation of fatigue life.
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the sensitivity studies, mean values of the probabilistic parameters were variegssess their relative
importance.The effect of increasing or decreasing each parameter meati @6on the PDF o is shown in
Figure 8b-f). Based on the procedure presentedHigure 6the SWT parameter is a function of load and friction
coefficient In the presented analysis, the telesioad applied at the cable esds treated deterministically,
whereas the friction coefficient is a variable with a mean of Uhkisresults in a SWparameter of~4, which
corresponds witha fatigue life of 5-6 milion cyclesThis is in the elastic range of materiak seen in Figure
7(a). Figure 8shows that the CoffisManson strength coefficient’ ({1 and fatigue strength exponenb) are
important variables, whereas fatigue ductility coefficierftfQand fatgue ductility exponentd) are less
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