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Abstract. A combined approach to strength assessment of refags in suspension bridges is
considered. The rope working condition is beinglyred by following stepsin-situ magnetic
testing of rope structure, computational assessmaenitimate breaking load and evaluation of
residual margin of safety. The diagnostic paramsetedistributed and/or local faults in wires — are
used as input data for mechanical model of ropacttre. The model enables to calculate the
stresses in each wire and to simulate the step-tlegeadation process thus estimating the rope
residual breaking tensile load. The safety factodederiorated rope is considered as a generalized
parameter that specifies the rope safe operatiormmaslement of bridge stay arrangement.
Examples of integrity analysis of stranded stayesognd locked coil stay ropes are presented.

| ntroduction

The safe operation of suspension bridges requiregériodical monitoring of health state of
numerous structural elements: stay ropes, guydicaage components etc. The main stay steel
ropes are usually subjected to aggressive envirotemédidden corrosive wear and fatigue-induced
deterioration in tensed wires decrease an opemdtrehability of stay system.

Several methods are used for control the strengtiditon of stay ropes [1]. A number of
technologies are based upon detection and locd#ibires in steel wires through continuous
remote monitoring. On-site data-acquisition unibgesses the events information and applied
software converts it into set of variables thatcdieég the mechanical state of examined object.

Some of stayed constructions do not require thémaosus monitoring. The alternative way is an
occasional inspection of ropes working under thel lenvironments by external non-destructive
test (NDT) equipment. As well as in continuous mamng the diagnostic information is
transferred into rope state parameters by embegidegssor and software support. The load factor
of safety seems to be the most appropriate indicgecifying the technical condition of stay rope.
The paper considers an approach to evaluate thduatdearing capacity (residual strength) of
main stay steel wire ropes based on non-destrucli@gnostic data. The mechanical model of
heterogeneous rope structure along with computtieimulation of deterioration process is
employed to achieve this purpose.

Principles and features of stay ropes magnetic testing

Magnetic flux detection is the diagnostic methoagdisnost commonly for non-destructive
testing of steel wire ropes. Two-channel flux deieestimates the magnetic flux along the tested
rope length and measures the flux leakage causeddkinds of defects: metallic cross-section
area loss (LMA) and local faults (LF). Record oé tbMA channel represents LMA value due to
corrosive or/and abrasive wear in percents reldtwe standard value of metallic area as a function
of distance along the rope. The LF channel receetisor signals that appear due to local wear like
broken wires, local corrosion etc. along rope undst.

The steel rope magnetic flux detector INTROS desigand manufactured by INTRON PLUS
Ltd. is adopted for various applications: mine hoopes, elevator ropes, stay ropes (guys), crane



ropes etc. It consists of a universal electroniit and different magnetic heads to test ropes of
various constructions and dimensions [2]. The nprvoessor unit is used as data logger with
memory sufficient to save testing data of (2-12) kirope in the LMA and LF channels
simultaneously. Due to portability and self-contagnpower supplying the electronic unit can be
fixed at magnetic head to work as full independesirument moving along the rope far away from
inspector. This is particularly convenient for begtthe stays and guys of bridges or buildings.

Stay ropes at five bridges were controlled by INTR@strument since 2009. Fig.1l
demonstrates the inspection of stay wire ropesighansion bridge across the river Ob’ in Western
Siberia.

Figure 1: Stay ropes inspection by INTROS device

The diagnostic system should have a significantsniasprovide the magnetic saturation along
the ropes having large diameters. The heads sdpplievheel traction allow examining the stay
ropes with diameters up to 150 mm (Fig.2).

Figure 2: Testing the large diameter stays



The magnetic head with electronic unit is drawmglohe stay rope by trailing cable pulling
over two crown blocks by electric hauling winchrmanually. The layout of diagnostic equipment

is shown in Fig.3.
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Figure 3: Layout of stay rope diagnostic equipment

The software Wintros is intended for test data esstg after they are downloaded into an
embedded computer [3]. The software provides adbspeectrum of functions: different kinds of
filtering, noise cutting-off, zero level displacingmplitude and distance zooming, auto-scaling,
aligning the signal traces from several inspectiang others. The last function is very helpful to
observe the changes in rope condition within fitilne. Typical LMA- and LF-traces obtained by
INTROS instrument for locked-coil stay rope aresereted in Fig.4.

LMA trace, %

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290 300 310 320 330

LF trace, mV/

500,
450,
400,
350,
300,
250,
200,
150,
100,
5003kl s ol o " _ PO e T T O oL T s T T

00
50,0 hiy SRS 1 Rad Lud R L il b A | e & G o S, et i i i AL AL e
-100, i i

150, 1

-200,
-250,
-300,
-350,
400!
450!
500,

3} 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290 300 310 320 330
Distance, m

Figure 4: LMA- and LF-traces of stay rope inspettio



The locked coil rope under test had a core of rowirds similar to helical strands while three
outer layers were of Z-shaped wires. These wire=lotk when stretched and therefore provide
substantial  protection for inner layers. The ropetructure is notified as
1+7+7/7+14+20+34Z+417+417 where the initial six rbers are amounts of round wires in core
layers.

As may be seen from LMA-trace the active crossisecis decreased insignificantly. The
distinctive raising of LMA values near the termioat of tested rope are caused by the influence of
bottom and top anchor zones and do not relatepge strength. A sharp peak is recognized at the
distance of 47.5 meters from the ground end at_thérace. This signal corresponds to a sole Z-
wire break in outer layer. Constant monitoring 8t mecessary at this time but the bridge
maintenance staff should pay more attention if tbfge section proves to be reduced due to future
damage accumulation.

Strength indicators of stay ropes structural capability

Rated steel wire ropes subjected to tensile loads selected according to the
ruleF > maxT [Jn], where F is a certified rope breaking forcenaxT is a project operating
tension,[n] is a required factor of safety imposed by law tandard [4]. We will refer to this
structural capacity parameter as to design fattoengineering practice the breaking forEe is
usually estimated by the simplest procedure: theutated total ultimate tension of parallel wires
assembly is reduced by correction fadkor 0.83+ 0.9( granting the helical rope structure [5].

An actual rope load safety factor is specified as a ratio between the ultimate bngatension
T, and nominal working tensidn:

T
n=_. (1)

Ultimate tensionT, is a non-damaged rope strength quality of simkture than a rated certified
valueF .

Traditional structural safe criteria require that[n]. During the service life the bearing
capacity of stay ropes reduces due to wear acctionldnerefore an actual factor of safetymay
become less than required design fgetpr From the conventional point of view when this m@ve
has been occurred the rope should be immediat¢déetesl. But partly deteriorated stay rope
remaining a statically indeterminate system is dbl&eep its functions until the actual factor of
safety reaches a certain minimal allowable valyeParametem defines the rope’s margin of

survivability as for partially failed structure. $pecifies a reasonable risk when operating the rop
with worn-out elements and is calledtality” factor in theory of reliability [6]. The value ofj is

estimated from rope lifetime experiments or it nb@yevaluated with use of appropriate mechanical
model regarding the corresponding normative rulds The allowable vitality factor is a main
indicator the rope lifetime prediction proceduréd&sed upon [8]. It may also be used for planning
the operating times of stay ropes testing.

A real safety facton of deteriorated rope still in service is defingdrblation

o
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(2)

Here T, is an ultimate breaking tension for stay rope witittain defects. The endurance of
working rope may be estimated in regard to safatyol n of new (delivered) rope or to allowable



vitality factorno. Two corresponding parameters may be assignedatheal relative residual
strength of rope structure

S|

n=—=< 1 (3)

and relative residual vital ability of deterioratexpe structure

w=nﬂzl- (4)
g

Parametery indicates how much of the rope structure’s capaigtheld “in reserve”. When
condition (4) gets upset this signifies the struatendurance fail so the rope must be discarded.

Stay ropesfailure simulation and strength assessment

One needs to know reliable values of ultimate tmsi(breaking loadsJ, or T, for judgment

upon the rope safety. A statistical assessmenhedet parameters may be derived from tensile
experiments. But such experiments are of a grepérese for a wide range of different ropes,
especially with large diameters. Therefore, as wentioned above, the theoretical estimates,
evaluated by means of simplifying assumptions, tptdce in ropes catalogues. The empirical
helical structure correction factok is rather uncertain. It does not account for detii combined

stress state in wires, particularly for locked aoipes. For deteriorated ropes with reduced active

cross sections the ultimate tensidp is not identified by existent methods at all. Heaéter an

attempt is being performed to define the valuesuliimate tensions for typical stay rope
constructions with the aid of step-by-step failsir@ulation.

Two kinds of main stays in suspension bridges wergsidered as the objects of analysis: the
locked colil rope 1+7+7/7+14+20+34Z+417Z+417Z (diaenedf 72 mm) and the stranded rope
37+9x7+9x36(WS) (diameter of 84 mm). AbbreviatiorBWenotes the outer strands construction
of type Warrington-Seale [5].

The steel wire ropes theory [9] is a backgroundstoéngth assessment for both ropes. The
constitutive equations of rope treated as a systéim two degrees of freedom are derived from
Kirchhoff thin bar relationships. Mechanical statpiations of straight ropes connect a tensile force
T and torqueM with generalized axial deformations of the ropeelative elongations and
relative angle of twisf :

T=Ce+CH 5)
M=C,e+C, 0|

Here C,,,C, and C,, are the effective stiffness coefficients of thepeoconsidered as a

heterogeneous structure. They depend upon the stifegess and helixes geometries of wires and
strands. Expanded expressions for stiffness pasamedtrains and stresses are rather complicated
so only the general procedure of stress calculatiavires will be mentioned.

The rope deformations and @ are determined from equations (5) for given lodad$/ and

known structural parametels . The constraints at rope terminations also shaedaken into

account. These deformations are double-transfortmexdrand lay axes and wires lay axes. The
tensile, bending, torsion strains and correspondimgnal o and shear stresses are evaluated in
helix co-ordinate system of each wire. The comthisgess state in a wire is reduced to uniaxial



Y2 Fig. 5 demonstrates the

equivalent stresw,, by proper strength criterion e.g;,, = (0% +417)
diagrams of equivalent stresseg, plotted across the wires sections for tensed tbckd rope and

stranded rope. The bar ordinates are normalizedaximal stresses taking place in cores’ center
wires for both ropes.

MV

Figure 5: Equivalent stresses over cross-sectmmnehsed locked coil rope (left)
and stranded rope (right)

The stay rope failure is simulated at step-by-sb@gling with the assumption that only tension
T increases and external torqd¢ remains equal zero. The maximal stregg over all wire

layers is compared with ultimate tensile stregs at each load steyr . If the strength condition
maxo,, < o is upset, the corresponding wire layer is consiievptured and removed off the rope

structure. Loading step procedure is repeated thdilsurvived wires are still able to take a raised
tension. The event when the rope elements stddiltone by one at a constant tension purely due
to strain energy release should be recognized aglaaustion of rope strength. The achieved tensile
load is an estimate of rope ultimate tensign

Results of failure simulation for two kinds of iaily safe ropes are shown in Fig.6. The load
step was set oAT =10 N. Tensile strength of wires in stranded ro@s equal to 1770 MPa.
Wires in locked coil rope had different strengtbrecwires — 1570 MPa, Z-shaped wires — 1270
MPa. Dotted lines in Fig.3 mark the certified ulite tensiond, evaluated by simplified structure

models as was mentioned above. The correspondiligs/are: 6080 kN for stranded rope and
5100 kN for locked coil rope.

Numbers nearby the signs denote the successivereupt ropes’ elements (wire layers). This
process appears in accumulating of active metalass-section loss. The failure progress for
stranded rope looks as follows:4L— core layers fail starting with centre wire;75— outer strands
layers fail starting with center wires. The fadwf locked coil rope goes as that3l- three core
layers fail starting with center wire; 4 — inneisBaped layer break; 5 — outer core lay break and so
on the fails come of the rest Z-layers. Note thaharical procedure was limited by 30-percentage
of cross-section loss when there is a good reasassume the ropes were really destroyed.

Failure of locked coil rope has an avalanche manat is a result of rather homogeneous
distribution of stresses in wires across the ramien (Fig.5, left). After the first rupture of real
core wire the reswires are loaded additionally and the stressedl wiges come above the tensile



strength under the steady tension of 4580 kN. Thisie is what should be considered as an
ultimate tensionT, (breaking load) of rope structure.
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Figure 6: Failure courses of locked coil rope D2 and stranded rope D 84 mm

The stranded rope fails gradually due to initiallyn-uniform distribution of stresses round the
wire layers (Fig.5, right). At initial ruptures theurvived loaded wires are able yet to take an
increasing tension. As the stresses grow in witrese comes a moment when a certain layer break
(point 4 in Fig.6) leads to strain energy releas#figent to destroy all rest rope elements at
stationary load of 5590 kN. This value is a simediaéstimate of the rope ultimate tensign

Table 1 contains a summary of different calculatéidnate loads for stay rope types under
consideration (in parentheses — the terminology useurrent assortments and catalogues).

Ultimate breaking loads for two types of stay ropes

Table 1
Ultimate tension (Breaking Load — BL)
Stay rope Total strength of Calculat_ed BL adjusted far Simulated BL by refined
parallel wires helical structure steel ropes theory [9], [kN]
(Calculated BL), kN] (Minimal BL), [kN] P y 15l
Locked coll 5850 5100 4580
Stranded 7007 6080 5590




Note that the safety factor (1) related to the Istwaf ultimate tensions in Table 1 takes into
account the virtual vague factors that could redpctentially the bearing capacity. Therefore it
gives the estimate of rope technical condition sitime extra margin of safety.

The residual strength of partially deterioratederapdefined by actual safety factdraccording

to expression (2). The corresponding ultimate tangiesidual breaking loadi, for defected rope
is not the same as for rated new rope. The predertacept allows assessment of strength
parametefT, by numerical modeling the failure process for giweitial damage locatiorit should

be noted that diagnostic parameters LMA and LFe tae generalized indexes of degradation. As a
matter of fact they are of a random nature anceimegal do not account for the distribution of fault
over the wires. So the statistical modeling of wleaations in the reduced rope cross-section was

done and the residual strength paramg&tewas evaluated as a probabilistic assessment. Gtadsd

of the Monte Carlo procedure are described in [10].
Assessment of breaking load for locked coil rope warformed using the magnetic NDT data

shown in Fig.4. The desired value §f was of 4500 kN and corresponding relative ropensgfth
|OSS)(=1—-|:U/TU was equal to 2%. The strength decrease seemdeatetgmccessible. However
the hazard is that single outer Z-wire break mayrmte a breakdown of whole layer interlock.

Summary

The proposed combined NDT-theoretical approachdepted for particular rope subjected to
specific working conditions. Several diagnosticgmaeters are transformed into single indicator —
factor of safety that specifies the residual sttieraf tested deteriorated stay rope as a mechanical
structure. The technical state parameter of thmd k& habitual for engineers giving the additional
argument that may be helpful to suspension bridgmt@nance staff.

If a sequence of NDT data is available during therating time, the possibility appears to plan a
moment for future inspection and to predict thedwesl life-time of stay rope under test.
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