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Abstract

A steel cable is a flexible lvad-transmitting clement thot is made up of a multitude of
individual high surength wires laid out in a parallel fashion or helicatly around a center wire.
Steel cables have both structural and industrial applicatons.  Structurai applications include
usc in suspension and cable-stayed bridges. The adequacy of cable-stayed and suspension
bridges is dependent. among other things, on the axial fatigue performance of the cables.
Presently. designers of bridges are working without adequate knowledge concernig the
fatigue life of the principal components in these sysiems. The American Petroleum Institute
and the Post-Tensioning Institute appear to provide the only specifications in North
America that give simplificd recommendations for the fatigue design of standing cables.

However, the fatigue life obtained using these specitications ditfers significantly.

An investigation of the axial fatigue strength of multi-layered strands (bridge strands) is
reported herein. The effects of stress range. cable make-up, and length to diameter ratio
were experimentally investigated using sixteen tull-size multi-layered wire strands. The
strands tested in this program were of 45 or 25 mm dismeter, had a length-to-diameter ratio
of 75 to 133 and were subjected to a stress range of between 15% and 30% of the ultimate
tensile strength of the strand.

Based on the limited numbor of specimens tested close to destruction, a failure criterion
was derived. The effect of both the strand make-up and the stress range were found to be
signiticant. For the lengths tested, the termination region had no influence on the fatigue
life of the specimens. Fractographic examination revealed that wire breaks within the free
length were due to localized fretting fatigue at the interlayer contact patches. Interlayer wire
friction was also found to be the cause of multiple breaks that took place in individual
wires. From a simulated two-block amplitude test, it was concluded that a lincar damagce

cumulative hypothesis will underestimate the fatigue life.

The comparison of the data obtained herein with those from the literature concluded that the
equation proposed by the American Petroleum Institute gives unsafe results for hoth high
and low cycle fatigue. Finally, the extrapolation of the fatiguc strength of multi-layered
strands from test lengths to actual lengths was analytically investigated using the Castillo et
al. statistical model. This statistical analysis showed that the effect of length diminishes as
the probability of failure approaches zero. For design purposes, the effect of length was

taken into account by using the 5% probability failurc of an infinitely long cable.
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Chapter 1

Introduction

1.1 General Background

1.1.1 Definitions Related to Cables

The term cabie 1s defined in a general way to indicate any flexible tension member having a
ncgligible resistance to bending. Cables have a high strength-to-weight ratio and have a
variety of applications. The engincering applications of cables can be classificd as
structural (cable-stayed and suspension bridges, prestressing of concrete, mooring of
offshore structures, etc.) and industrial (crancs, elevators, dragline excavators, winding
system in mining, etc.). Depending on their use, cables can be grouped into two broad
categorics: ~unning cables and standing cables. The principal distinguishing feature is that

running cables move over a sheave, whereas standing cables are static.

The basic element ol a cable is the sieel wire. With the exception of paraltlel wire strand, a
strand is an assembly of wires wound in an helical pattern around a central straight wire in
one or more symmetrical layers forming a single or multi-layered wire strand. In the case
of a parallel wire strand, the individual wires are arranged in a parallel configuration
witheut the helical twist. Finally, . +ope is composed of a plurality ot strands helically

wound around a core that could be cither a strand or another rope.

1.1.2 Manufacturing Process, and Mechanical Propcities

of Sweel Wires, Strands, and Ropes
The manutactu..ng process (Ref. 1) of steel wires starts at the rod-mill, where a continuous
series of rollers reduce the billets to round rods having a diamcter from about 5.5 mun to
18.6 mm. The rods are then heat-treated and quenched at a carefully controlled temperature
in order to imaprove the tensile strength and to relieve the stress created during the hot

rolling of the steel ingots into billets.

The rods are then inspected to ensure that all physical and chemical standards are met. The
steel produced for cables has a chemical composition with considerahiy higher carbon
content (0.8 percent carbon) than is allowed for structural steel (0.2 peveent). Table 11,
taken from Ref. 2, shows a comparison between the chemical composition of typical cable

steel and structural steel.



fter inspection, the rods are cleaned by dipping them in acid to remove mill scale, rinsed
water, neutralized, coated with a lubricant which facilitates the drawing process, and,

1ally, coiled for shipment to the wire mill.

the wire mill, wires arc produced by cold drawing a rod through a scrics of dies. This
ocess reduces the cross-sectional area of the rod by 65% to 75%, and also improves the
ternal structure of the steel oo o therefore increascs the tensile strength. The quality
mtrol test program for the steel wire typically includes tension and torsion tests to

‘termine uniformity and toughness and gauging to measure the diameter.

sfore manufacturing structural strands and ropes, wires are usually coated (galvanized)
ith a layer of pure zinc. This coating gives the steel wire a measure of protection from
mospheric corrosion. Three different zine coating categorics exist. The most common is
1ss A weight zinc-coated wires. Class B coating has twice and class C has three times the
nount of zinc per squarc meter of wire surface of class A coating. The weight
quirements of zinc coatings for various sizes of wires are specified in ASTM Standards
586-86 and A603-88 (Ret. 3, 4).

1¢c mechanical properties of the finished zinc—coated drawn wire depend on the zinc
ating class and the diameter of the wire. Table 1.2, reproduced from ASTM A586-86
«ef. 3) and ASTM A603-88 (Ref. 4) Standards, gives the mechanical properties of zinc-
ated wires. A comparison with typical values for mild and high strength structural steels
given in the same table.

rands are produced from the individual wires that have been wound on steel spools
fore being placed in the cradle of the stranding machine. The stranding machine can
tate in cither a clockwise or counterclockwise direction and the resulting strand is
signated as either right lay or left lay, accordingly. The larger structural strands, referred
as multi-layered strands, are made by adding successive layers of wires. Strands having
¢ wires of one layer crossing over those of the adjacent layer are referred to as a cross
y. Otherwise, the strand is referred to as an equal lay. The mechanical properties of a
-uctural strand are given in ASTM Standard A586-86 (Ref. 3). Figure 1.1{a) shows a
ulti-layered wire strand consisting of six layers with a total of 91 wires.

structural rope is made in a way similar to that described tor structural strand. In this
s¢, the individual wires are replaced by strands. These strands arc placed into the cradles
“a larger stranding machine. If the strands in a rope twist around the rope in a clockwise

rection, the rope is in right hand lay. Conversely, if they twist in a counterclockwise




direction, the rope is in lelt hand lay. It the wires twist in the same direction as the strands
themsclves, the rope is said to be in Lang's lay, and if the wires twist in the opposite
dircction to the strands, the rope is said to be in ordinary lay. Depending the class of
coatings of the wires, the mechanical propertics of a rope vary, and in North American
practice these propertics are given by ASTM Standard A603-38 (Rel. 4). The cross-
scction of a structural rope is shown in Figure 1.1(b).

Note that, unless otherwise specitied, structural strands and ropes are furnished with class
A weight zinc-coated wires. However, where additional corrosion protection is required,
structural strands may be ordered with class A coating on inner wires and cither class B or

class C coating for outer wires.

1.1.3 Basic Types of Cables and their Applications

In the following sections, th ditferent types of cables, their advantages and their

applications will be presented. In general, cables can be grouped in the following six

categories, which are presented with their corresponding ASTM Stondards :

* Structural helical strands, ASTM A586 (Ret. 3)
* Structural stranded ropes, ASTM A603 (Ret. 4)
Locked-coil strands

Parallel bars, ASTM A722 (Ref. 5)

Parallel wires, ASTM A42! (Ref. 6)

Parallel strands, ASTM A416 (Ref. 7)

1.1.3.1 Structural Strands and Structural Ropes

Structural helical strands and stranded ropes are the most commonly used types of cables.

The manufacturing process and the structure of these cables were presented in Scetions

1.1.1 and 1.1.2. The significant diffecrences between strands and ropes that should be

taken into consideration when selecting a cable are the following (Ref. 8, 9):

* A strand has a higher strength to size ratio than a rope. Based on the gross metallic
area, the minimum ultimate tensile strength (UTS) of a strand is 1400 MPa (ASTM
A586), while a rope should have a UTS of 1335 MPa (ASTM A6()3).

* A strand has a higher and more consistent modulus of elasticity than a rope. The
modulus of elasticity of a strand (Ref. 8) ranges between 150000 MPa to 185000
MPa, while that of a rope is between 55000 MPa and 140000 MPa. Sce Table 1.3
for typical values of modulus of elasticity.

o



» A strand has a higher resistance o corrosion. This is due to the fact that outside surface
1s smoother than that of a rope and larger diameter steel wires are used. It therefore
follows that the surface exposed to environmental effects is smailer, and this translates
to an improved corrosion - :sistance. In addition, the smoother surface of the strand
can more casily be protected with a paint covering.

* A strand has 4 beuer tension fatigue performance, while a rope has an improved

hending fatigue behavior.

Strands are usually specified when a large force must be transterred and the flexibility or
hending of the cable is not a major requirement. They may also be chosen in cases where
the corrosion and the tension fatiguc are of paramount consideration. In addition, strands
use smaller accessories fittings (sockets, splices) because the strand diameter required for a
given load is smaller than that of a rope. This cxplains why strands are generally preferred

to ropes tor standing structural applications, such as suspended or cable-stayed bridges.

On the other hand, ropes are specified when flexibility, berding and bending fatigue are
important considerations in the application of the cable. Other advantages of a rope are that
it is casicr to handle in the field and the size of saddles for ropes are generally smaller
because of its flexibility and bending capabilities. Ropes are therefore widely used in the
materials handling industry (cranes, elevators, dragline excavators, winding, etc.), where

cables have to bent and move over a sheave, drum or pulley.

1.1.3.2 Locked Coil Strand

Locked coil strand is also an helical type strand (Ref. 2). However, in this case different
shapes of wires are used in the outer layers to form a strand with a smoother and tighter
surface. The locked ceil strand has a center portion composed of a number of round wires,
severa! inner layers with wedge shaped wires, and outer layers consisting of wires with

special Z- or S— shaped wirces.

The advantages of this type of strand compared to the previously discussed structural

strands (ASTM AS586) arisc from the application of the wedge and Z-shaped wires fitted

tightly together in the outer layers. Those advantages are as follows:

» The density of a locked coil strand is approximately 85 to 90%, whereas helical strands
of round wires have a density of about 70%. This results in smaller diameter cables for
a given cross-sectional arca. The minimum ultimate tensile strength based on the gross

metallic arca is 1570 MPa.



* Locked coil strands have an improved corrosion resistance by virtue ot the tightly
locked shaped wires in the exterior.

* Locked coil strands have a higher modulus of clasticity (170000 MPa) than do
structural strands and ropes.

* The special shaped wires of the outer layers also make the locked coil strands less
sensitive 1o side pressure at saddles and anchorages because the wires have a genuine

contact surface and not just a point contact, as in the case of round wires.

Locked coil strands were developed in Europe, where they have been extensively used in
many of the early cable~stayed bridges. They are fabricated with diameters in the range of
40 mm to 120 mm. In contemporary design of cable-stayed bridges, locked coil strands
are considered if for some reason a plastic pipe sheathing cannot be employed, in which
case the locking and scaling features of the shaped wires will provide some inherent

corrosion protection.

1.1.3.3 Parallel Bars

Parallel bar cables consist of high strength steel bars speciticd by ASTM A722-88a
(Ref. 5). They are mostly intended for usc in prestressed concrete construction. Two
types of high str2ngth steel bars are specificd by ASTM A722-88a. A type I bar has a plain
surface and a type II bar has surface deformations. The nominal diameter ranges from 15
to 36 mm and the minimum ultimate tensile strength is 1035 MPa. The modulus of
elasticity ot a parallel bar is 200000 MPa. When high  trength bars are used for cable-
stays, type II is usually specified. In this case, the bars are coupled together in order to
fabricate a stay. Because of the presence of couplers, the fatigue resistance of a parallel bar
is lower than that of a wire strand.

1.1.3.4 Parallel-Wire Strand

The types of cables that were covered in the previous paragraphs are the so-called helical
strands or cables. Because of the twisting of the layers, the helical strand becomes sell-
compacting and therefore the wires arc held together naturally and without requiring
application of a wrapping or bands around the strand. Another advantage of the helically
wound cables is that each wire forms a spiral with its axis at the center of the strand: they
are therefore easily curved around the reel, coil, saddle, or collars. Note that curving (or
bending) of the helical strands or ropes does not require any clongation or contraction of
the individual wires. The reduction of strength and stitfness in comparison with cables
made out of straight wires and the fact that they require prestretching are the main two
shortcomings of helically wound ropes.



In cases of bridges where cables 1o not need to move over a saddle and where large forces
must be transtferred by the cable (especially tor the back stays of cable-stayed bridges),
parallel wire cables have recently heen introduced in bridge construction pr--tice (Ref. 10).
The major advantage of parallel wire cables is the improved strength and stiffness: since the
wires are maintained straight, uniform stress is achieved. In fact, the elastic behavior of
parallel wire cable approaches that of an individuai wire (i.e., 200000 MPa). In addition,
pre-assembled parallel wire strands do not require any prestretching because there is no

constructional stretch. (See Section 1.1.4 for the definition of constructional stretch).

Handling of parallel wire strands was the major disadvantage that excluded the use of those
cables until the carly 1960's. This problem is related to reeling, coiling and gencral
hending of those cables, since the ¢ -ving of a parallel-wire strand with undistorted cross-
section will require an clongation of the wires at the outside and a corresponding
contraction at the inside of the curve. However, this problem has been overcome by using

larger diameter coils and reels.

In present practice, parallel wire strands follow the ASTM A421-80 Standard (Ref. 6), type
BA wire, with minimum tensile strength of 1655 MPa and with a diameter ranging between
4.68 and 7.01 mm. Sce Table 1.3. Type BA wire has a cold-end deformation which is
used for anchoring purposes. Note that the button-headed wires are individually anchored
in the anchor socket, consequentl, requiring prefabrication of the stay. The minimum
modulus of elasticity is 200 000 MPa, which is higher than the modulus of elasticity of a
helically wound cable. In general, for suspension bridges 5 mm diameter wires are used
for the parallel wire cables, whereas 7 mm diameter wires have been used in strands for

the stays of multi-cable stayed systems.

In Japan, where the idca of using parallel-wire strands was first adopted, a trend towards
using larger wires and strands is observed. Recently, another cable was developed, the
semi-parallel wire strand (Ref. 10). It has its wires wound around the center wire with
very large lays. This cable has all the advantages of the parallel wire strand plus the ability
of holding the wires together without requiring any additiona: wrapping.

One of the main design considerations for a cable is its fatigue behavior. There can be a
major difference in the axial fatigue behavior of stranded and parallel wire cables. When
axial tension is applied to a stranded cable, high contact pressure develops at the interwire
contact arcas between wires of different layers. In addition, helically wounded wires of

adjacent layers have different lengths. Under cycling axial load, this will result in repetitive



movements at the interwire contact arcas. The fatigue failure mode is theretore identificd o«
localized fretting fatigue. By contrast. in the case of parallel wire strands a larger contacy
area along the length of adjacent wires exist. The interwire contact pressure will therelere
be so low that tretting fatigue may not be developed. In the case of parallel wire strands,
fatigue fractures are usually limited to the vutside layer of the wires in the socket region.
This is because of the high stress concertration experienced by those wires when

transnitting the load from the termination to the tree length of the cable.

1.1.3.5 Parallel-Strand Rope

Parallel strand cables are similar to parallel wire cables except that in this case the rope is
composcd of parallel strands instead ot parallel wires. This rather recent innovation has
been used for the individual stay cables of cable-stayed bridges. For this application, a
15.24 mm (0.6 in) diameter ASTM A416-88, Grade 270, seven-wire prestressing strand is
used (Ref. 7). As shown in Table 1.3, this material has a minimum tensile strength of
1870 MPa and a modulus of elasticity in the order of” 180000 MPa. The relatively high
breaking strength means that less volume of steel is used and, therefore, the stays weigh
less. Another advantage of these cuble stays is that they can be anchored individually or in
groups, theretore giving the erection tlexibility of prefabrication or in sifu tabrication of the
stay cable and its anchorages.

1.1.4 Modulus of Elasticity and Elongation of a Cable
The elongation of a stranded cable within the elastic range is duc to two distinct types of
stretch, namely constructional stretch and elastic stretch.

The constructional stretch is permanent and starts to develop as soon as the first load is
applied to the cable. It is caused by the scttlement of the wires in the strands and settiement
of the strands in the rope as load is applicd. The amount of permanent constructional
stretch will be reflected in the rope classification and construction, rope-making technigues,
range of load applied in service, and frequency of cycles of operation. In reality, most of it
occurs within the first few days or weeks of operation, depending on the amount of load.
Typical values of constructional permanent stretch are between 0.25% to 1% of the length
of repe under load. The larger the load, the higher will be this percentage. A value 0.5%
is often assumed for normal conditions.

For standing applications of steel wire ropes, a precise Iength and well-defined clastic
properties arc required. In order to achieve this condition, a process known as

prestretching is used. With this process, the constructional stretch is removed by applying



predetermined loads within the elastic range and holding the load until the rope components
adjust themscelves and the rope stops deforming. Typical values of prestretching are 50%
of nominal breaking load for strands and 40% of nominal breaking load for wire ropes.
After removal from the presiretching bed, the cable is lett with well-defined and uniform

clastic propertics.

‘The modulus of clasticity of a cable varics with the cable manutacturing process, the cable
construction (type of cable), the metallic cross-sectional area, and is also dependent on the
amount of zinc coating applied to the wires. The ASTM Standards specify minimum
values to be used with various types, sizes and coatings. Table 1.3 gives typical values of
the modulus of clasticity for different cable types, together with their minimum ultimate

tensile strength.

Unlike the usual conventional ension test, the value for the modulus of elasticity for cables
is "termined using a gauge fength of not less than 250 mm and is computed on the basis of

the gross metallic arca, which includes the zinc coating.

1.1.5 Cable Anchorages and Connections

1.1.5.1 General

The connection of the cable component to the rest of the structure is influenced by the fact
that the force in a cable is concentrated within a small cross-sectional area. Furthermore,
welding and bolting, which are commonly used to connect steel structural members, cannot
he used to connect steel cables to other structural parts. In general, a cable connection
should be able to provide full transter of static and dynamic loads. Similar to any other
structural connection, the general requirement is that the anchorage be capable of
developing the tensile capacity of the cable. In addition, the type of anchorage selected
should provide access for inspection, maintenance, or even replacement of the cable,
protect the cable against accidental damage and corrosion, and provide sufficient space for
initial tensioning and later adjustments. Finally, the ercction procedure to be used should

he considered when selecting the type of connection.

A cable termination (socket) is therefore a critical component which directly affects the
structural performance of a cable. When the cable is exposed to a corrosive environment,
terminations become even more critical. The termination is also the dampening point for
any vibration induced in the cable and the point of maximum bending when displacement of
the rope occurs perpendicular to its axis. In many instances, fatigue features related to the
performance of a socket are the governing fatigue failure mechanisms of a cable assembly.



In the case of suspended and cable-stayed bridges, these two effects are found at the ower
termination of a suspender or cable stay. This is due to the fact that moisture and corrosion
products tend to run down the cable and collect at the mouth of the socket. This is also the
point where the sheathing used for corrosion protection usually terminates. Furthermore,
at the socket location the cable is altered in shape in order w transter its load o the
supporting structure, and it is known that locations of geometrical changes can often create

stress concentrations and are theretore sites of potential failures.

[t can be conciuded that the decision as to the type of termination vad the design of the
socket duinit is complicated and cannot be neglected when investigating the structural (static

or fatigue) performance of a cable.

1.1.5.2 Types of Sockets

Two types of end fittings arc commonly used and these are referred to as: swaged-type and
poured-type sockets. The swaged sockets are used for small diameter cables, ranging from
12 mm to 38 mm diameter. The swaging process consists of carefully pressure squeezing
a fitting over the cable in a hydraulic press in order not to damage the wires. Figure 1.2(a)

shows a typical swaged socket.

The most common way ot anchoring standing cables is by use of a poured socket. In its
simplest form, a socket for a helical strand consists of a steel cylinder with a conical cavity
in which the broomed end of the strand is inserted. Subscquently, the conical cavity is
filled by pouring the socketing material. When the cable is subjected to tension, a wedge
action will develop between the material inside the cone and the steel cylinder. This creates
a tri-axial state of stress inside the socketing material which efficiently transfer the load

trom the cable to the socket. Depending upon the socketing matenal, two different types of

poured-sockets can be used: hot-casting sockets and cold-casting sockets.

The socketing material in the case of hot-poured sockets consists of molten alloys made of

zinc, lead, copper, or aluminum. The high pouring temperatures of those materials, which
ranges between 350 and 450° C, can significantly reduce the fatigue strength of the wires at
the socket. Figure 1.2(b) shows the typical dimensions for a poured bearing socket.

In order to improve the fatigue resistance of the anchor, expericnee has shown that 1t is.

preferable to u-  a cold casting material composed of epoxy resin, zire dust , and small
hardened steel balls. Parallel wire strands with epoxy resin and steel ball filled sockets
were developed in Germany and they showed a better fatigue resistance than spiral strands.

To reflect the higher fatigue resistance of this socket it is called HiAm socket, where HiAm

)



stands for high amplitude. Figure 1.2(c) shows a typical HiAm socket. The wires in the
hundle are flared out slightly inside a steel casing and held against a steel plate by means of
button heads at their ends. The conical space inside the steel casing is then filled with a
mixture of steel pellets of 1.5-2.0 mm diameter and an epoxy-based resin. When the
HiAm cable is loaded, arching action develops within the pellets in the resin mass inside the
casing, thus transmitting the load to the anchor (Ref.10). Another type of parallel wire
strand socket, termed NEW-PWS, was developed in Japan. It consists of cpoxy resin and
7n-Cu alloy socketing material. Finally, by filling the well-known (from the prestressed
concrete industry) BBRV-anchorage with a special epoxy compound, the high tatigue

resistance BBRV-DINA anchorage was developed.

In addition to the requirements outlined above, the transition between cable and anchorage
should have a certain flexibility so as to avoid high bending stresses caused by live load
and wind load. At the same time, a device to prevent cable vibration from taking place at
the anchorage may have to be provided. Vibration can cause excessive discomfort Lo users
of the bridge, but, more impe  antly it can accelerate failure of the corrosion protection
system (sce Scction 1.1.6). In addition, secondary bending stresses and vibrations
induced around the neck of the socket have been found to be detrimental for the fatigue life
of the cable assembly. A neoprene washer between the anchorage and the supporting
frame can be used as a vibration damping device. In the case of the HiAm socket, a
transition region consisting of zinc-copper alloy with epoxy resin is used around the neck
ol the socket in order to reduce the secondary bending stresses and the vibration.

1.1.6 Cerrosion Protection

Corrosion protection of cables is ¢ssential because the main load-carrying components of a
cable consist of wires of relatively small diameter and a small amount of corrosion could
significantly reduce their strength. The problem of corrosion is further accentuated by the
fact that cavities are present between all wires and the wires are inaccessible for inspection.

For normal conditions, no additional corrosion protection is required on the galvanized
multi-layered strands, ropes, and locked-coil cables. This is illustrated in Figures 1.1(a)
and 1.1(b). However, if the environment is very corrosive, additional protection may be
provided by treating the completed galvanized cable with zinc dust paste and then wrapping

it with soft-annealed galvanized wire.

Non-galvanized parallel bars, parallel wire strands, and parallel and semi-parallel cables can
be protected by their insertion in polyethylene tubes which are then injected with corrosion
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inhibiting materials such as portland cement milk, polymer concrete milk, tar cpoxy, or un
organic compound. For galvanized wires, a polycthylene sheathing can be used instead of
a pipe. Figure 1.1(c) shows a typical corrosion protection system {or a semi-paratlel wire

strand using a polyethylene pipe.

A survey conducted by Watson and Staftord (Ref. 11) indicated that vibrations of cables
may cause cracking of both the grout and polycthylene casing, therehy opening up potentiai
corrosion sites. The most recent development is a self-propelled jacketing machine that can
hermetically seal cables by winding and folding tinned copper around them. Currently
under deve' nment is a method that seals cables in a continuous (titanivm grade) stainless

coated carbon steel tubing, 3 mm thick, after all adjustment have been made (Ref. 1.

Uatil any of the innovative solutions to the corrosion problem are proven to be satisfactory
in the long term, it is suggested that galvanized wires be used, that cement not be used,
and that the cable and sockets be accessible tor inspection and, if necessary, that there be
provision for easy replacement.

1.2 Stateme.:t of the Problem
Spiral wire ropes made of high-tensile .icel wires were first developed in 1834 by WA,

Albert, a senior mining engineer, and were used to provide ore haulage. The utilization of

wire ropes in structural applications such as standing cables has proliferated since then, It
has long been recognized that tensile force is the most efficient way to transmit a load
because it gives maximum utilization of the cross-section. The applications of standing

cables include st yed cable and suspension bridges, prestressing of concrete, mooring of

offshore stiuctures, and others.

The adequacy of cable-stayed and suspension bridges is dependent, among other things, on
the axial fatigue performance of the cables. Presently, designers of bridges are working
without adequate knowledge concerning the fatigue life of the principal component in these
systems. This means that, although the design can be assumed to be satisfactory upon
execution, the life of the structure canrot be predicted with the desired accuracy. Owners
of such structures can expect to have to replace cables at intervals during the life of the
structure

The fatigue strength of cables can be intluenced by the fatigue strength of the wire
elements, the applied stress range, the applied mean load, the cable construction (i.c. lay
direction and lergth, number of layers, etc.), the end termination, lubrication conditions,

and by corrosion. In additior although a wire rope is essentially an clement for



transmitting a tensile load. the rope construction is such that the individual wires in a rope
are subjected to local hending and torsional moments and bearing loads, as well as to
tension.  Recause the magnitude and Jistribution of stresses resulting from these loads
determine the overall cable response, the identification of the fatigue tailure of the entire

assembly is a complex issue.

A limited number of mathematical models exist tor the evaluation of the fatigue strength ot
a cable, and in the majority of cases they have been derived on the basis of a small nymber
of physical tests. 1t is important that these models be confirmed or calibrated using a larger
pool of test data. From the point of view of specifications, the most commonly used
highway bridge specifications in North America (e.g. Ontario Highway Bridge Desian
Code (Ref. 12), Amierican Association of State Highway and Transportation Otficials
(Ref. 13)) give no guidance for the axial fatigue design of bridge cables. The American
Petrolcum Institute (API, Ref. 14) and the Post-Tensioning Institute (PTI, Ref. 15) appear
to be the only specifications in North America that give simplitied recommendations for the
fatigue design of non-runni~» ables. The fatigue predictions obtained using these
specitications differ significantly, and further investigation is needed. In many instances,
bridge designers are forced to develop experimentally the fatigue strength information
needed for a specific bridge, which is impracticable except for unusually large cables, or

they have to rely on manutacturer's data.

In addition, in the design of cable-stayed bridges the fatigue strength of long cables is a
major design criterion. Due to physical limitations of testing facilities, the available
cxperimental results and the majority of the design recommendations have Leen obtained by
tests on short specimens of wires or cables. These results must then be extrapolated to
determine the fatigue strength of large cables, which may have lengths from ten to several
hundred meters. The extrapolation required is far beyond the laboratory results, which
implics a high risk. Recently, theoretical studies have been made to perform this
extrapolation with models based on physical observations and statistical requirements.
Those models need to be investigated, simplified, and incorporated into design

recommendation for the fatigue strength of wire cables.

1.2.1 Scope and Objectives
The scope of the work presented herein is to develop design rules for the axial fatigue
strength evaluation of standing 1 :!1ti-layered wire strands. In order to Lullill this scope, the

rescarch program was designed with ~te tollowing objectives:
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l. To conduct a literature survey in order to obtain and evaluate the experimental and

analytical studies that alrcady cxist.

2. To design a testing apparatus capable of testing large diameter multi-layered strands
that have a variety of lengths and are subjected to axial cyclic loading.

3. To establish a fatigue failure criterion (discard criterion).

4. To identify the fatigue failure mechanism.

5. To experimentally investigate the effect of strand make-up, strand diameter, stress
range, and length-to-diameter ravo of the specimens upon the fatigue lite of mualti-
layered cables.

6. To experimentally investigate and compare the most commonly available non-
destructive procedurss used to detect internal wire breakage during the tatigue test
of a cable.

7. To compare and evalu...¢ the present work in light of the results obtained by other
researchers, and to attempt to pool the available fatigue data into one data basc.

8. To investigate existing statistical models, which ar¢ used to extrapolate and to
predict the fatigue strength of real cables based on laboratory test results of limued
cable length and test duration.

9. To assess the existing fatigue design guidelines for multi-layered strands in light of

the collected data base and the cffect of length.

1.2.2 Organization of the Thesis

The organization of the thesis is indicated by its table of contents. In Chapter 2, a literature
review is presented. This summarizes the rescarch done in the arca of fatigue of standing
wire ropes and the existing fatigue design guidelines. Chapicr 3 describes the experimental
program that was used to investigate the failure mechanism and the eftect of significant
parameters such as stress range, strand make-up, and length-to-diameter ratio. Chapter 3
also presents the procedure used to assess the damage accumulated in a cable and to therehy
establish a discard criterion. The test results are presented in tabular and graphical form in
Chapter 4. The analysis performed on the test results in order to derive a common fatlure
criterion and to quantify the effect of various parameters investigated in the test program is
presented in Chapter 5. In Chapter 6, a statistical model is used in order te investigate the



size effect. A comparison of the test results with the test programs of other investigators
and with the current design guidelines is also presented in Chapter 6. Finaliy, the
summary, conclusions, and recommendations for further research arc presented in

Chapter 7.

The moduius of clasticity measurements and the wire breakage detection results that were
obtained during the fatigue tests are tabulated in Appendix A. The statistical analysis used
for the reduction of the test data is presented in Appendix B. Finally, Appendix C

provides a summary of sclected test data collected from the literature.
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Table 1.1 Comparison of chemical composition of steel wire and structural steel

Steel Wire Structural Steel Structural Steel
(%) Mild (“%) High Surength (%9)

C (.80 0.22 0.20

Si 0.20 0.40 0.15 - 0.40
Mn 0.60 0.50 - 1.50 1.50

Cu 0.05 -

Ni 0.05 -

Cr 0.05 -

P 0.03 0.04 0.03

S 0.02 0.05 0.04

Table 1.2 Mechanical propertics of zinc-coated steel wire and comparison with typical

structural steels

Zinc Nominal Wire Yield Tensile Elongation Modulus of

Class Diameter Strength Strength (%) Elasticity
{mm) (MPa) (MPa) (MPa)
A 1.016 10 2.794 1030 1520 2.0 205000
A 2.794 and larger 1100 1520 4.0 205000
B 2.286 and larger 1030 1450 4.0 205000
C 2.286 and larger " 970 1380 4.0) 205 000)
Mild Structural Steel || 300 450 - 620 24 200000
(300 W)
High Strength Structural 700 800 - 950 ] 200000
Steel (700 Q)




Table 1.3 Mcchanical properties for different types of cables

Type of Cable Modulus of Elasticity Tensile ASTM
(MPa) Strength ! Standard
(MPa)

Structural Strand 158 600 - 165 500 1400 A586
Structural Rope 55 000 ~ 140 000 1335 A603

Locked Coil Strand 170 000 1570 -
Parallel Bars 200 000 1035 AT722
Parallel Wire Strand 200 000 1655 A421
Parallel Strand Rope 180 000 - 190 000 1870 A416

l
(1) The tensile strength reported here is the minimum guaranteed ultimate tensile

strength based on the gross metallic area. Values presented herein are typical.

They can vary with both diameter and amount of galvanizing.
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Chapter 2

Literature Review

2.1 Performance of Existing Cables
There have been comparatively few well-documented studies on the performance of

existing bridge cables, and some of the findings that have been reported are contradictory.

Watson and Stafford (Ref. 11) conducted a two-year survey on more than 100 cable-stayed
bridges and concluded that most of them are in serious danger because of the amount of
cable corrosion. In their pessimistic report, which stirred many comments from the
engineering community, they stated that all existing me:hods of corrosion protection have

failed. Furthermore, life expectancics of only about 20 ycars have been mentioned.

Tilly (Ref. 16) tabulated the results of a survey conducwed on 11 British bridges which have
galvanized and painted cables. Average life to replacement was reported to be 62 years.
The most vulnerable location for corrosion and failure was found to be the pointof entry of
hanger or stay cables into the lower sockets. This 1s due to mechanical stress concentration
in the vicinity of the socket and the fact that moisture and corrosion products tend o run
down the cable.

The condition of the multi-layered strands “hat support a large radar-radio telescope after 20
years in service was reported by Phoenix ct al. (Ref. 17). Wire breakage in this structure
has been experienced since its construction. Twenty breaks were found over S 000 wires
in the 27 cables. All breaks occurred near the point where the wires enter the socket.

In the past, designers generally relied on manufacturer's data or developed their own
permissible stress range in order to cstablish the fatigue strength of a cable. A knowledge
of the fatigue design stress range is important to assess the condition of existing cables.
Birdsall (Ref. 18) was able to obtain the design stress range of the cables in several
bridges. The maximum reported value was 14% of the minimum ultimate tensile strength
(UTS) of the cable and the smallest value wes 5% of the UTS. Birkenmaier and
Narayanan (Ref. 19) tabulated the design stress range of three cable-stayed bridges. The
maximum stress range was 15% and the minimum 7.3% of the UTS. A summary of the
individual data is given in Table 2.1.
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In this Chapter, a review of the rescarch related to the axial fatigue performance of standing
cables will be presented.  Although emphasis will be placed on the fatigue behavior of
standing cables, related topics will also be discussed. These include the performance of
cable subjected to static tensile loading, the axial fatigue of single wires, and non-

destructive procedures for detection of broken wires.

2.2 Kinematics of Cables

The problems associated with a cable subjected to static load consist of determining the load
distribution among the wires, the interwire/interlayer contact forces and associated relative
displacements, the effective axial stiftness, and the lateral contraction of the cable
assembly. This analytical evaluation of the kinematics of a cable loaded in tension or in
bending is a complicated one, mainly due to the helical gecometric configuration of the wires

and the interwire/interlayer friction forces developed at the contact points between wires.

Hruska (Ref. 20) in 1951 assumed that each wire in a strand was subjecied to tension only,
and demonstrated that the tensile stresses vary in proportion to the square of the cosine of
the lay angle. Hruska (Ref. 21) also derived a relationship between the radical clench
forces and the axial force in the strand, and later he discussed the origin and consequences
of the torque induced in a helical strand by an axial load (Ret. 22). However, he did not
consider the actual stresses at the contact points between wires, which are required for the
analytical prediction of the fatigue life of a cable. Leissa (Ref. 23), and Starkey and Cress
(Ref. 24) were the first to attempt a theoretical study of interwire contact stresses.
Although the analysis was limited to the special case where the wires cross at an included
angle of twice the lay angle, it nevertheless demonstrated that contact stresses for crossed

wires arc significantly larger than those of parallel wires.

Studics by Durelli and Machida (Ref. 25), which included a test of an oversizec epoxy
model of a six-wire strand, emphasized the importance of bending and twisting moraents in
the six individual wires. However, it is doubttul whether these eftects would be significant

in a multi-layered strand, where the wire-to-strand diameter ratio is much smailer.

Costello and co-workers (Ref. 26-30) developed a theory to predict the static response of
wire rope subjected to tension, torsion and bending. The cable is treated as a collection of
thin wires and the general non-linear equations of equilibrium for cach wire (as derived by
Love, Ref. 31, including the effects of contact line loads, are solved. The frictional
forces, which can be substantial, are neglected and both the unstressed and deformed

configuration of wires are assumed to be helices. The bending and torsion in individual



wires can also be caleulated using Costello et al. model. These forces are certainly
significant in strands consisting of a few wires and for electro-mechanical cables with soft
cores. In the large structural strands that form the subject of the present rescarch . there are
so many wires and the wire-to-strand diameter ratio is so small, that wire bending and
torsion are thought to be of secondary importance in comparison with axial force and

contact eftects.

Knapp (Ref. 32) produced solutions for multi-layered strand using energy conservation
principles. Friction forces and interwire contact deformations have been ignored in his

model. Approximate lincar equations suitable for hand calculations were also derived.,

Hobbs and Raoof (Ref. 33), and Ravof and Hobbs (Ret. 34) developed a theoretical model
for the analysis of a multi-laycred strand. They used prestressed orthotropic sheet theory
with compliance derived from consideration of contact stress theory. Friction forces and
interwir. contact deformation are included in their model. Axial, torsional, bending, and
external pressure load cases have all been addressed (sce also Ref. 35-37).  After an
extensive parametric study conducted by Raoof (Ref. 38, 39) and Raoof and Huang
(Ref. 40), the complex mathematics involved in the model were simplificd to the extent of
obtaining rcasonable estimates of the kinematical quantitics using simple hand calculvions.
This model is able to predict axial stiffness, lateral contraction, wire strain, interwire {orces
and slippage, recovery length, and axial hysteresis.

2.3 Cables vnder Cycling Loading

2.3.1 Fatigue Failure Mechanism for Cables

The state of stress of a material subjected to cycling loading changes from the first cycle
onwards. If flaws do not exist at the beginning, then hardening and softening processes
lead initially to microscopic fatigue cracks. Inhomogeneitics, such as inclusions, also lead
to the tormation of cracks because of the stress concentrations they cause. In wires, fatigue
cracks start mainly at the surface: it is likely that, at this location, surface flaws or damage
have arisen during fabrication, a certain surface roughness exists, the attack of any
corrosive media takes place, and the highest loading often exists (Fuchs and Stephens,
Ref. 41). Under the application of subsequent cyclic loading, the initiated or pre-cxisting

micro-cracks will propagate to a critical size at which fracture occurs.

The literature contains considerable evidence (Ref. 33, 42 and 43) regarding the mode of
fatigue failure of cables, and it is identitied as fretting corrosion fatigue at the interlayer
contact patches ("trellis” contact). At those contact surfaces, mechanical and physico-



chemical processes work together.  Since at least one of the contact pairs is a metai,
oxidation phenomena occur in the freuting regions, which are intensilied by the oxidizing

medium trapped in the gaps between the wires.

According to Waterhouse (Ref. 44) fretting fatigue strength decreases with increasing
pressure and increasing relative displacement in the micro-meter (Um) range. Lubrication
has a positive effect, since it reduces the friction force at the contact arcas. Esslinger
(Ref. 45) states that, for components subjected to fretting fatigue corrosion, an infinite life
range (endurance limit) does not exist. In addition , the fretting fatigue resistance reduces
with hardness, and, hence, with the strength of the material (Ref. 41). This reduction is
also due o the fact that it can be expected that high strength cold-drawn materials, such as
steel wires, can have a rough surface with surface imperfections (drawing marks) (Gabriel,
Ref. 46).

The process of rupture of a steel wire by fatigue can be divided into two stages: the
nucleation of a surface flaw and its propagation up to the critical size for which fracture of
the wire takes place. Between the two stages there is a transition regime in which the
mechanisms controlling each stage are operative at the same time (short crack regime).
Rescarch conducted by Verpoest et al. (Ref. 43) showed that fatigue failures of steel wires
always propagated from pre-existing surface flaws with a depth of 25 to 125 pm. These
micro-cracks were probably produced during the dfawing process. Based on this
obscrvation, Verpoest suggested that the initiation period can be ignored. However, Llorca
et al. (Ret. 47) postulated that fatigue fractures in cables is due to axial fatigue failure of
individual wires and is not due to fretting fatigue at the interlayer contact patches. One of
the experimental objective of the research presented herein was to investigate the fatigue
failurc mechanism. This was done by examining the fractured surfaces of failed specimens.

2.3.2 Single Wire Axial Fatigue

The fatigue properties of the basic wire material can be expected to have an influence upon
the fatigue behavior of the cable assembly. Extensive experimental studies on individual
wires subjected to fatigue have been carried out by many investigators, and the effects of
parameters such as carbon content, method of manufacture, surface condition, and surface
coatings on the fatigue life of wires have been summarized in a survey by Bahke (Ret. 48
and 49). During the drawing process of high strength, eutectoid carbon steel wires in
which the cross-section is not reduced by more than 86%, the fatigue strength increases
with tensile strength. In addition, for high strength steels, it is noted that differences in



surface roughness arising from fabrication and surface imperfections have a detrimental

influence on the tatgue life (Gabriel, Ref. 46).

Custillo et al. (Ref. 50) performed 72 fatigue tests on individual wires with specimen
lenzths ranging trom 140 to 8540 mm. These results showed a fatigue limit between 204%
to 30% of the wire yicld strength, depending on specimen length, Birkenmaier and
Narayanar (Ref. 19) performed 210 fatigue tests on individual wires and found that the
endurance limit (with 5% probability of rupture) was 24% of the wire yield strength (or
22% of the tensile strength). Similar values were found by Verpoest et al. (Ref. 43), who

carried out fatiguc tests on 2 mm diameter wires of different yield strengths.

Bascd on an extensive scrics of axial fatigue tests on 2 10 3 mm diameter hot-dipped
galvanized wires, Watt (Ref. 51) suggested that the endurance limit is 274 of the ultimate

tensile strength. Experimental data reported by Thorpe and Rance (Ret. 52) on hot-dipped

wires having a diameter of 1.8 to 2.3 mm, which were tested in air, also yiclded a similar

conclusion. The test program included axial fatigue and fretting fatigue of individual wires
in air and scawaier. Paramcters investi rated included the method of galvanizing (hot-
dipped and :lectro-deposition) and thickness of galvanizing (0.05 mm, 0.025 mm, and

bare wires). They concluded thut scawater reduccs the fatigue life by an amount which

increased with increasing mean stress and decreasing frequency. Since [retting fatigue of

wires can be accompanied by corrosion, which is a time-dependent process, Thorpe and
Rance suggested that testing should be carried out at realistic , in-service cycling loading
frequencies. Thorpe and Rance also tried to correlate the frewting fatigue life of single wires

with the fatigue life of a rope, although it was realized that the faifure criterion is different.

Table 2.2 summarizes the experimental results on single wires. A large scatter of test
results is evident, even for apparently identical materials and testing parameters.

Waterhouse et al. (Ref. 42) showed that hot-dip galvanizing produces a dramatic
improvement in the fretting fatigue strength of wire specimens in scawater compared with
ungalvanized specimens. However, in air it was found that the fretting fatigue strength
was slightly lower for galvanized wirc as compared with uncoated wire. This was

attributed to the brittle alloy layer on the surface of the wire resulting from galvanizin,

2.3.3 Axial Fatigue Tests of Cables

It is the primary purpose of the literature survey to investigate the available experimental
axial fatigue data on cables. In general, multi-layered strands have a significandy higher
tensile fatigue performance than do wire ropes. Parallel wire ropes, on the other hand,

to
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have a completely different failure mechanism from that of stranded cables. Fatigue data
should therefore be categorized, depending the type of cable. As expected, the literature
review also shows that the fatigue data often exhibit a large degree of scatter. Interpretation
and correlation of results from different sources also presents difficultics. Poor test
practices and inappropriate test parameters such as insufficient sample length, inclusion of
specimens that failed prematurcly at terminations, test frcquency so high as to cause
overheatiing of samples and loss of lubrication, and the usc of different or undefined

discard criteria (Potts ct al., Ret. 53} all create problems in interpretation of results.

Waters ct al. (Ref. 54) presented plots of cyclic tension rope fatigue data acquired from a
literature review conducted by the United Kingdom National Laboratory. Because of
confidentiality agreements, the testing parameters and procedures of many of the results
presented by Waters et al. are not available. This makes the interpretation and comparison

of the collected data extremely difficult.

Tilly (Ref. 16) investigated the axial fatigue performance of seven difterent steel cable
constructions (three types of wire ropes and four types of spiral strands) that had diameters
ranging from 35 mm to 70 mm. The cabie lengths were 3000 mm, the cyclic ranges were
10% 10 28% and the mean loads were 20% to 38% of the characteristic strength. It was
found that, after the first wire fracture, up to twice as many additional cycles were requed
to reach five fractures, which was the failure criterion. It should also be noted that all

specimens failed close to the termination.

Hanzawa ct al. (Ref. 55, 56) conducted tests on 50 mm and 85 mm diameter ropes. Wire
breakages were detected using both accelerometers and acoustic emission monitoring
devices. The length of the test specimens ranged between 700 mm to 1810 mm, which
gives a fength-to-diameter ratio of 14 to 21. The stress ranges were between 10% to 40%
of the breaking strength of the wire rope. Three different types of socketing material
(Zn/Cu alloy, polyester, and cpoxy) were used for the end fittings. It was concluded that
breaks in the free lersth were due to interlayer fretting :.nd occurred at high stress range,
while those at the socket locations occurred at low stiess range and were due to stress
concentration. In addition, it was suggested that the fatigue performance of large diameter
ropes could be estimated conservatively from tatigue tests on ropes of smaller diameter,
since it was tound that the larger the diameter, the greater the fatigue life. The epoxy resin
proved satistuctory as a socketing material. The tailure criterion used by Hanzawa et al.
was 5% wire breakages per lay length.



Berge (Ref. 57 and 38) tested 32 mm and 76 mm diameter ropes in axial tatigue. The
specimens had a length of 3000 mm and were tested at stress ranges between 1645 1o 2445
of the characteristic load. All fractures occurred at positions that were more than 500 mm
away from the sockets. With the exception of the 32 mm diameter (35x7) rope, the discard
criterion used by Berge was the fracture of one outside strand. The axial fatigue strength
was found i s decrease significantly with the diameter (for ropes with similar construction).
No difference was found between bright and galvanized ropes (in non-corroded state). An
initial overloading of the ropes (up to about 80% of the minimum ultimate ensile strength)

was foun to be beneficial for the fatigue life of the rope.

Lucht and Donecker (Ref. 59) presented results of tension fatigue tests on wire ropes off
various construction. Four different types ot termination were used. The stress range
varied between 6% to 99% of the ultimate tensile strength, The larger diameter ropes were
suspender ropes removed from the Golden Gate Bridge after 35 years of service. ‘The
fatigue tests on the rope specimens were terminated after six visible wire brezks or at two
million cycles, whichever occurred first. The results indicated that over 35 years of service
had not degraded the fatigue life of the suspenders. Although, Lucht and Donecker did not
give the lengths of the specimens tested, they concluded that "relatively short lengths used
in testing prevent th- rope from compensating for any slight misalignments of the sockets
and thus reduces the fatigue life”.

Waters, Eggar and Plant (Ref. 54) carried out tests on 127 mm and 62.5 mm diameter
strands. Three samples of each size were tested, each at mean load of 40% of the minimum
breaking load, and cycling ranges of 15%, 20% or 30% were appliced to one sample of cach
size. Those experiments showed that large diameter cables had a markedly reduced fatigue
life over halt-size test specimens of the same construction when tested at the same
percentage load levels. (Recall that Hanzawa et al. reached the converse conclusion.)
Testing was discontinued when approximately fifteen wire breaks were observed in the
outer layer. Periodically, the cycling test was interrupted and static tests were conducted up
to the maximum fatigue load, in order to obtain the modulus of clasticity. It was found that
the modulus of elasticity increased during the first 20 cycles and then remained constant
until 6 to 10 wire breaks were observed. At that point, the modulus of clasticity started to
reduce considerably as successive breakages occurred. The load range in which the static
tests were conducted was not reported in the paper published by Waters ct al. (Ref. 54).
This is an important information, since unloading of the specimens during static test could

change the interwire fretting locations and result in unrealistic high fatigue lives.
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Cascy and Waters (Ref. 60 and 61) conducted axial fatigue tests on 40 mm, 70 mm, and
127 mm diamcter six stranded wire rope ( 6x41 construction with a 6x7 IWRC) having
Iengths of 3750 mm, 3600 mri, and 7000 mm, respectively. The ropes were loaded to
20% + 15% per cent of the manufacturer's stated minimum breaking load.  From static
tests, it was concluded that the stiffness increased and then remained relatively constant
before starting o decrease at approximately 25% of the fatigue life for the 40 mm diameter
rope, 30% for the 70 mm diameter ropes, and 35% for the 127 mm diameter ropes. The
failure criterion relics on the identification of a property change point which is a function of
load ranze and endurance. The property change point is defined as the point in life at

which the ¢+ dation of the rope becomes measurable (Ret. 90).

Ronson (Rei. 62) presented prediction curves for tension fatigue performance of large
diameter ropes and strands. Those curves are based on tests conducted by British Ropes
Ltd. The stress range was found to have a much greater influence on the fatigue life than
the level of mean load. Ronson belicves that initial breaks occurred in the outer layer aud
tests were discontinued when 24 wires broke within a rope length of six times the rope

diameter.

In a critical review of the existing experimental data and design curves, Raoof (Ref. 63)
assembled a total of one hundred and ten test data on a wide variety of steel cable
constructions (wire ropes, strands, and locked coil wires). Fatigue life on those tests was
defined as the number of cycles to total failure. By using this rather extensive data bank,
Raoof demonstrated that the API recommended design curve (see Ref. 14) is
unconservative. Instead, it was shown that the design curve proposed by Tilly (see
Ref. 16) does provide a reasonable lower bound solution to the available experimental and
theoretical axial fatigue data. (A summary of the design methods ror the prediction of axial
fatigue lite of cables is presented in Section 2.3.4). The axial fatigi. data on multi-layered
wnds, reported by Raoof, will be summarized and further discussed in Chapter 6.

Hobbs and Ghavami (Ref. 64) published axial fatigue results on 15 multi-layered strands
having 16 mm and 32 mm diameters. Twelve of these specimens were 16 mm diameter,
had a test length of 1055 mm, and consisted of 19 x 3.2 mm diameter galvanized wires.
Three others were 38 mm diameter specimens, which had a test length of 6 000 mm, and
were taken from an existing mast. They consisted of five layers of wires (92 in total),
3.5 mm in diameter, over a 5 mm diameter king wire. All specimens were terminated
using zinc-poured sockets, and were iested using a pair of hydraulic actuators, each of
500 kN capacity. Wire failure observations were made "by ear, eye, and shock contact,”

26



and tests were discontinued when the specimens were no tonger able to carry the applicd
mean load. Fatigue failures for all the specimens occurred at the strand/socket interface,
with the first observed breakage invartably at the outer layer. A tracture at the socket of a
32 mm diameter strand and some pull-out failures in the zine matrix ol the sockets were
signs of an under-designed termination. Nevertheless, the main conclusions drawn from
the axial fatigue tests were that tatigue life seems o be insensitive to mean toad and that the
number of cycles from first wire fracture to overall failure increases with the number of
wires. The latter could be explained by the tact that the toss of cross-section from one
breskage is less signiticant for large diameter strand, which has more wires than the smaller

diameter cable.

Significant aspects of accelerated block testing, such as the sequence of stress levels and
periodic overloads, have been discussed by Yeung and Walton (Ret. 63). Although it was
recognized that the load range i1s the dominant factor in tension fatigue, it was suggested
that the contribution of mean loads could be included by using the concept of "an equivalent
load range.” Experimental substantiation for this was given by the test results on 32 mm
diameter (I1x17) and 51 mm diameter (1x139) strands tested at different mean loads (209
41% of the UTS) and load ranges (10%~28% of the UTS). Detailed information for the
specimens (Jength, termination, ctc.) and the failure criterion were not provided in the
publication.

Potts et al. (Ref. 53) reported the results of a variable amplitude tension fatigue test
program conducted at Reading University on 19 mm diameter ropes. The Miner damage
summation was found tc range between 1.25 and 1.43 at the time of failure. This indicated
that the linear damage cumulative hypothesis consistently underestimated the total axial
fatigue life. Use of the Miner rule will therefore provide design s with an additional
margin of safety. Shifting of the tretting zone from one arca to another as the different

block loads were applied was used to explain the high values of the Miner summation,

Smith, Stoncsifer, and Seibert (Ref. 66) investigated the eftect of periodic overload on the
fatigue life of wire ropc. It was found that the fatigue life of the rope improves
significantly with increased overloads (up to the yicld strength of the rope). The optimum
interval between overloads was suggested to be between 5000 and 20000 cycles,
depending on the load range and overload. Ropes of various construction and diamcters
were investigated. The enhanced tatigue life resuiting from periodic overloading was
attributed to overload crack retardation and to readjustment of stresses within the rope hy

movement of coniact points between wires during overloads. Continuing laboratory
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studies conducted by the same research group (see Stonesifer and Smith, Ret. 67) on
i/4 in diameter ropes concluded that the major increase in lite is achieved by the initial
overload, with periodic overloading having only minor additional benefits. Furthermore, it
was shown that an increase in mean load on a rope causes an increase in the endurance life.
This was attributed to higher stiffness observed in wire rope as axial load increases.
However, it was found that as the mean load is increased (above 25% ot the minimum
ultimate tensile strength, approximately) the effect of higher mean load begins to

avershadow the effects of the reduced rope flexibility, and life then begins to decrease.

Nakamura and Hosokawa (Ref. 68) presented six tests on parallel wire strands (five
specimens having 127 wires and one specimen with 91 wires) and five on semi-parallel
wire strands having 139 wires. The galvanized high strength wires used were 7 mm in
diameter. All specimens had sockets that used epoxy resin with Zn-Cu alloy (termed
NEW-PWS) and a test length of 2500 mm. The semi-parallel strands were low-twist
cables with an angle of twist of only 3.5°. The applied stress range was between 195 and
340 MPa, and thec mean stresses were between 450 and 530 MPa. Wire breakages
occurred both inside and outside the sockets. The discard criterion is not well-defined.
Tests were discontinued when the number of cycles was between 0.52 and 5 million and
the broken wires between 0% to 8.6%. Nevertheless, a specimen was considered to be
damaged when 5% of the wires were broken. The tests results indicated that the fatigue life
depends on the stress range, the mean stress level, and the ultimate sirength ot the wires.
An cxnression was proposed to calculate the fatigue life of semi-parallel strands that use
NEW.PWS sockets. Both the stress range and mean stress were found to influence the

fatigue life of a cable.

Birkenmaicr (Ref. 69), and Birkenmaier and Narayanan (Ref. 19) presented a study on the
fatiguc performance of HiAm and DINA socketed parallel wire cables (see Section 1.1.5.2)
uscd for cable-stayed construction. It was emphasized that the stay tendons should be able
to withstand both high permanent pretension forces and high cycling loads. Fatigue test
results on a series of 14 identical, 19 wire (7 mm diameter) strands, fitted with HiAm
anchorages and subjected to cyclic stresses between 260 MPa and 540 MPa were
presented. The specimens were between 3000 mm and 6 000 mm long, and the steel
grade had a yield strength of 1 500 MPa and an ultimate strength of 1700 MPa.  The
minimum stress was kept at 350 MPa. The discard criterion used was the number of
cycles at the end of which the remaining static rupture load of the tendon is smaller than
90% of the ultimate tensile strength. Two million cycles was defined as infinite fatigue life.

Since parallel wire strands consist of a plurality of single wires placed in a parallel



configuration, the fatigue failure mechanism of a parallel wire strand should be the same as
that of an individual wirc. By modifying the 5% fractile fatigue curve developed for sing
wires to fit the fatigue results on parallel wire strands, Birkenmaicr and Narayanan
(Ret. 19) derived a curve for the permissible stress range of HiAm parallel wire strands. It
was also suggested that usc of the Palmgren-Miner hypothesis for lincar accumulation of

damage was appropriate.

Birkenmaicr and Narayanan (Ref. 19) also presented the fatigue results on five large
diameter HiAm and DINA anchored paralle]l wire strands. The cable had trom 19 to 295
wires of 7 mm in diameter. With the exception of one DINA specimen, where a stress
range of 250 MPa was used, the stress range was 200 MPa. Al tests were discontinued at
two million cycles, and the maximum damage was found to be three broken wires in a 295

wire cable (1.0% breaks).

As part of the fatigue design of the Honshu-Shikoku railway / highway cable-stayed
bridges, Takena et al. (Ref. 70) conducted cleven tests on large diameter parallel wire
strands having HiAm and PWS sockets. The HiAm specimens consisted of 91 x 7 mm
diameter wires (galvanized and not-galvanized) and the PWS specimens of 169 x 5 mm
diameter galvanized wires. The minimum length-to-diameter ratio between sockets was 19.
The cycling load corresponded to stresses between 148 MPa and 295 MPa. Almost all
wire breakage occurred at or inside the sockets. The improved fatigae life of the HiAm
cables in comparison with the PWS sockets showed that the soft epoxy resin in the front
half of the HiAm sockets reduces the stress concentration caused by the anchoring of the
cable, thereby enhancing the fatigue strength. Non-galvanized wires (even when covered
with polyethylene jacket) are liable to have their fatigue strength reduced in a corrosive
environment. Takena et al. found also that breakage in the free length was generally
internal and occurred at large stress ranges {larger than 245 MPa). Itis belicved that they
were caused by fretting. Since the stress range is generally smaller than 200 MPa in real
bridges, the wire fractures can be expected to be concentrated in the anchor portion.
Furthermore, ruptures in the anchor portion were confined to the outermost layer. As the
diameter of cable increased, the life to first breakage was found to decrease. Finally,
although most of the tests were discontinued when the number of breakage was less than
5%, Takena et al. proposed design life curves based on 5% wire breakage for HiAm
sockets having 127 and 295 wires.

A graphical representation and a comparison between selected axial fatigue data on cables,
obtained trom the above literature review, will be presented in Chapter 6.
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2.3.4 Design Recommendations (S-N curves)
A summary of the most commonly used design methods for the prediction of he axial

fatigue life of cables is presented in this section.

(a) Tilly lower bound axial fatigue life curve (Ref, 16)

Based on the experimental work conducted at TRRL (Transport and Road Research
Laboratory) on 35 and 70 mm diameter wire ropes and spiral strands, the following

cquation was proposed by Tilly (Ref. 16):
R*N =2x10° (2.1)

where R = load range expressed as percentage of the mi: mum ultimate tensile strength
(UTS) and N = fatiguc lifc in cycles. Equation (2.1) was based on a regression analysis of
log N on log R, and was found to give a lower bound line with 95% confidence limit. It
was suggested that Eq. (2.1) could be used for the axial fatigue prediction ot both wire
ropes and multi-layered strands. Detailed description of the work conducted by Tilly was

presented in Section 2.3.3.

(b) American Petroleum Institute (API) recommendations (Ref, 14)

The first edition of API-2FP1 recommends the following axial fatigue lite curve:

R 4.09
N (——-—) =731 (2.2)
100

where R and N are as defined above. As stated by API, Eq. (2.2) is based on wire rope
test data from various sources. Most of the data were obtained from tests conducted in air
for six-strand ropes with effects of corrosion not included. Although fatigue data on multi-
layered wire strands were not considered by API, in the absence of better information, Eq.
(2.2) was also recommended for the prediction of the axial fatigue life of multi-layered

strands.

(¢) Post-Tensioning Insti PTI) recommendations (Ref, |

The PTI recommendations are based on data assembled by the PTI committee on the axial
fatigue behavior of strand (see Ret. 71) and parallel wire stay cable systems (Ref. 19). Itis
assumed that the stay anchors will be designed to develop fatigue capabilities approaching
those of the strand or wire in the free length of the stay cable. A design philosophy
compatible with that of the American Association of State Highway and Transportation
Officials (AASHTO, Ret. 13) was adopted. The allowable fatigue stress range values for
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parallel six-wire strand stay cables are to be in accordarce with AASHTO Category B, and
differentiated between redundant or non-redundant wad paths. Allowable fatigue stress
range values for parallel wire stay cables arc to be 35 MPa above the Category B values.
Finally, the allowable fatigue stress range values for uncoupled and coupled bar stay cables
are o be in accordance with AASHTO Category B and Category D values, respectively. A
summary of the allowable design fatigue stress ranges for strand, wire and bar stay cables

is presented in Table 2.3.

In addition, the PTI rules require that the fatigue strength of the proposed stay cable system
shall be demonstrated for cach project. Stay cables are to be tested with ¢l their details
(e.g., poiyethylene pipe sheathing, grouted if required, socket detail with appropriate

socketing maicrial). At least three representative stay cable specimens, having lengths

between 300 and 450 mm are to be tested for 2 million cycles, for an upper stress level of

0.45 UTS and a stress range 35 MPa greater than the allowable fatigue stress range values
corresponding to the redundant load path case. A summary ol stay test fatigue stress
ranges for strand, wire and bar stay cables is also presented in Table 2.3.

(d) Nakamura and Hosokawa (Ref,
Nakamura and Hosokawa suggested that the following relationship be used for axial
fatigue life prediction of multi-layered wire strands.

S3N = 3000 for N<2x 106 (2.3a)
S=0.114 for N2> 2 x 106 (2.3h)

where N is the number of cycles and the non-dimensional stress factor, S, takes into
account the effect of stress range (o), ultimate strength (G,) and mean stress (0,,). Itis

given by the expression:

2 -1
s=[ij 1-(9&] (2.4)
Cu GU

Finally, Nakamura and Hosokawa moditied Eq. (2.3) tor the case of parallel wire strands
with NEW-PWS sockets as follows:

S3 N =10000 for N <2 x 106 (2.54)

S =0.171 for N> 2 x 106 (2.5h)
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(¢c) Birkenmaier and Narayanan (Ref, 19)
For parallel wire strands with HiAm and DINA sockets, the following design

reccommendations were given by Birkenmaier and Narayanan:

For static loading: Omax S U.45 oy (2.6)
45
For fatigue loading: N= lOG(m;’;?G) for N < 108 (2.72)
max Ag = 238 MPa for N > 10° (2.7b)

2.3.5 Analytical Model for Axial Fatigue Life Prediction

Raoof (Ref. 72 and 73) proposed a theoretical modet for prediction of axial fatigue life
from first principles. It is based on the orthotropic sheet model (see Ref. 33, Ref. 34 and
Scction 2.2), which estimates the magnitude ofinterwiré/interlayer normal contact forces.
The failure criterion is fracture of the first wire. The fatigue life of a cable could therefore
be estimated from the fatigue life of wire subjected to fretting fatigue (contact forces). The
fatigue life, N, of galvanized wires under pure axial tension may be estimated from
(Thorpe, Ref. 52):

N, = lo"(cz/cn) Sf(l/cl) (2.8)
where,

1 0.344 S
C = ~353 log( S "") (2.9)

(2.10)

C, = log (0.344 S ) + 2.13 log [0—3—4—4—S—L)

€
Sun is the ultimate tensile strength of a single wire, and S, is the reduced magnitude of the
endurance limit of a single wire due to interlayer contact (fretting fatigue), surface

condition, and corrosion. The latter is given by:
S, =K, K, K.§ (2.11)

In cquation (2.11), S' is the endurance limit of an individual wire subjected to axial fatigue.
Thorpe (Ref. 52) suggested that S' can be taken as approximately 0.27 Sy (see also Table
2.2). The other terms are K, a surface finish factor (0.5 < K, <1.0), K, a corrosion
parameter (0.7 € K, £1.0), and K, = 1/K,, a parameter to account for fretting fatigue.
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The equivalent notch stress concentration factor, K
Chiu, Ret. 74):

can be caleutated from (Knapp and

s

—

g

= —max 3 19
K= = (2.1
where, G is the nominal wire axial stress: 67 = E(S) (2.1

The nominal axial strain in each wire, Si,. can be computed from Raoot kinematies theory
(see Ret. 33). In cquation (2.12), the term Gy, 15 the effective maximum von Mises
contact stress directly under the center of the trellis contact patches. Knowing the contact
force at trellis points (Raoof, Ref. 33), G, can be calculated from contact stress
theories. Such a closed form (but lengthy) solution has been derived by Thomas and

Hoersch and was graphically simplified by Seely and Smith (see Boresi et al., Ret. 75).

Finally, the equivalent fatigue stress, S;, in expression (2.8) can he obtained from

Goodman equation:

B2, Om _ (2. 14)
S¢ Su

where ojand oy, are the amplitude and mean nominal axial stresses of a wire,
respectively, given by:
Oax — Omi Omax + Ormi
[— max min (- max min “
G, = — 5 and 6, = — (2.15)
The maximum and minimum nominal wire axial stresses, op,and o}, correspond to
the maximum and minimum applicd cycling load and, again, these can be calculated from

Raoof’s kinematical theory.

2.4 Length Effect

Due to physical limitations of fatigue test facilities, the experimental results available are
generally from short specimens of wires or cables (10 meters maximum). These results
must then be extrapolated to determine the fatigue strength of large cables having lengths
above 250 meters. The extrapolation required is far beyond the laboratory results, which

implies an element of risk.

Experimental evidence suggests that axial fatigue life must be reduced as the length of the
cable increases, but, because of physical testing restrictions, only small diameter cables
have been used to investigate the influence of the L/D ratio. Birkenmaicr and Narayanan
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(Ref. 19) conducted tests on 7 mm diameter cold drawn high tensile steel wires having two
different lengths (200 mm and 600 mm). Twenty-five specimens for each length were
tested at stress ranges between 360 MPa and 600 MPa. The probability of failure at two
million cycles increased for the longer specimens. Castillo et al. (Ref. 50) and Canteli et
al. (Ref. 76) conducted carefully controlled experiments on 0.5 mm diameter wires and
15 mm strands having lengths between 500 and 10400 mm. A typical comparative
graph, giving the Weibull probability of rupture for two different lengths, is reproduced
(from Ref. 76) in Figure 2.1. It can be clearly seen from this figure that as the length of the

specimen increases, the probability of failure (at a given stress range) increases.

2.4.1 Statistical Models

The primary objectives for a statistical analysis of fatigue data arc to estimate certain fatigue
properties (c.g., endurance limit) of a material or component from a given set of data, to
give procedures for comparing different sets of fatigue data, and to provide efficient
information based on a limited number of test specimens. In addition, in order to account
for the size effect, the statistical model should be able to extrapolate the fatigue strength of
cables from short specimens to the real lengths, and to predict the fatigue life of a bridge
cable based on tests of limited duration.

A review of the existing statistical models for fatigue analysis can be found in the work
conducted by Castillo et al. (Ref. 50). According to Castillo, it is reasonable to take the
size (length) effect into consideration using the weakest link principle. A real cable of
length L can be subdivided into k smaller cables of length L,, connected in parallel series,
and subjected to the same fluctuating stresses as the whole piece. The weakest link
principle states that the fatigue strength of the cable is that of the weakest connected sub-

lement:

¢

N'=min (N,N;....,Ny) (2.16)

where N is the fatigue life of the whole cable, and Ny, Ny, ..., Ny are the fatigue lives of

the sub-¢lements.

It is generally accepted that the fatigue failures of wires and cables are due to fretting fatigue
of pre-existing surtace flaws, derived from the manufacturing process, handling and
storage. If the distribution ot flaws is random with respect to the length, it is reasonable to
assume statistical independence between neighboring samples. The same distribution
function could, therefore, be used for the fatigue strength of all sub-elements. Knowing



the probability of failure function, F ,(x). for the sub-clements (i.e.. test data) of length
Lo, the probability function, Fy (x), of the cable with length L can be derived trom the
expression (Ref. 50):

Fy(x)= 1—[1 - FLo(x)](L/L") (2.17)

Castillo ct al. (Ret. 50) noted that when the length of the sub-clements goes to zero
(Lo — 0) or the number of pieces goes to intinity (L/L,, — o), the probability functiors
must be asymptotic. The only asyraptotic tamily that is stable and compatible with respect
to Eq. 2.17 and that best describes the non-lincar experimental evidence of the fatigue lite
curve and .he standard deviation was tound to be the Weibull family.  Accordingly, the

fo!lowing five-parameter statistical model was proposed by Castillo ct al. (Ref. 50):
L I/A
(N-B){Ac-C)=D [——L—Olog(l—P)} —E} (2.18)

where P is the probability of failure, L, is the reference length, and L the cable length. The
five statistical parameters A, B, C, D, E are as:

A is the Weibull shape or slope parameter

B is the asymptotic N (cycles) limit

C is the endurance limit

D is the scale fitting parameter obtained for chosen reference length L,

E is a constant defining the S-N threshold curve (asymptotic curve, zero probability

of failure curve).

2.5 Wire Breakage Monitoring Methods

It is generally agreed that interlayer fretting fatigue between wires is the fundamental
mechanism of fatigue failure in stranded cable subjected to fluctuating loading. Thus, the
ability to detect internal breakage is important when assessing the condition of a cable
during a fatigue test or in service.

For this purpose, a variety of non-destructive techniques have heen used. They can be
classified into twe categories: methods that detect fractures of wires as they occur and those
that detect fractures later. Acoustic emission and accelerometers are the most commonly
used methods in the first group. Their applications are limited to short cables and they are
extensively used for break detection during fatigue experiments. Electromagnetic methods
are considered the most suitable for detection of existing wire ruptures and have been used



for inspection of cables in scrvice (Tilly, Ret. 16). Nevertheless, conventional visual
inspection is still the simplest and most commonly used method of assessing the condition

of cable.

In order to carry out a reasonable visual inspection, the inspection speed must not exceed
(.3 m/scc (Babel, Ref. 77 and 78). Since high concentration is required during
inspeetion, the inspection time of the testing person should be limited to 10 minutes. Since
only surface flaws can be detected with this method, its use is of limited value (Weischedel,
Ref. 79).

In the clectromagnetic method, a static excitation is applied to the cable and the magnetic
flux passing through the rope is measured. This magnetic flux is a function of the metallic
arca of the cable, and any change in the magnetic flux caused by a change in metallic arca
and/or broken wires will be detected. In practice, in order to assess the deterioration an
initial "signature” would be taken from the new cable and all subsequent examinations
would be compared to the original. The instrument car be mounted and slid along the cable
relatively casily (Ref. 79). This technique has been extensively used in the mining
industry, and it is a legal requircment in several countries (Ref. 62).

The European Working Group on Acoustic Emission (Ref. 80) defines acoustic emission
as "the transient elastic waves resulting from local internal micro-displacements in a
material. By extension, this term also describes the technical discipline and measurement
technique relating to this phenomenon.” For metals, microcracks emit sounds at
frequencies outside the audible range, so that signals must be electronically processed in
order to be detected. Those events are characterized by a number of parameters such as
acoustic emission count, ring-down count, count rate, burst duration, maximum burst
amplitude, burst rise-time, and so on. Definitions of terms related to acoustic emission
(AE) can be found in Ref. 80.

Taylor and Cascy (Ref. 81) and Casey et al. (Ref. 82) developed an AE device to detect
wire breakage and conducted extensive tests on simple wires and ropes. The acoustic
cmission was found to accurately predict fractures of outer wires. For the 40 mm diameter
rope tested, it was tound that although the AE was able to provide warning of impending
failure, no direct correlation was achieved between recorded events and wire breaks,
mainly because of the occurrence of large numbers of wire breaks in the independent wire
rope core. It was also observed that outer strand wire breaks occur relatively late in the life

36



of a rope undergoing tensile fatigue test. Babel (Ref. 77 and 78) also noted that wires

break in the interior layers before breaks are detected on the surface layer.

Woodward (Ref. 83) also used acoustic emission to monitor the fatigue tests ol 35 1o 70
mm diameter ropes, multi-layered strands, and locked coil cables. A series of calibration
tests were conducted in order to establish the propertics of a wire fracture cvent, to
determine the velocity of stress waves, to measure their attenuation, and to evaluate the
coupling to be used between the transducers and the cab . In their tests, it appeared that a
wire fracture event travels at a velocity of about 5.1 knm/sec and has high amplitude, long
duration, and large number of counts. The average ratio of acoustic events o total wire
fractures was found to be 0.99 for multi-layered strands, 0.38 for ropes and 2.43 for
locked coil cables. Tt was therefore concluded that acoustic emission is unlikely to be
successful on locked coil and rope cabies. Finally, it should be mentioned that the AE
method is complicated, since it requires initial calibration tests, filtration of background

noises, and special software to extract the events associated with wire fracture.

A simple way of detecting breakage of wires as they occur is by the use of accelerometers.
An accelerometer is an electro-mechanical transducer that produces an clectrical output
proportional to the acceleration to which it is subjected. As a wire fractures, the
accelerometer transducers are able to detect the corresponding shock wave. Hanzawa ct al.
(Ref. 55) used both accelerometers and AE to detect breakage on 50 mm to 85 mm diamcter
ropes. Good agreement between the two methods was observed. Takena et al. (Ref. 7())
used accelerometers to detect wire breakage on large diameter HiAm parallel wire cables.
Although the tests were discontinued after only few wire fractures and most of them were
located at the outer layer, the ratio of prediction to actual ruptures was 100%.

2.6 Summary
This survey of the literature reveals that the kinematics of a multi-layered strand are
characterized by uneven axial load distribution among the wires, interwire and interlayer

contact and friction torces, and associated relative displacement of the wires.

The axial fatigue tailure mechanism of wire ropes is identificd as fretting fatigue at the
interlayer and interwire contact patches. The most important factors that affect the
performance of a stranded cable subjected to cyclic load have been found to be cable make-
up, lubrication, corrosion protection and testing environment, axial fatigue behavior of
individual wires, termination conditions, stress range, mean stress, length-to-diameter

ratio, and frequency of testing.
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A large amount of axial fatigue data on cables trom ditterent sources huas been reported.
Depending the type of cable, these data should be grouped in the following three categories:
ropes, parallel-wire strands, multi-layered wire strands. Even after this classification, the
fatigue data exhibit a larg: degree of scatter. This is mainly due to the different discard
criteria used by rescarchers and to inappropriate test parameters, such as insufficient cable
iength and high test frequencies. A relatively short test length, for instance, prevents the
rope from compensating for any slight misalignment of the sockets and specimen fails
prematurcly at the socket location. Test specimens should be long enough to accommodate
the end eftects and wire breaks should be distributed more or less uniformly between the
anchor portion. Furthermore, sockets design for fatigue tests of cables should be similar to

the ones used in real structures.

The fatiguc failure criterion for steel cables is by nature more complex than that applied to
conventional structural steel clements, where crack length (and cross-section loss)
measurements may suffice for a quantitative fatigue damage assessment. Some of the
difficultics are related to the interwire friction, which can allow load to redevelop in a given
wire within a relatively short length. The influence of broken wires on the strength of a
steel cable is, theretore, not directly equivalent to the loss of area of steel. For example, the
litcrature review revealed that a cable that had been cyclically loaded to 70 percent of its
expected fatigue life and had many wire breaks still possessed 100 percent of it static
breaking strength (Ret. 66). Thus, remaining static strength should not be used as a
discard criterion. Although the occurrence of an unacceptable number of wire breaks is by
far the most common mcasure adopted for tatigue damage assessment, a large variety of
criteria have been proposed without clearly demonstrating their derivation. In addition,
very few investigators have tested cables to complete failure, and most of the reported
fatigue data have been discontinued at two million cycles. It is considered that this is
unrcalistically low for steel cables. A well-defined discard criterion based on a damage
parameter that describes the fatigue strength of a multi-layered strand is therefore required.
In order to achieve this, some specimens should be tested to failure and the fatigue damage

parameter closely monitored throughout the tests.

In order to establish a replacement criterion for a cable based on wire breaks, non-
destructive procedures must be used to continuously detect internal and surtzce wire breaks
during tatigue testing. The available non-destructive techniques have been reviewed and it
appears that acoustic cmission and accelerometers have been successfully used with

constant amplitude fatigue tests.
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Variable amplitude load testing demonstrated that the Miner lincar damage cumulative
theory gives conservative results. ‘This is attributed to overload crack retardation and

changing of th:¢ fretting locations between wires as the difter ntload levels are applicd.

Generally, only test results on short specimens of wires or cable are available. The size
effect problem, which relates to the extrapolation of these results to determine the fatigue
strength of cables with scveral hundred meters was also reviewed. This is usually done
using statistical models. Castillo ct al. (Ret. 50) have proposed a five-parameter model
based on cxperimental observations and statistical requirements. This is a Weibull model
and it takes the size effect into consideration, is based on the weakest link principle, and
assumes statistical independence between the sub-clements that form the cable. This has

been proven to be a reasonable assumption when relatively long test samples are used.

The recommended design procedures for the prediction of the axial fatigue life of cables
have also been examined. The existing design "stress range vs. number ol cycles™ (S-N)
curves were developed based on experimental data. The most commonly usced highway
bridge specifications in North America (¢.g. Ontario Highway Bridge Design Code (Ref.
12), American Association of State Highway and Transportation Officials (Ret. 13) zive
no guidance as to the fatigue life capability of steel cables. Only the Post-Tensioning
Institute (PTI, Ref. 15) and the American Petroleum Institute (API, Ref. 14) give
recommendations for the allowable fatigue stress range in cables  Equation 2.2 and
Table 2.3 represent the recommendations of API and PTI, respectively.

Finally, an analytical model for the fatigue life prediction of multi-layered strands, based on
first principles, has been developed by Raoof and co-workers. This model depends on a
surface finish factor (ranging between (.5 and 1.0) and accounts tor the fretting fatigue hy
moditying the axial fatigue curve of single wires.

The proposed design procedures and Raoof’s analytical model do not take into wccount the
length eftect, which has been shown to reduce significantly the tatigue life of a cable.
Fatigue life "stress range vs. number of cycles” curves that account for the fength effect
need to be developed for the ditterent types of cables.



Table 2.1 Design stress range of cables for several bridges (Ref. 18 and 19)

Bridge

Type of Cable

Stress Rangel!

George Washington, U.S.A.
Walt Whitman, U.S.A.
Throg's Neck, U.S.A.
Maysville, U.S.A.
Odgenburg, Canada
Davenport, U.S.A.
Verrazano, U.S.A.

Forth Road, Scotland

Save, Yugos!

Novi Sad, ° who 1@

Lyne, Great . .

Suspender, rope
Suspender, rope
Suspender, rope
Suspender, rope
Suspender, rope
Suspender, rope
Suspender, rope
Suspender, rope
Stay, parallel wire
Stay, parallel wire
Stay, parallel wire

5%
10%
10%
12%
14%
14%
8%

12%
13%
15%
7%

(1) Percent of minimum ultimate tensile strength
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Table 2.2 Experimental values for endurance limit of single wires

Ref., Year Wire Ultimate
Diameter Strength (6,)
(mm) (MPa)
(43, 1985) 2 1321
(43, 1985) 2 1169
(43, 1985) 2 1855
(43. 1985) 2 2099
(43, 1985) 2 2218
(50, 1985) 0.5 1700
(50, 1985) 0.5 1700
(50, 1985) 0.5 1700
(52, 1983) 1.8-2.3 1840
(19, 1982 7 1783
(51, 1941) 2.1-3.1 1516-1722
(51, 1941) 2.1-3.1 1171-1309
(51, 1941) 2.1-3.1 758-827

Fatigue
Limit (o)
(MPa)

390
366
421
471
563
415
3
294
490)
378
441
403
322

(1) Residu. ' stresses were removed

GI"/ Oy

0.30!
().251
().231
().221
0.25!
(.24
0.19
0.17
0.27
0.22
0.27
.33
0.41
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Weibull probability of rupture (%)

100 -
15 mm diam. strand
stress range = 350 MPa
upper stress = 1239 MPa
80 1
<
60 7
40
20 L. = 2030 mm
I. = 10 400 mm
0 p v v +— -
)

Figure 2.1 Experimental evidence of length effect (Ref. 76)

Number ci cycles (log)

10°
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Chapter 3

Experimental Program

3.1 Introduction

The first objective of the test program wds to ¢stablish a fatigue failure criterion. It is
seldom practicable to run the fatigue test of a multi-layered structural strand to destruction.
When the applied stress ranges are relatively low, a region of practical importance, the
fatigue life to destruction can casily exceed ten million cycles. Thus, a discard criterion is
desirable and the literature review indicated an inconsistency amongst the failure criteria
uscd in the past. The most popular criteria are the first broken wire, 5% of wire breakages,
and two million cycles. In order to assess the damage accumulated by a cable, the first
serics of tests were carried out to destruction and twe potential discard criteria were
carclully monitored. The number of wire breakages with respect to a minimum test length
and the deterioration of the modulus of elasticity were the two parameters adopted tor the

damage asscssment of a cable during axial fatigue test.

The literature review showed that there are very few fatigue data for large diameter cables.
In addition, most fatigue data that are available are for high stress ranges or have been
discontinued at two million cycles. In practical applications, low stress ranges
predominate. In the fatigue loading of steel components subjected to fretting, it must be
additionally taken into account that, even with small stress ranges, fractures can occur atter
two million cycles. It appears that an infinite life range (endurancc limit) in the classical
sense does not exist. Moreover, a cut-off of two million cycles is unrealistically low for
steel cables in bridges. It was therctore considered important in this experimental study to
obtain fatigue life data for large diameter strands operating in the low stress range region of
the fatigue lite (S-N) curve.

In Chapter 2, many parameters were identitied as factors that can influence the axial fatigue
performance of a cable. Based on their expected significance, the available experimental
time, and the capabilitics of the fatigue test equipment available, the parameters that were
cxperimentally investigated are the stress range, the strand make-up, and strand diameter.
Finally, the dependence of fatigue strength on the test length is not well established and is
hardly ever treated in standards. In order to contribute towards the establishment of
standard fatigue test procedures tor cables, the effect of the lengih-to-diameter ratio (L/D)

of the specimens was alse experimentally investigated.
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3.2 Axial Fatigue Test Program

Sixteen full-size multi-layered wire strands were tested in cveling tension fatigue, The
parameters investigated are the stress range, the strand construction, and the specimen
length-to-diameter ratio.  The stress range varicd between 159% and 30% of the ultimate
tensile strength ~ I'S). Two ditierent cable construction were used, as represented by a
45 mm and a 25 mm diameter strand.  Finally, the length-to-diameter (1/D) ratio that was
investigated ranged from 75 to 133,

The test program was subdivided | +eries. Scries SP, which was the reference
series, consisted of eight specimens. - was a 45 mm diameter galvanized strand
conforming to ASTM Standard A586 (Ret. 3) and it consisted of 91 individual wires. The
actual breaking strength of the cable, reported in the mill certificate, was 1842 kN, The
specified minimum ultimate tensile strength (UTS) according o the ASTM Standard is
1673 kN. The gross metallic area, as defined in the ASTM Standard, is [1&7 mm-~. The
makc-up of the cable is shown in Table 3.1, where measured values are given. The length
of these specimens was approximately 3310 mm, giving a length-to-diameter ratio of 75.
The mean stress was kept constant at a value of 350 MPa (25% of the UTS), while the
stress range varied between 303 MPa (21.5% UTS) and 404 MPa (28.7% UTS). The
testing parameters for Series SP are presenied in Table 3.3.

Series SL and SS consisted of five and three specimens, fespcctivcly, cach of 19 individual
wires, 25 mm diarmeter galvanized strand, also conforming to ASTM Standard A586. The
actual breaking strength of the cable, reported in the mill certificate, was 596 kN, whereas
the ASTM specified minimum ultimate tensile strength is 543 kN. The gross metallic arca,
as defined in the ASTM Standard, is 387 mm2. The make-up of the cable is shown in
Table 3.2. Specimens of SL series had a length of approximately 3375 mm, giving a
length-to-diameter ratio of 133, and those of SS series had a length of 2150 mm (L/D= 85).
The mean stress was constant for all specimens at 361 MPa (25.8% of the UTS), and the
stress range varied between 207 MPa (14.75% UTS) and 361 MPa (25.8% UTS). The
testing parameters of SL and SS series are presented in Table 3.3.

3.2.1 Development of the End Termination

A split-bearing socket, which was designed and machined at the University of Alherta, was
used for the end termination of the specimens. This socket, which was re-usable, is shown
in Figure 3.1. (Fig. 3.1 identifies the 45 and 25 mm diamecter sockets.) It consists of two
steel plates which form a conical cavity and which are bolted together around the strand

socket. The strand conical sockets were made independently by pouring the socketing



material into a mold around the splayed wires of the cable. The socketing material was so-
called wirelock cold socketing, which contains polyester resin with hard inner fillers. Cold
casting .aaicrial has been found to give higher fatigue performance than the more
communly used zine alloy hot-pouring metal. When the cable is subjected to tension, a
wedge action develops between thie material inside the cone and the split-bearing socket
plates. This creates a tri-axial state of stress inside the socketing material, which efficiently
transiers the load from the wires o the socket plates. Finally, the split socket plates
transfer the load through the bearing face o the reaction beam. This type of reaction is

consistent with how bridge strand would be anchored in a modern cable-supported bridge.

Preliminary dimensions for the conical cavity taken from Ref. 2 were presenied in
Figure 1.2(b) and also can be obtained from socket manutacturer's catalogues. The steel
socket plates were checked for ring tension stress induced from the wedge action of the
casting material and for bearing stresses at the interface of the socket with the supporting
hcam. The bolts connecting the two halves of the socket were designed to carry the

splitting tenstle force of the two plates.

It is important to note that for the 25 mm diameter socket, shown in Figure 3.1(b), a
transition cylindrical region was introduced around the neck of the socket in order to try to
minimize wire breakages that might occur at the termination region as a result of secondary

bending stresses and vibration.

3.2.2 Preparation of Specimens

All specimens of a given diameter were taken from the same spool of cable. The 45 mm
diameter cable was 73 meters long and the 25 mm diameter cable was 36.5 meters long.
Both cables were coiled on shipping reels. The step-by-step procedure used for the
preparation of testing samples is described in the following.

1. Unrecling
The cable was unrecled from the coil by hoiding the free end of the rope while the reel
was rolled along the floor. The exact length of the specimen to be cut was then

measured and marked.

[§9]

Scizing

Before cutting the cable, even though it has been pre-formed it was carefully seized to
prevent displacement or relative movement of the wires. It cables are not properly
seized prior to cutting, wires and strands are apt to become slack, thereby upsetting the
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uniformity of tension in the rope. This could result in overloading of some wires and

underloading of others.

The cable was scized at cach side of the cutting location for a length equal to twelve
times its diameter. Figure 3.2 shows the special seizing device, which was developed
at the University of Alberta, used to wrap the scizing wire ~round the rope i a close,
tight winding. The direction of seizing was opposite to the fay of the rope. The 2 mm

diameter seizing wire was tinned in order to he able to solder it

Soldering
Soldering was applied on top of the seizing in order to hold it in place. For the

soldering operation e specimen was heated at the seizing focation with a hot copper

block. A layer of non-acidic flux paste was then applied onto the seizing wire. Use of

non-acidic flux is very important in order that there b2 no reaction ot the acid with the
galvanizing on the cable. Finally, the soldering was performed by melting a soldering

bar with the help of the hot copper block.

Cutting
After seizing and soldering are completed the specimen was cut o its correct length by

means of a saw cut rotating disk.

Socketing

The socketing operation can be subdivided into the following steps:

« The specimen is securely clamped (served) for a length of not less than three rope
diameters with a special strand clamping device, fabricated at the University of
Alberta. This serving device is shown in Figures 3.3 and 3.4 The same strand
clamp was used for both 25 and 45 mm diamcter cables by providing two different
inserts for insertion between the strand and the specimen. The: clamp was placed at
a distance from the rope end equal to the length of the socket cone plus 10 mm.

« The individual wires at the end of the strand were unlayed and splayed as far down
as the serving so that the cable end resembles a broom. This is shown in Figure
3.5 tor the 45 mm diameter strand.

s The wires in the broom were cleaned thoroughly, using a proprictary degreasing
solvent, so that all lubrication could be removed.

+ The specimen was then positioned and clamped vertically. It is important that the
rope below the socket be straight for a length equal to about twenty-four rope

diameters. If cables arc not properly straightened before socketing, secondary
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hending stresses will oe induceu at the socket region during the axial fatigue
Joading. Figure 3.6 shows part - . the vertical clamping device.

e The base of the socket was sealed with plasticine in order to prevent leakage of the
resin.

«  Figure 3.7 shows the aluminum molds that were used to pour the socketing material
for both the 45 mm and the 25 mm diameter specimens. The split socket molds
were sprayed with a silicon suicase agent and then installed on top of the strand
serving device. A socket ready to be poured is shown in Figure 3.6. The wires in
the broom had to be pulled back during this step so that they fit inside the mold
without touching it.

e The last step in the socketing procedure is the mixing and pouring of the socketing
material. The wirelock socketing material comes in pre-measured kits consisting of
two containers, one with resin and one with granular compound. All of the
granular compound is poured into a container containing all of the resin, and then it
is mixed thoroughly for two minutes. Immediately after mixing, the mixture is
slowly poured into the mold until the socket is full. After two hours, the mold
could be removed and after twenty-four hours the socket is ready to be loaded.
Figure 3.8 shows a finished socket for the 45 mm diameter multi-layered strand.

3.2.3 Detection of Broken Wires
During the axial fatigue tests, the wire breakages were detected by continuously monitoring
the fatigue test by means of two different non-destructive test methods; acoustic emission

system (AE) and accelerometers (ACC).

3.2.3.1 Accelerometers

An accelerometer is an electromechanical transducer that produces an electrical output
proportional to the acceleration to which it is subjected. Its applications include shock and
vibration measurements and analysis (see Section 2.5).

During the axial fatigue tests, two Briiel and Kjéer delta shear accelerometers (Ref. 82),
type 4370, were used to detect the shock corresponding to a wire breakage. The
accelerometers were securely mounted on aluminum bracket devices, having a smooth tlat
surface, by means of threaded steel studs. They were located at a distance of
approximately 500 mm away from the end terminations. In order to avoid ground loops
that might give rise to noise in the measuring circuit, the accelerometers were electrically
isolated from the specimen by means of mica washers. Rubber pads between the brackets
and the specimen were used as couplants. Figure 3.9 shows an accelerometer connected to
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a specimen. Charge pre-amplificrs were introduced between the aceelerometers and the
measuring sct-up in order to convert the high output impedance of the aceelerometer to a
lower value and to amplify the relatively weak output signal from the accelerometers. A
great advantage of the charge amplificr in comparison to a voltage amplificer is that very
long cables can be used between the accelerometers and preamplitier without changing the

sensitivity of the measuring system.

Finally, the pre-amplitiers were connected to two channels of a data acquisition system,
DAS-8, which was loaded on a XT IBM compatible computer. The bit values of the two
accelerometers could theretore be read. When the bit value of one of the two
accelerometers exceeded a pre-set trigger value, the date, time, and maximum and minimum
bit values were automatically recorded into a file. At the same time,  ther file having the
bit data for both accelerometers for a period of 2.5 scc was generated, from which a bt

versus cycles graph for the particular event could be plotted.

3.2.3.2 Acoustic Emission System
The acoustic emission (AE) technique that was described in Scction 2.5 was used to deteet,
analyze and discriminate the transient elastic waves gencrated by the repid release of energy

as a wire fractures, during the fatigue test of a cable.

The acoustic emission (AE) monitoring system used for the detection of broken wires

included (see Ref. 82):

* adual-channel Monac AE surveillance unit

* two piezo-elastic type resonant transducers with frequency response band of 100 to 5(X)
kHz and a resonant frequency of 250 kHz

* two transducer preamplifiers with 20 dB gain

» control software loaded on a IBM 386 personal computer

» adigital storage oscil'zzzape (PM3350A).

The AE system featur-:f piro:rammable pattern recognition capabilitics. A 20/40 dB
attenuator was built into the front of the main system amplitier. This added attenuation
circuitry allowed the system to collect high amplitude AE signals from the wire breakage
tests. Acoustic emission signals picked up by a transducer are amplificd by the
preamplifier. All ti-. signals that pass a threshold value trigger the data collection circuit
and are character.’; | by the monitoring unit on the basis of five signal pattern parameters:
count, rise-time, peak amplitude, duration, and energy. Only those fitting the sclected

parameter window are saved by the computer as valid data.

19



A series of inttial caishration tests, which are presented in the following sections (3.2.3.2.1
to 3.2.3.2.3), were required in order to characterize the features of AE signals from wire
fractures and to study the AE signul propagation th- ugh cables. The values of the window

parameters and the sort criteria were based on those preliminary tests.

3.2.3.2.1 Single Wire Tensile Test

Single wire specimens of 900 mm length were removed from ihe coil of the .25 mm
diameter multi-layered strand. Two AE transducers were mounted on the wire using two
specially designed flat clamps. A small notch was introduced at the center »i he test
specimen in order to ensure wire fracture at that location. The distance of cach trarsducer
to the center cut was 200 mm. The wire specimen was loaded using » testing machine of
1000 kN capacity. Background noiscs from the testing machine and grips were examined
under a load of about 80% the ultimate wire strength, Individual wire specimens were
loaded to failure and the signals from wire fracture were captured on both the AE unit and

the oscilloscope. Figure 3.10 shows a wire specimen during the single wire tensile test.

3.2.3.2.2 Wave Attenuation Tests

Wave attenuation tests were performed on the 45 mm diameter strand using simulated AE
signals obtained by breaking 2H, 0.7 mm pencil leads. The objective of these tests was to
study the wave attenuation along the cable length, radially, and between the ditferent layers
of the cable. Attenuation was determined by comparing the signal parameters collected by

the transducers.

A 300 mm long cable bundle was used in order to examine both the radial signal attenuation
and the attenuation of the clastic w ave between the six layers of the cable. The pencil lead
was broken at one end of the cable on various wires located at different layers and angular
oricntations and signals were then picked up by a transducer on the external surface of the
cable close to the other end. A test at a given location was repeated five times and the

average value was then used tor the final results.

The attenuation along the cable length was assessed using the 3300 mm long fatigue
specimen SP2. Two transducers were mounted on the cable with half-circle clamps at
distances of 300 mm and 1170 mm from the socket. Figure 3.11 shows the transducers
and the 45 mm diameter cable used for the wave attenuation tests. Silicon grease was used
as couplant between the cable and the clamp and between the clamp and the transducer.
The breaking pencil lead test was conducted at various distances along the cable and the

simulated AE signals were picked up by both transducers.
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3.2.3.2.3 Pulse Echo Test

A pulse echo test was performed on the fatigue test specimen SP2 in order to investigate the
possibility of using a pulse signal to detect broken wires inside a cable when one end of the
cable is accessible.  An acoustic emission transducer was mounted on the surface of e
specimen. A pulse signal was simulated by breaking a 0.7 mm, 2H pencil lead. Upon
breaking a pencil lead at the end of a specific wire in a cable bundle, two acoustic events are
detected. One is detected when the pulse first passes the transducer and the second is
detccted when the pulse reflects from the other end of the wire. By calculating the time

interval between the two recorded evants, the location of a wire failure can be determined.

3.2.4 Axial Fatigue Test Setup

The ~xial fatigue tests of the sixteen full-scale multi-layered wire strands were carried out
using the servo-hydraulically controlled fatigue cquipment of the structural engineering
laboratory at the University of Alberta. This system is driven by a large capacity pump
(630 litres / sec).

Figure 3.12 illustrates the testing apparatus. It consists of a sclf-cquilibrated frame that
could be adjusted to accommodate cable lengths from 2 150 mm to 6000 mm. The
specimens, which weie placed horizontally, were loaded in 3 load-control mode by means
of two servo-hydraulically controlled actuators. Each actuator has a capacity of 330 kN
and is capable of 150 mm stroke. An overall view of the testing frame is shown in
Figure 3.13. The specimen was sccured through the sockets to a fixed beam on one end
and to a moving beam at the other. Such a detail is shown in Figure 3.14. The moving
beam was supported on a rotating and sliding sct of rollers, as shown in Figure 3.15. The
actuators were secured with threaded rods on another beam and were pin-connected to the
moving beam by means of a universal pin connection. In order for the sctuators to be able
to run in parallel load control mode, a stroke fcedback circuit was built into the fatigue
system to ensure in-phase stroke movements.

The constant amplitude cycling load had a sinusoidal shape and was applied to the
specimen after it had been statically loaded up to the predetermined mean value. The testing
frequency ranged between 1.5 Hz to 3.5 Hz, depending upon the characteristics of a given

test specimen.

During the axial fatigue tests, the load range, static load, number of cycles, and requency
of testing were directly obtained tfrom the control panel of the fatigue testing system.
Additional instrumentation on the specimen consisted of:



o One lincar variable differential transducer (LVDT) connected to the free length of the
specimen. The LVDT was used to measure the clongation of the cable during the static
tests.

¢ Two transducers used to measure the overall deformation of the specimen, including
the end effects. They were only used during the static tests.

« Two piczo-clastic type resonant transducers, which were clamped to the cablc at a
distance of 500 to 700 mm away from the sockets. These transducers were part of the
acorstic emission monitoring system used to detect wire breakages for the 45 mm
dizmeter cables. (This was described in Seciion 3.2.3.2. See also Ref. 83.)

« Two accelerometers fitted close o the sockets of the test cables. These were used to
detect the shock corresponding to a wire breakage. The accelerometers were mounted
on all the specimens using a special clamping device. (The accelerometer system was
described in Section 3.2 3.1)

« A temperature probe was connected at the outside layer of some of the specimens. It
was used 10 measure the change of cable temperature with respect to the ambient
temperature during the cycling test. The ambient temperature was measurcd using an
ordinary thermometer, and it recorded the temperature in the proximity of the testing

arca.

The deterioration of the stiffness of the specimen was determined by performing static tests
at specific time intervals. Each static test was conducted at a load that was between the
minimum and maximum values of the fluctuating load. With the exception of instances
when there were problems with the fatigue test apparatus, the specimen was never
unloaded during the test. The data taken during the static tests included th~ number of
cycles at which the test was performed, the load applied, the free length elornution of the
cable, and the elongation of the specimen including the end effects. Using this
information, the ©  iuius o ia.iirity, excluding and including the end effects, could be
determined. % iis will be referred o 1s free length modulus of elasticity and overall
modulus of siasticity, respectively. Figui - 3.16 shows the instrumentation attached on a

45 mm ¢ aneter specimen.

3.3 \nciliary Tests

Thre  dentical tensile coupon tests were ¢ ducted for the four different diameter wires.
The pecimens had a tree fength of 200 me (between clamps) and were gripped by means
of a dified standard grip ot the kind © sed for prestressing strands. Those cylindrical

grips have 2 diameter of 25 mm and a <+ gth of 75 mm.



The testing of the twelve coupons was done in a 1 000 kKN testing machine and the testing
procedure specificd by ASTM Standard AS86-86 (Ref. 3) was tollowed. The clongation
of the coupon was measured by an electric clip-on extensometer of S0 mm gage fengih and
the tests were 1 4 strain rate of about 5 pe/sec in the clastic range. The load and the
clongation from the autographic extensometer were recorded at regular intervals, using a
multichannel data acgiisition systein. When the specimen had an extension of 0.74%,
which corresponds to the starting of yielding, the cross-head was held in order to obtais a
static stress value. Shortly after the ultimate stress level was reached, the extensometer was

removed and the loading coutinued until the specimen ruptured. The ultimate tensile

strength reached during test ained from the peak indicator of the testing machine.
Figure 3.17 shows an individ 2, with the extensometer, during a coupon test.

3.4 Metallography and Fractography

The objective of the metallographic study was to investigate the micro-structural uniformity
between wires of different layers and to study the cffcet of the hot dip galvanizing and,
most specifically, the possibility of existence of micro-cracks at the zine-steel wire
interface.

Three metallographic specimens were prepared from the 45 mm diameter strand. One

sample was taken from the fourth layer of specimen SP2, another from the core wire of

specimen SP4, and the third one from the outside layer.

Preparation of metallographic specimens requires five operations: sectioning, mounting,
grinding, polishing, and etching. The micro-structural samples were shear cut to a length
of about 25 mm.

The metallographic specimens were mounted m order to tacilitate handling of the specimens
during the subsequent steps of metallographic preparation and ¢exsaination. Compression
mounting was used for the three specimens since they were smaller than the standard 31
mm diameter mold. This involves mounting around the metallographic specimen by hoeat
and pressure using Bakelite for molding material. The specimens were mounted aiile the

wire axis was in a horizontal direction.

The subsequent grinding operation was performed until the mid- section of the specimen
was reached. Another reason for grinding is to lessen the depth of deformed metal o the
point where the last vestiges of damage can be removed by a series of polishing steps.
Grinding was accomplished b abrading the specimen surface through a sequence of

operations using progressive! s fincr abrasive grit. Grit series trom 40 mesh to 150 mesh



are usually regarded as coarse abrasive and grit sizes from 180 mesh through 600 mesh as
fine abrasives. Each grinding step completely removed the deformed metal produced by

the previous step.

Polishing is the final step in producing a surface that is {lat, free of scratches, and mirror-
like in appearance. Polishing was done in two stages. The first stage consisted of
polishing with diamond compound abrasive and the final polishing was done with 0.05

micron particle size aluminum oxide.

In order to prepare the metallographic specimen for observation with the optical
microscope, eiching is necessary in order to reveal the structure. The principle of etching is
hased on preferential cttack of one or more phases and grain boundaries because of
differences in chemical composition, and to a lesser extent, because of ditferences in

oricntation. A two pereent nital solution was used tor etching the metallographic samples.

Fractured surfaces of broken wires and fretting areas were examined in the optical
microscope or scanning clectro-microscope in order to investigate the fretting fatigue
mechanism and to observe the initiation, propagation and final fracture phases of a wire
fatigue failure. No special surface preparation was performed in order that there be no
alteration of the cracked arca and to leave the corrosion associated with the fretting fatigue

phenomenon, which was also shown on the fractographics.



Table 3.1 Strand makc-up tor the 45 mm diameter cable

Layer No. of Lay Wire Lay Strand Lay
Wires Direction | Diamcter Length 0O.D. Angle
(1) (mm) ({mm) (mm) (degreed
l 30 LL 4.034 506 4437 [-4.06
2 24 RL 4.034 393 36.27 438
3 18 LL 4.034 301 2829 I121
4 12 RL 4.034 200 20016 13.82
5 6 RL 4.034 10 12.29 1454
6 l - 4.315 - 4.315
() LL=Left lay RI.=Rightlay
Table 3.2 Strand make-up for the 25 mm diameter cable
Layer No. of Lay Wire Lay Strand iy
Wires Direction | Diameter Length 0.D. Angle
(D (mm) (mm) {mm) (degree)
1 12 LL 5.056 263 25.34 13.62
2 6 RL 5.056 161 15.43 [1.44
3 1 - 5.260 - 5.260)

(1) LL=Leftlay RL=Right lay

)
I




Table 3.2 Testing parameters for the axial fatigue test program

— T
Specimen Diameter Lengthth Max. Stress Stress Range
{mm) {(mm) {(MPa) (MPa)

SP1 44.37 3315 505 303
SpP2 44.37 3323 540 371
SP3 44.37 3336 540 371
SP4 44.37 3320 540 371
SP5 44.37 3323 505 303
SP6 44.37 3310 522 337
Sp7 44.37 3328 522 337
SP8 44.37 3326 556 404
SL1 25.34 3357 517 310
SL.2 25.34 3376 517 310
SL3 25.34 3379 465 207
SL4 25.34 - 517 310
SLS 25.34 3387 542 362
SS1 25.34 2153 542 362
SS2 25.34 2160 491 258
SS3 25.34 2152 517 310

(D) The length is measured from inside-to-inside of the sockets.
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Figure 3.2 Seizing device
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Figure 3.3 Socketing clamp



Figure 3.4 Seized and clamped specimen
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Figure 3.5 Spreading of individual wires around serving dcvice
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Figure 3.6 Socketing mold and vertical clamping device
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Figure 3.8 Finished socket for the 45 mm diameter specimens
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Figure 3.9 Accelerometer, bracket and charge pre-amplificr
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Figure 3.10 Single wire tensile test
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Figure 3.11 Acoustic emission transducer, wave attcnuation test
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Figure 3.13 Axial fatigue icsting apparatus for cables



Figure 3.14 Connection of 45 mm diameter strand to supporting beam
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Figure 3.15 Moving beam roller support
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Figure 3.16 Instrumeniation of a 45 mm diameter specimen
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Figure 3.17 Individual wire coupon test
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Chapter 4
Results of Experimental Program

4.1 Introduction
‘The experimental results obtained from the preliminary and the main test programs ar¢
presented in this Chapter. Results of secondary tests, such as material tests, calibration

tests for the acoustic emission study, and fractographics, will also be presented.

The intention is to give the factual information and provide an overview « I the axial fatigue
behavior of mulii-layered strands. Detailed examination of the different parameters that
influcnce the performance of strands and the development of a failure criterion will be

resented in following chapters.
p ted in following chapters

4.2 Acoustic Emission Calibration Test Rcsults

In order (o assess the damage accumulated during the axial fatigue tests of the muiti-layered
strands, the number of breakages was monitored using two non-destructive procedures:
accelerometers and acoustic emission (AE). For the AE, a series of preliminary
(calibration) tests were required to investigate the AE signal characteristics, to set the
criteria for sorting the five signal parameters, and to establish the attenuation of the AE
cvent along the cable and between the different layers (Section 3.2.3.2). In the following

sections, the results from the AE calibration tesis are presented.

4.2.1 Acoustic Emission Signal Characteristics

Based on the single wire fracture tests (Section 3.2.3.2.1), the features of the wire fracture
AE signal were derived. Figure 4.1 presents a typical AE signal captured from the
oscilloscope and the AE unit during fracture of a single wire static test. The characteristic

values of the signal parameters representing a wire fracture are:

+ high amplitude signal with a peak ranging from 600 to 1200 micro-volts (mV)
» large event duration ranging trem 2 to 6 micro-seconds (U4s)
o cvertenergy ranging from 200 to 1000 micro-volts imes seconds (mV.s)

« cvent count ranging from 400 to 2000

Atl of the above parameters vary within a trequency vand o 100 to 300 kHz.
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4.2.2 Sigual Attenuation

The change of an AE s.gnal as it travels between successive layers and along the cable is
shown in Figures 4.2 to 4.4, The tests were conducted on a 45 mm diameter strand
specimen and the AL signals were simulated by breaking 2H, 0.7 mm pencil leads on the

outer layer of the specimen (see Scection 3.2.3 2.2).

The graphs of Figure 4.2 show count rate, energy level, event duration, and peak
amplitude as a function of cable layer. It can be concluded that the acoustic count rate, the
energy level, and the peak amplitude were attenuated by about - 10 dB as the signal travels
{from the outer to the core wire, while the duration was attenuated by only about -2 dB.

The eftect of the angular orientation of the AE event source in relation o the locition of the

transducer is given in Figure 4.3, It can be concluded that signal sttenuation due ro angular

oricntation is not significant for the signal parameters investigated.  Atcenuation of AL
waves as they travel along the cabie is a major concern. Figure 4.4 presents the recorded
event patterns as captured from two transducers, located at 500 mm and 2500 mm from

the AE event source. The change of the dift =»nt signal parameters with the cable length is

shown in Figuie 4.5. Attenuation of = - ~wrameters ranged from -4.0 10 -5.3 dB per

meter.

The results indicate that major aitcnuation occurs both between cable layers and along the
cable. Although an outer wire breakage can casily be detected because of the high
attenuation, it is more difficuit to detect internal wire fractures. There may be up to 2 25 dB
difference when a wire breaks in the outer layer at one end of the cable as opposed o
breakage of a core wire at the other end of the cable. From the atenuation tests it was also
found that the speed of an AE wave is about 5.02 km/scc. This is a typical value for stecd

material, and agrees with the results reported by Woodward (Ref. 81).

4.2.3 Fulse Echo Test

A pulse echo test was conducted in order to investigate the potential of the AE device to
detect pre-existing internal wire fractures. Access of the wires at one end of the cable is a
pre-requisite for the method. Figure 4.6 clearly illustrates the promising results of the
metaod. In this test, a broken wire was located at a distance of 3300 mni froim the signal
input end. By calculating the time interval between the two captured events and knowing

the acoustic wave propagation speed, the exact location of the breakage could be estimated.

The disadvantages or tnc method are that all internal wires must be checked individually,

and that access froa at least one end of the cable is required. It should he noted that the

~d
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pulse ccho test results presented in this rese irch were based on a 3.3 meter long cable. The

method need to be investigated further for real cable lengths (i.c. in excess of 100 meters).

4.3 Axial Fatigue Tests

Axial fatigue tests were conducted on sixteen multi-layered wire strand specimens. The
specimens were subjected to cyclic tension. The parameters investigated were the stress
range, the strand construction, and the specimen length-to-diameter ratio.  Detailed
information on the three test serics SP, SL, and SS were presented in Chapter 3. In the
following scctions, the results obtained from the axial fatigue tests on multi-layered strand

are presented. A summary of the test results for all three series is given in Table 4.1.

4.3.1 Preliminary Test SP1

A preliminary test (specimen SP1) was conducted in order to calibrate and check the fatigue
test apparatus. The major problem found during the calibration concerned the two servo-
hydraulic actuators nsed in parallel and in load control mode. This arrangement, together
wit:i the connection of the jacks and specimen with the front (moving) beam, created an
unstable system. A small imperfection of the specimen center-line could generate a
disturbing moment which resulted in out-of-phase movements between the two actuators.
This created a high frequency vibration that produced secondary bending fatigue motion in
the front termination of the cable. The out-of-phase problem of the actuators was resolved
by introducing a stroke feedback circuit. This ensured in-phase stroke movements of the

actuators during the load control test.

Because of the secondary bending of the front cable termination, most of the wire breaks of
specimen SP1 occurred close to front socket. This is shown in Table 4.2, which gives the
location of wire breaks for specimen SP1. A total of 34 broken wires having 39 wire
hrcaks were detected. Figure 4.7 shows the fractured specimen after completion of the
test. The condition of the third inner layer is shown in Figures 4.8 and 4.9 for the fixed

and moving end, respectively.

The fatigue performance of the testing rig itself was also evaluated using the preliminary
test SP1. Two poor details were noticed wat eventually led to the formation of fatigue
cracks. At approximately 2.2 miiiion cycles, the front beam cracked at a cope that was
present on the tension side of the beam. The cope was iocated at an abrupt change of
cross-section. Stress concentration on the tensile side of the cope was the cause cf this
crack. The crack was gouged out and re-welded, and iwo 25 mm thick plates were added

in order to increase the moment of inertia and decrease the sudden cross-sectional change of
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the beam. The second tatigue problem appeared after 4.4 millien cycles, when the two
transverse box beams, which support the two actuators and the fixed termination of the
specimen, started to crack at the belted connection with the longitudinal beams. Those
sixteen cracks were causcd by the signiticant cross-sectional change at the connection, The
twenty (25 mm diameter) high strength bolts used tor cach connection, created 1 fixity
which restrained the end rotwation. This problem was resolved by inter-conneciing the two
box beams with four stub columns. This stiffened the whole assembly and altered the Toad

path. The poor connection detail was therefore by-passed.

It was also within the objectives of the preliminary cxperiment to finalize the
instrumentation to be used during the main portion of the axial fatigue tests. The only
reliable measurements obtained throughout the SP1 twest were the modutus ol elasticity
values dertved from the static tests conducted at specific cycle intervals. The modulus of
clasticity was based on the overall length of the specimen, which includes the socket
movements inside the termination cones (end effects). Table Al of Appendix A and
Figure 4.10 summarizes those results. It should be noted that during the static test this
spocimen was unloaded completely. This is contrary to what happens in reality. The
principal effect of unloading is that fretting locations could change when the specimen is
unlcaded and then reloaded. Thus, if the specimen is unloaded during static tests
unconservative results could be obtained for the constant amplitude axial fatigue test.
Typical static test results, conducted at 5.9 million cycles are shown in Figure 4. 110, In
Figure 4.11b, the computation of the modulus of elasticity is shown. This was donc by
linear regression of the ascending branch of the stress versus strain curve. The two
features of the stress-strain curve of a cable, namely, the elastic hysteresis loop (during one
cycle) and the viscous behavior at the beginning of the test, are also shown in
Figure 4.11a. Those characteristics are due to the helical twist of the wires.

Alter the completion of the first wst, it was decided to conduct all subsequent static tests at
a load that was between the minimum and maximum values of the fTuctuating load.
Furthermore, an LVDT was placed in the free-length of specimen in order to obtain the tree
length elongation of the cable. The gauge length of the LVDT was approximately 1000 mm
shorter than the overall length of the cable.

The ac ~lerometers and the associated sofiware for wire break detection were developed
during this test so that they were subsequently able to successfully detect wire breaks
during the axial tatigue tests. Finally, the configuration of the westing rig was finalized and

its Jatigue deficiencies were overcome.
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4.3.2 Series SP

The strand make-up of the 45 mm diameter cable and the testing parameters were given in
Tables 3.1 and 3.3, respectively. Series SP was considered to be the reference series and
one of the objectives of that scries was to establish the failure criterion. This was achieved
by testing all 45 mm diameter specimens close to failure. The number of cycles at which

the tests of SP series were discontinued are presented in Table 4. 1.

With the exception of specimen SP1, both wire breaks and modulus of elasticity were used
as damage paramcters. These features were, therefore, continuously monitored throughout
the test. The deternioration of the specimen stiffness was determined by pertorming static
tests at spectiic cycle intervals. Both the free-length and the overall modulus of elasticity
were determined. For specimens SP2, o1P3, and SP4, the wire breakages were detected
using two accelerometers. For the reman ng tests in the SP series (tests SPS 1o SP8) the
wire breaks were detected by using both the accelerometers and the acoustic emission (AE)

non-destructive methods.

Figures 4.12 and 4.13 show the detection of a broken wire for specimen SP5 using these
methods. As can be seen from these figures, the interpretation of the accelerometer data
does not require any special expertise since a wire breakage is well defined. The drawback
of this method is that no specific information regarding the exact location (distance and
layer) of the breakage is obtained. On the other hand, the acoustic emission system, which
does locate the break with respect to length and layer, requires initial calibration tests (to set
the window parameters of the acoustic event of a breakage) and special sof*+are in order to

extract the wire breakage from all background noise.

The test data from the static tests and the detection of wire breaks are presented in tabular
form in Appendix A. For cvery specimen, a table is given with the cycles at which the
static test was conducted and the corresponding values of the overall modulus of elasticity,
the free length modulus of elasticity, the number of wire breaks based on accelerometers,
and the number of wire breaks based on AE (whenever they are available). Graphical
representation of the test results are given in Figures 4.14 10 4.20. Two figures are
presented for every specimen.  Figure (a) shows the modulus of elasticity versus the
number of cycles (a logarithmic scale), while Figure (b) gives the total number of wire
breaks with the corresponding cycles (a logarithmic scale). These figures show that the
reduction of the cross-sectional area (number of wire breaks) and the deterioration of the
modulus of clasticity change significantly as the fatigue test progresses and that they can be
uscd as damage parameters for the derivation of a failure criterion. Figures 4.17b to 4.20b
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show that identification of wire breaks by the acoustic emission and accelerometer methods
arc in good agreement.

Test specimens SP1, SP2, SP4, and SP7 were dismantled after completion of the tests in
order to investigate the number and location of wire breaks. The position of wire breaks
for the disassembled specimens are given in Tables 4.2 o 4.5, Wire breaks were
distributed more or less cqually between the anchor portions and within the i ength
(away from the terminations). As can be seer {rorm those tables, with the exception of
specitaen SP1, broken wires close to the terminaiions occurred invariably at the outside
layer. This is indicative of a heavier stress concentration at the outside layer. Figure $.21
shows the wire breaks at the outer layer of specimen SP2, closc to the fixed termination.
Internal breaks close to the moving socket of specimen SPI can be explained from the
secondary bending that occenrred during calibration of the hydraulic actuators. As is evident
from Tables 4.2 to 4.5 , mest of the wire breaks within the tree length took place in the

inner layers. Localized fretiing fatigue at the interlayer contact patches appears to be the

cause of those wire fractures. Figure 4.22 shows the interior wire breaks for layer 4 of

specimen SP4.

For the 45 mm diameter specimens, the total recorded breakages from both the AE and
ACC detection methods were not in good agreement with the actual number of breakages
observed after disassembly. This is because the specimens of serics SP were tested close
to failure, with a possibility of several breakages occurring at ncarly the same time.
Because of the relatively long duration of AE and the ACC events from wire breakages, it
can be expected that such events wili overlap during the late stages of the test.

As can be seen trom Tables 4.4 and 4.5, when the cables were disassembled it was
observed that multiple breaks took place in individual wires. Such compound failure
occurred on inner wires and within the free length of the cable. This phenomenon is the
result of interwire friction. A typical multiple wire break failure is shown in Figure 4.22
for specimen SP4.

Figures 4.23 to 4.25 show the extericr condition of some of the specimens alter testing had
becn discontinued. Specimen SP3, shown in Figure 4.23, wus tesicd until complete failure
of the specimen occuried (418 262 cycies). The failure was located at 450 mm away from
the moving termination and was accompanied hy extensive twisting of the whole wire
bundle. A similar failure is shown in Figure 4.24 for specimen SPS. Other tests were

discontinued before complete failure of the cable. As an example, specimen SP7, shown in
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Figure 4.25, had only one exterior broken wire when the test was stopped at 2124 100
cycles. The failure of specimen SP7 was characterized by a significant deterioration of the
stiffness: the free-length modulus of clasticity decreased trom 174 110 MPa av 1 889 400
cycles to 166 120 MPa at 2124 100 cycles (see Table A.7 of Appendix A). As can be
scen from Table 4.5, although only one broken wire was visible at the outside layer, a total
of 78 wire breaks were subsequently located when dismantling the specimen. The interior

wire breaks are shown in Figures 4.26 and 4.27 for layers 1, 2 and 3.

Figure 4.28 shows the excellent condition of the socket detail atter completion of the test of
specimen SP7. This termination behavior was typical for all specimens of SP series.
Farthermore, the individual wires of specimens SP1 and SP2 had been marked at the
socket location befere the start of the test and it could be observed that there was no

slippage between the wires and the socketing material as the test was carried out.

4.3.3 Series SL
Series SL consisted of five 25 mm diameter multi-layered strands, having a length-to-
diameter ratio of 133. The sirand make-up and the testing parameters were presented in
Tables 3.2 and 3.3.

Since both non-destructive procedures, AE and ACC, were found to give similar results in
predicting the wire breaks of SP series, only the simpler method, accelerometers, was used
to detect wire breaks in the SL and SS test series. As had been done for the SP series, the
stiffnesses of the specimens were monitored by performing static tests at specific time
intervals. Each static test was conducted at a load that was between the minimum and the
maximum values of the fluctuating load. The modulus of elasticity, either including or
excluding end effects, was determined during cach static test. The test data from the static

tests and the -f2tection of wire breaks are presented in Table A.9 of Appendix A.

Testing o7 Si.1 spccimen was carried out close to destruction in order to verify the
correctness ol the fatlure criterion that had been selected on the basis of SP series. Failure
of SL1 was charzewerized by significant deterioration of the modulus of elasticity.
Figere 429 0 is - plotof the deterioration of the stiffness with respect to the number of
cycles for this specimen . The number of wire breaks versus the number of cycles for the
same specimen is given in Figure 4.29 b, With the exception of specimen SL1 and SL3, all
SL serios wesis were discontinued when it was detected that a minimum of three wires (out

of the nimeie.n wires) had broken. As can be seen from Table A9, this corresponds to the
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number cf cycles at which the modulus of clasticity started to deteriorate signiticantly. The

cycles at which the tests of SL. series were discontinued are given in Table 4.1,

All spacimens of the SL series were dismantled after completion of the tests in order
evaluate the validity - ¢ the accelerometer method. Table 4.6 and Figure 4.30 show the
number and location ol wire breaks. From a comparison between the totai number of
predicted and actual breakages, reported in Table 4.6, it can be concluded that the
accelerometers performed satisfactorily. This comparison was possible because the fatigue
tests ol series SL were discontinued before a significant number of wires broke (which
could lead to an overlapping of break events). With the exception of specimen S, all
wire breaks of SL series occurred away trom the terminations. This was probably a
reflection of the 12 mm cylindrical transition region that was provided it the neck of the 25
mm diameter socket (see Figure 3.1). Specimen SL4 hac il the wire breakages close o
the moving end socket. This was duc to slight out-of chase movements of the two
hydraulic jacks, that was induced as a result of re-calibration of the testing apparatus.
Typical wirc failurcs are shown in Figures 4.31 and 4.32 for *» » outside layer ol specimens
SL2 and SLS.

Specimen SL3, which was tested at a stress rang:: of 207 MPa, reached a life of ten million
cycles without any breakage. The test was discontinued and the specimen was then re-
tested as specimen SL4 at a stress range equal to 517 MPa. [t should be noted that at the
end of test SL3 the fluctuating stress was increased to 517 MPa without unloading the
specimen. The cycle indicator was zeroed and the new test was called SL4. The first
breakage of SL4 occurred at 2.42 million cycles. This is higher than the life achieved by
specimens SL1 and SL2, which were tested at the same stress range. This indicates that
the 10 million cycles applied during the previous test, SL3, at a different stress range, did
not damage the specimen. [t must be assumed that the interwire fretting location changed in
a significant way when higher stress range was applied. Thus, a variable amplitude axial
fatigue test can be expected to last longer than an otherwise similar constant amplitude test.
In turn, this indicates that a linear damage cumulative hypothesis will underestimate the

total axial fatigue life.

4.3.4 Series SS

Series SS consisted of three 25 mm diameter specimens having a length-to-diam ter rado of

85. This series of tests were conducted in order to investigate the effect of the specimen
length-to-diameter on the experimental results.  Strand make-up and loading parameters

were similar to those of SL series; they are presented in Tables 3.2 and 3.3,
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The cycles at which the tests were discontinued are given in Table 4.1. With the exception
of specimen SS2, failure was taken as a minimum of three wirc breaks. Unfortunately,
hecause of time limitations, testing of specimen SS2 had to be discontirued at 4.2 million

cycles without any wire breakage having taken place.

For the SS series, static tests were conducted only at the beginning and the end of the test.
The static test was carried between the minimum and maximum applied load and the
modulus of elasticity, both including and excluding the end effects, was determined.
Table A.10 of Appendix A summarizes the results from the static tests. During the cycling
tests, the wire hreaks were monitored using two accelerometers. The numbcer of wire

hreaks at the time that a static test was conducted sze also presented in Table A.10.

All three pecimens of SS series were dismantled after completion of the tests. The
location of ite wirc breaks in SS1 and SS3 are given in Table 4.6 and Figure 4.30. Wire
breaks were wocaved at the outside layer and were distributed more or less uniformly along

the length of the cable.

4.4 Fractography
After completion of the axial fatigue tesis, some specimens were dismantled and the: fretting
and fracture surfaces were investignted using both ithe optical and scanning eleciron

Mmicroscope.

This examinaticn showed that the mode of fatigue failure is fretting tatigue at the interlayer
contact patches. Typical fretting surfaces tor the 25 mm diameter specimens are shown in
Figurc 4.33. In Figure 4.34 freuing surfaces of & wire from the 45 m diameter multi-
layered strand are shown. The galvanizing coating was removed at the contact patches and
pre-existing micro-cracks at the galvanize-wire interface come into the surface of the wire.
Fatiguc cracks, therefore, started mainly at the surface. Such a surface crack at a fretting
patch can be scen at the right hand contact patch of the photomicrograph of Figure 4.34. A

magnitication of the crack is given in Figures 4.35 and 4.36.

It was hypothesizeded carlier that the interwire fretting location changed when the stress
amplitude of specimen SL3 was increased from 207 MPa to the stress range ot 517 MPa
(specimen SL4). This hypothesis was found to be correct from microscopic examination
ol the wire surtace. Figure 4.37 shows the two contact patches corresponding to the two-

step variable amplitude test.
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Microscopic examination of the wire fracture surfaces revealed three distinet regions, as
shown in Figures 4.38 and 4.39. Region I, which contains the crack initiation site,
consists of a fairly smooth tlat surface of semi-elliptical shape. perpendicular to the loading
direction. Substantial tretting debris (dark regions) are found in Region 1. These are
primarily iron oxides of the base metal. Corrosion products are involved in the case of
metal fretting fatigue. Once the crack tip leaves the vicinity of the fretting region, it is no
longer controlled by the fretting process but rather by the local stress field near the crack
tp. The fracture surface of this Region I becomes somewhat coarser, indicating a taster
crack propagation rate. In Figure 4.39, the beach marks arc cvident in the main tatigue
crack propagation Region II. These markings are due o the two adjacent crack surfuces

that open, close, and rub together during cycling loading.

Finally, in Region III, which consists of the final fracture region, an unstable crack
propagated at an angle of approximately 45 degrees from the surface. At this stage, the
state of stresses at the crack tip has become predominantly a state of plane stress, and the
propagation rate has increased further. A typical tractography of the fracture Region Il is
given in Figure 4.40. It can easily be obscrved from this figure that the fracture surface

consists of small dimples. This is typical of a ductile failure. In contrast to a cleavage

failure, ductile fracture requir- “ornrations associated with dislocation movements
and stip displacemcnts. naton was confined to a smali volume of
material through whic! ¢ tailure occurred with refatively little plastic
deformation on a are 1§ therefore considered as hrittle in an

engineering sensc

4.5 Metallogra.

Examination of the suw Specimens of wires, obtained from un outside
layer, the fourth innei ., ¢ a center wire of the 45 mm diameter strand did not reveal
anything unusual about the micro-structuic of the cold drawn, unalloyed, cutectoid high
carbon steel.

Figures 4.41 tc 4.43 show typical micro-structure of an outside, inner and center wire,
respectively. Those photomicrographs were obtained from a scanning clectron microscope
(SEM). All three samples gave very simiiar micro-structures. The directional grain
orientation is an indication of plastic deformation induced trom the cold working process.
The crystallographic structure indicates a mixture of territe and pearlite. This is a typical
appearance of eutectoid structural steels having 0.60% to 0.80% carbon content.
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Hardness tests conducted on the three samrides gave a Rockwell O hardness of 46, which
corresponds to a tensile strength of 1500 MPa. This is another indication that all three

samples had similar microstructures and mechanical propertics.

The dip galvanizing process was used tor the zine coating of the wires. Fioure 4414,
obtained from the SEM, shows the outside zine fayer, the zine-iron interface and the cold
drawn steel layers of a wire. As can be seen from this photomicrograph, microcracks pre
exist underneath the galvanizing. It is likely that those microcracks, which are putentiad
sites of fatigue crack initiation, have arisen during the fabrication process from such factors

as cold working or differential cooling during salvanizing.

4.6 Coupoen Test Results

Typical stress versus strain curves for the four different diameter wires are shown in
Figure 4.45. The results of all coupon tests are presented in Table 4.7, The modulus of
clasticity was determined using the method of least squares from the strain gage
extensometer and load readings recorded during test. Results for spectmens that failed
inside the loading grips were discarded. A typical coupon after fracture is shown in Figure
4.46,

Table 4.8 summarizes the average values of all coupon tests and compares them with the
minimum requircments stated by the ASTM A586 Standard (Ref. 3). For zine class A
wires with a diameter larger than 2.794 mm (see aiso Tat'» [.2), the standard requires a
minimum ultimate strength of 1520 MPa. Table 4.8 shows that all spechmens met that

requirements.

4.7 Chemical Analysis

The results of a chemical analysis is presented in Table 4.9, Average values (based on
three samples) for carbon, silicon, chromium, and manganese contents were determined for
the :hree different diameter wires used in the axial fatigue tests of the multi-layered strands.
From the carbon content (between 0.60% o 0.79%). 1t was concluded that the steel wires

used are eutectoid steels.

4.8 Summary

Experimental results obtained from the axial fatigue tests conducted on sixteen iull-size
multi-layered strands have been presented in this Chapter. The parameters investigated
include the strand make-up, cable length, and stress range.  The results of the main
program indicated that, during the axial fatigue test, the cross-sectional arca and the

stiffness of the cable deteriorate. It is clear that the number of wire breaks and modulus of

sS4



¢lasticity can, therefore, be used to assess the damage accumulated on a cable and to

establish a discard criterion,

Use of acoustic emission techniques and aceelerometers to detect wire breaks during the
fatigue tests was shown to provide comparable results. For specimens that were tested
close o destruction (SP series), the non-destructive procedures were not able to detect the
final number of wire breaks. This is because, close to failure, several breaks occur at the
same time and the long duration AE and accelerometer events overlapped. However, for
the experiments (SL and SS series) where the tests were not taken to destruction, the total

number of wire breaks was successlully predicted using the accelerometer method.

gencerally evenly

Upon disassembling of the specimens, it was tound that wire breaks were ¢
distributed along the cables. Wire breaks within the free length were due to localized
fretting fatigue at the interlayer contact patches.  This was ulso observed in
photomicrographs of fretting surfaces, which revealed that pre-existing microcracks at the
zinc-iron interface of the contact patches propagate with loading cycles. Interlayer wire
friction was found to be the cause of the multiple breaks that took place in individual

internal wires.

Microscopic examination of the wire fracture surfaces revealed three distinct regions of the
fretting fatigue failure: fretting fatigue initiation site, fatigue propagation region, and final
fracture region. A substantial amount of tretting debris was observed in the first region.
Although photomicrographs showed a ductile final fracture, from an engincering
(macroscopic) sense the fracture can be considered as brittle since it is associated with

relatively little plastic deformation.

From a simulated two-block amplitude tension fatigue test, it was concluded that a linear
damage cumulative hypothesis will underestimate the total axial fatigue life. This is due to
shifting of the fretting zone from one area to another as a different block load is applied.
Microscopic examination of the fretting areas confirmed the validity of the above statement.

Metallographic examination, chemical analysis, and coupon tests on single wires showed
that the steel wires that made up these cables are cold-drawn, eutectoid steels (0.6% C to
0.8% C) with ©  hamical propertics conforming to the minimum requirements of the
ASTM ASS8e ~swnd.a

Finally. from the preliminary calibration tests of the acoustic emission (AE) it was found
that the AE wire breakage cvent is characterized by a high amplitude signal with large
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duration, high cnergy range, and high count range. A major atenuation of the AE cvent

occurs between different fayers and along the cable. The pulse echo ests gave promising

o

resulis in detecting existing wire breaks under the condition that one of the werminations of

the cable is accessible.



Table 4.1 Axial fatigee west results on multi-layered strands

Specimen Specimen Stress Number of Remarks
Designation l.ength Range Cycles to Mode of Failure
(Diameter) (mm) (MPa) Failure
SP1 3315 303 8 200 36() Deterioration of
(444 mm) modulus of elasticity
SP2 " Deterioration of
(444 mm) 3323 371 2717 640 modulus of clasticity
SPA3 . - Complete fracture
‘444 mm) 3336 371 18262 of specimen

Sh4 A ) Deterioration of
(443 mm) 3320 371 308 048 modulus of clasticity

SP5 - ¢ Complete tracture
(44.4 mm) 3323 303 9371997 of specimen

SP6 - < Deterioration of
(444 mm) 3310 337 1957 640 modulus of elasticity

SP7 " Y Deterioration ot
(444 mm) 3128 337 2 124 100 modulus of elasticity

SP8 n , - Deterioration of
(444 mm) 3326 404 204 6(_)_0 modulus of elasticity

SL.1 3357 310 566 300 More than three broken
(25.3 mm) wires

SL2 < More than three broken
(25.3 mm) 3376 310 635 860 wires

SL3 c " Test was discontinued.
(25.3 mm) 3379 207 10 000 000 No broken wires

SL4 Retest of specimen SP3.

— 2
(25.3 mm) 310 2482190 More than three broken
wires

SLS 3387 362 245 740 Three broken wires
(25.3 mm) B -

SSi 2153 362 240 000 More than three broken
(25.3 mm) wires

S§2 - 5 , Test was discontinued.
(25.3 mm) 2160 258 4183410 No broken wires

553 2152 310 941 750 Three broken wires

(25.3 mm)
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Table 4.2 Location of wire breaks for spec.men SPH

Number (?f Pisumcc from | aver
broken wires fixed end (mm) :
1 200 1 (out)
2 3180, 3485 1
3 3455 1
4 3480 1
5-8 3510 1
9 3415, 3485 2
10-13 3455 2
14 3475, 3510 2
15, 16 3480 2
17-19 3490 2
20 3445 3
21-24 3455 3
28 R 3470 3
26 ] 3418 3
B "/ 930, 1190 4
28 - , 3435, 3495 4
29, 3¢ 3460 4
31,32 , | 3480 4
33 ' 3485 5
34 3485 6
Breaks inside sockets 10
Breaks outside sockets 29
Total wire breakages 39

Total cable length (outside to outside) = 3710 mm

Broken wires close to moving end

SN
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Table 4.3 Location of wire breaks for specimen SP2

I Number of {)ist.’mcc from Layer

broken wires fixed end (mm)
1-12 130 1 (out.)
13-14 190 |
15-18 3555 !
19-26 175 2
27 190 2

n 2% 3355 2
29 3530 2
30 2085, 3465 3
31 200, 1625 3 ]
32 2265 3
13 ,2;40 3
34 2850 3
35 310, 445 3
i6 ) 400 3
37 210 4
38 250. 640, 800. 1020 4
39 240 4
40 2548 4
41 240, 1025 5
Breaks inside sockets 3 Broken wires close to moving end
Breaks outside sockets 17
Total wire breakages 48

Total cable length (outside to outside) = 3730 mm
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Table 4.4 Location of wire breaks for specimen SPA4

Number (?t' Pismncc from Laver
broken wires tixed end (mm) :
t-14 200 1 (out)
15-18 3510 1
19 543 3
20 2085 o 3
1 355,545,935, 13653 4
1365. 1970, 2960
2 475, 615, 680, 780, 4
1080, 2265, 2495, 2915
23 850, 1830 4
24 1200, 1640, 1810 4
2765
25 1710, 2730 4
26 540, 2400, 2952 4
27 21085, 2945 4
28 2965, 3165 4
29 755, 1540, 3270 4
2
R E
31 851), 1010, 3185 4
32 =30 5
33 2210 5
Breaks inside sockets 18
Breaks outside sockets 45
Total wire breakages 63

Total cable tength (outside to outside) = 3710 mm

Broken wires close to moving end



Table 4.5 Location of wire breaks for specimen SP7

Distance from

Number of fayer
broken wires | fixed end (mm) )
! 2000 1 {out.)
2-12 2080) 2
13, 14 500, 2070 3
15 1160, 2080 3
16-22 2080 3
23 550. 1145, 3120 4
24 350, 1125.2080 4
25 550, 2080, 3220 4
26 500, 1163, 2080 4
27 500. 750, 1155, 4
2080
% 640, 1000, 1500, |
2080, 3000
0 750, 1100, 2080, 4
2305
30 830 4
31 1050, 2050 4

Number of l?istancc from Layer

broken wires | fixed end (mm)
32 1155, 2060 1
33 1835 4
34 2080, 2854, 2904 | <
35 640, 1100, 2080 | 3
36 680, 2080, 3075 | 3
37 2080, 3105 5
3% 440, 1040,2080 | S
39 900, 1040, 2080 5
40 980, 2080 3
41 1040, 2080, 2600 | 6
Breaks closeto sockets 0
Breaks outside sockets 78
Total wire brecakages 78

Total cable length = 3717 mm
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Table 4.6 Location of broken wires for 25 mm diameter specimens and comparison with

aceelerometer predictions

Broken Wires Specimen Specimen Specimen Specimen Snecimen Specimen
SL1 SI.2 SL4 SLS | SSt | ssy
Numbers dist. | layer | dist. | layer | disc | layer | dist. | layer | dist | faver | dist | laver
i 1760 | 590 ! 145 1 460 } S8 1 230 1
2 U0 R B ) R N L T TV S R O S N N WSO
3 2015 1 1227 1 145 1 o0 1 1928 1 150904 |
4 2000 I ]| 2648] 2 145 1 2030 1
5 2505 1 145 1
6 2495 1 145 1
7 3335 1 150 2
8 25830 2
9 1975, 2
10 27201 3 R
Breakages at 0 0 7 0 0 1
sockets
Breakages in 10 4 0 3 4 2
free length
Total No. of 10 4 7 3 4 3
breakaoces
Prediction: 9 4 7 3 4 3
accelerometers (90%) {100%) (100%) (100%) (100%) (100%)
Initial length 3357 3376 3378 3387 2153 2152
Final length 3385 3405 _ 3410 3415 2170 2165

Notes: All dimensions are in millimeters (mm)
The distances of broken wires are measured from the outside of the moving sockets
The layers are numbered from outer towards inner layers

Table must be ead in conjunction with Figure 4.3()



abie 4.7 Results from coupen tests

Wire Diameter b Stress at 0.7% | Ulumate Tensile “Adulus of
{mm) Extension Strength Elastizity
~__iMPa) (MPa) (MPD)
1.041 1244 1637 203710
4.025 1252 1715 205 420
4.036 1240 1649 202 930
1.298 1106 1640 192 440
1.308 1152 1624 197 730
4.320 1160 1629 194 860
5.085 1107 1610 194 200
5.033 i103 1613 212 330
5.050 1104 1612 194 300
5.265 1105 1613 197 540
5.255 1082 1610 195 300
5.258 1095 1614 198 250




Table 4.8 Mechanical properties ot steel wires and comparison with ASTM Adso Standand

Wire Mecasured | Mcasured | Measured ASTM ASTM ANTM
Diamecter Stress at UTS! Modulus Stress at MUTS?Y | Elongation
(mm) 0.7% (MPa) (MPa) 0.7% (MPa) i
Strain Strain (“)
(MPa) (MPy)
4.034 1245 1667 204 020 1100 1520 4.0
4.315 1139 1631 95010 1100 1520 4.0
5.056 1105 1612 200 280 1100 1520 4.0
5.260 1094 1612 197 030 1100 1520 4.0
(1) UTS = ultimate wnsile strength
(2) MUTS = minimum ultimate tengile strength
(3) Elongation is based on 250 mm gauge length
Tabic 4.9 Chemical analysis of steel wire
Wire Diametcr % C % Mn % Cr Y Si
(mm)
4.034 0.65 0.60 0.18 0.31
4315 0.60 0.42 0).20) (.28
5.056 0.79 .53 0.19 0.31
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Figure 4.1 Typical acoustic emission signal during fracture of a single wire
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Auenuation ratio based on event source
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Figure 4.3 Atenuation of acoustic emission parameters with angular orientation
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Figurc 4.4 Recorded event patterns from two iranse icers located at 500 mm and

2500 mm from the acoustic emission event
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Figure 4.5 Attenuation of acoustic emission parameters with cable length
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Figure 4.6 Input and reflected signals recorded during a pulse echo test
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Figure 4.7 Specimen SP1 after completion of test
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Figure 4.9 Internal wire breaks close to moving end for SP1
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Figure 4.11b Typical computation of modulus of elasticity using lincar regression
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Figure 4.11a Stress-strain curve of specimen SP1 at 5925 680 cycles
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Figure 4.12 Detection of wire breakage based on accelerometers
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Figure 4,182 Modulus of clasticity versus cycles for SP6

50

40 -

30 7

20 1

Number of wire breakage

SP6, Stress range = 337 MPPa

—t&—  Accelerometers

—®—  Acoustic cmission

3

10210

104

Number of loading cycles (log)

Figure 4.18b Wire breakage versus cycles for SP6

7

1o



Modulus of elasticity (MPa)

1800 -~
170000 "/}
160000 1
150000 1
SP7. Suess range = 337 MPa
oo 4 —®  Overall modulus
1 —°— Free-length modulus
130000 v ——rTTTr Y —
10° 108 10

“wire breakage

Nur.

Number of loading cycles (log)

Figure 4.19a Modulus of elasticity versus cycles for SP7

40

30 1

SP7, Stress range = 337 MPa

=8 Accelerometers

——  Acoustic emission

1

4 10 1w® 10

Number of loading cycles (log)

10 102 10 10

Figure 4.19b Wire breakage versus cycles for SP7

111



Modulus of elasticity (MPa)

180000
170000 -
;
160000 -
;
150000
SP8. Stress range = 404 MPa
140000 1 —8&—  Overall modulus
4 —*— [Free-length modulus
130000 A B B B
10° 10! 10° 10? t* 10’

Number of wire breakage

Number of loading cycles (log)

10°

Figure 4.20a Modulus of clasticity versus cycles for SPS

20
] SP8, Stress range = 404 MPa
1 —T—  Accclerometers
15 ] ——  Acoustic emission
.‘
10 1
5 -
0 T T T T T T YT T T Ty
10° 10! 102 13 10 10° 10

Number of loading cycles (log)

Figure 4.20b Wire breakage versus cycles for SP8

12



113

r’,\l
v N

e -
'QW
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Figure 4.22 Internal multiple wire breaks for SP4, within the free length
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Figure 4.30 Location of wire breaks for 25 mm diameter specimens
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Figure 4.31 External wire breaks for specimen SL2

Figure 4.32 External wire break for specimen SLS
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Figure 4.33 Photomicrograph of a fretting surface for specimen SL2—Layer 2

Figure 4.34 Photomicrograph of fretting surfaces for specimen SP7—Layer 5



Figure 4.36 Electron photomicrograph of fretting surfaces for specimen SP7—Layer 5
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Figure 4.38 Typical wire fracture surface for SP7, layer 5



Figure 4.40 Ductile fracture of final fracture Region I
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Figure 4.42 Microstructure of an internal 4.034 mm diameter wire—Layer 4



Figure 4.43 Microstructure of a 4.315 mm diameter center wire

Figure 4.44 Microcracks at the zinc-iron interface of SP7—Center wire
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Figure 4.46 Typical fracture of steel wire coupon test



Chapter 5
Discussion of Test Results

5.1 Introduction

The criteria used to terminate the axial fatigue tests of the multi-layered wire strands were
summarized in Table 4.1, For the 45 mm diameter strand, two specimens (SP3 and SP5)
were tested to complete destruction. For six other specimens (SP1, SP2, SP4, and SP6 to
SPR), testing was stopped after there was a large number of wire breaks and there was
significant deterioration of the modulus of elasticity. For the eight 25 mm diameter cables
tested, six were tested until a minimum of three wires (of 19) were broken. In the other

two cases (SL3 and SS2), the tests were terminated before any wires broke.

in the first pait of this Chapter, emphasis will be placed on developing a common discard
criterion for the fatigue strength of multi-layered strands. Both the reduction of the cross-
sectional arca (number of wire breaks) and the deterioration of the modulus of elasticity
(including or cxcluding the end effects) will be used to assess the fatigue damage

accumulated by a strand.

Afiter presenting a fatigue life data plot of all tests conducted at the University ot Alberta, a
regression analysis will be conducted and the parameters that might influence the fatigue
performance of a cable will be identified. These include the strand make-up, the length of
the test samples, the stress range, the testing frequency, and the specimen temperature. In
addition, the performance of the terminations and a cumulative damage theory will be

discussed.

5.2 Location of Wire Breaks

Based on examination of the disassembled specimens, it was observed (Section 4.3.2 to
4.3.4) that the wire breaks were distributed more or less randomly along the length of the
cable. In order to further examine the periodicity of breaks over the cable length,
dismanticd specimens will be distinguished as to those that were tested close to destruction
and those where testing was discontinued after a relatively small amount of breakage was
detected. Starting with the latter category, Figure 5.1 gives the probability distribution of
wire breaks along the cable length based on five disassembled specimens from the SL and
SS scrics. These tests were teninated when a minimum of three wires had broken. (Note
that specimen SL4 was excluded from the graphical compilaiion shown in Figure 5.1.
Because of a re-calibration problem of the testing apparatus, which induced large secondary
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bending movements around the socket region, specimen SL4 had all wire breaks located
close to the moving end termination.) In order to conduct a frequency distribution, the
class intervals must first be selected. There should be enough intervals to show the
variability in the data. A rule of thumb is to use approximately as many as the square root
of the number of obscrvations (Ref. 86). Since the total number of break events in the
probability distribution shown in Figure 5.1 was twbnly~l'our, the cable length was
subdivided into five equal segments. From this graph, it can be observed that the initial
wirc breaks have an almost equal probability of occurring anywheie along the length of the
cable.

As the fatigue test progresses and the number of breaks increases, the cross-section arca at
a specitic location along the cable will decrease to such an extent, that stresses in the
remaining wires will be higher than they were initially. Thus, it can be expected that
subsequent wire fractures will be concentrated predominantly at this location. If the test is
carried out to destruction, this should also be the location of finai fracture. The localized
phenomenon described above is similar to the necking observed during a coupon test of

structural steel, for example.

Specimens SP2, SP4, and SP7 of the SP serics were tested close o destruction and can be
used to examine the above hypothesis. These specimens were disassembled after
completion ot the test, and can, therefore, be used for a probability distribution analysis.
(The prelimir.iry specimen SPI, which was also dismantled after the test was terminated,
was excluded from this probability analysis because out-of-phase movements of the
actuators caused all wire breaks to occur close to the moving socket.) The probability
distribution of wire breakage along the cable length for specimens SP2, SP4, and SP7 is
shown graphically in Figure 5.2. The number of class interva's should be the square root
of the number of observations, which is 7, 8, and 9 for spccimens SP2 (48 breaks), SP4
(63 breaks), and SP7 (78 breaks), respectively. In the probability analysis reflected in
Figure 5.2, an average of eight equal intervals were used to subdivide the length,
Specimens SP2 and SP4 had 67% and 25% of the breakages, respectively, occurring at the

first intervai (close to the fixed end socket). On the other hand, specimen SP7 had 509 of

wire breaks concentrated in the middle section (in the sixth length interval of Figure 5.2).
With the same logic, specimen SP3 (not shown in Figure 5.2) failed completely at a
location corresponding to the ninth length interval (500 mm from the moving end socket).
It can be concluded that the final cable fracturc can occur anywhere along the length of the
cable.
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Based on the examination above it was decided that all wire breaks of a specimen (close o
or away {rom the termination) should be included in the data evaluation to be presented in
the following sections of this Chapter. It is believed that this is realistic in cases where the
end termination are typical of those used in the field and the specimens are long enough to

compensate for end eficets. These requirements will be discussed in Sections 5.5 and 5.9.

With respect to the distribution of wire breaks amongst the different layers, it was expected
that the 25 mm and the 45 mm diameter strands would behave differently. The results are
summarized in Tables 5.1 and 5.2 for the 45 mm and the 25 mm diamcter strands,
respectively. From Table 5.1 it can be seen that 33% of the wires of the large diameter
cable are located in the outside layer and 67% are internal wires. Based on the available
small statistical sample derived from the dismantled specimens SP2, SP4, and SP7, which
is summarized in Table 5.1, it can be concluded that, as an average, 22.5% of the total
breaks were external. It should also be noticed that the majority of the wire breaks were
recorded in the fourth inner layer (41%). For most of these results, there is a large

standard deviation, however.

The 25 mm diameter strand had 63.2% of the wires located in the external layer. This is
shown in Table 5.2. The results of the cxamination conducted on the five specimens of SL
and SS series that were later disassembled showed that 89% of the wire breaks occurred in

the outer layer.

A different fatigue life should be expected between the two ditferent cable make-ups. Since
the majority of wires of the 25 mm diameter strand are exposed (that is, in the outer layer),
its fatigue life is more suscepuible to tlaws and kinks that are introduced during handling of
the cable. In addition, the small diameter cable consists of fewer and larger diameter
individual wires than does the 45 mm cable. A single external wire break in the 25 mm
diameter strand represents 8.3% of the exposed wires. In comparison, for the 45 mm
diameter cable one exterior wire break will represent only 3.3% of the exposed wires.

5.3 Modulus of Elasticity

From the static tests pertormed at specific time intervals, the stiftness of the specimens
including and excluding the end effects was obtained. The results were summarized in
Appendix A, As is shown in the Tables of Appendix A, the overall modulus of elasticity is
consistently lower than the corresponding free-length modulus of elasticity. This is
because of the relative movements (wedge action) occurring between the cable and the

sockets at the termination region.
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The response of the cable stitfuess during the tatigue cyclic loading can be subdivided m

three distinct regions. They are shown schematically in Figure 5.3.

Region I, the pre-stretehing region, reflects the initial loading cycles. In this region, the
modulus of elasticity increases as cycles are applied.  This phenomenon is due to the
constructional stretching of the cable (see Scection 1.14), and it is caused by the settlement
of the wires in the strands as the 1oad is applied. In a very short time (around 10 cycles,
approximately) the stiftness should stabilize. The number of cycles at which the modulus
of elasticity stabilizes depends on the cable make-up, the maximum applicd load, and any
initial pre-stretching that might have been done. Region 1 represents a small portion ot the
fatigue life of the cable and, in the case of pre-stretched cables, Region 1 does noteven

exist. This region is not of any significant importance for the designer.

Region II in Figure 5.3 represents the cable stiffness under serviceability conditions. The
modulus of elasticity in this region is the value assumed by designers when sizing the
cable, and it should remain fairly constant throughout its life. Region Il covers the lurgest
portion of the fatigue life ot a cable. Tables 5.3 and 5.4 summarize the average values and
the standard deviations of the modulus of elasticity for Region Il for all the specimens
tested. Both the overall and the free-length modulus of clasticity are presented. Mean
values of the modulus of elasticity for specimens with the same strand make-up are also
given in the Tables

The averaged experimental free-length modulus of clasticity can be compared with the
simplified equation proposed by Raoof (Ref. 40):
E fuli—stip = Es (—0.26442 ~2.004046 H +6.5735 H? — 3.3068 H") (5.1)

where Eg is the modulus of elasticity for the stecl wire and H is the Hruska paramecter,
given by the tollowing expression:

N
A, .
H=) =i cos’ay, with 0.70 <H < 1.0 (5.2)
=t AT
2
Ai=ni—n-D-i—-, IS(N-I) (51)
4 cosq;
N-1
AT=AC+ZAi (5.4)

i=1



where N is the total number of layers including the core wire; o is the lay angle in layer i
whose net steel area is A;j; Ac is the steel arca for the core wire; n; is the number of wires in

layer i; and Dy is the wire diameter of layer i.

The modulus of clasticity of the individual wires for the strands investigated was presented
in Table 4.8. Average values of 203 900 MPa and 200 030 MPa were obtained for the
45 mm and the 25 mm diameter cables, respectively. The Hruska parameter can be easily
calculated from Eq. 5.2 to Eq. 5.4 based on the strand make-up given in Tables 3.1 and
3.2. It was found to be 0.884 and 0.908 for the 45 mm and the 25 mm diameter cable
construction, respectively. Finally, the free-length, full-slip modulus of clasticity can be
computed Irom Eq. 5.1. The results are also presented in Tables 5.3 and 5.4. The ratie of
the predicted value to the test result was found to be 1.061 and 1.022 for the 45 mm and

25 mm diameter strands, respectively.

[t should be noted that, because of interwire frictional phenomena, the effective axial
stitfness of a strand is a function of the applied load. For small variations in load, ihe
changes in the contact forces will be so small that friction is not overcome. For large
variations in axial load, full interwire slippage can take place. These two extremes are
referred to as no-slip and full-slip modulus of elasticity. Equation 5.1 estimates the tull-
slip modulus. The no-slip modulus does not have any practical application since it
corresponds to very small loads (cven smaller than the pretension load). However, for
completeness of the discussion, the fitted polynomial proposed by Raoof (Ref. 40) for the

no-slip modulus is presented:

E o —sii

F= 2 -3998-7.916 K, +7.238 KZ - 2.321 K] (5.5)
El'ull—-slip

thrc K[ = Efu“-sli(/ES. 0.40 < Kl < 1.0 (5.6)

Finally, in the last region shown in Figure 5.3, the so-called failure Region III, the
modulus of clasticity starts to deteriorate rapidly as load cycles continue to be applied. The
reduction of the stiffness is accompanied by an elongation of the cable and individual wire
breaks. For the design of standing cables, a precise length and a well-defined modulus of
clasticity are required. Thus, in Region III the cable has reached the serviceability limit and
is in imminent danger of failure. The cycles corresponding to the intersection between
Regions 1T and I can reasonably be considered as failure, and this is of major interest to
rescarchers. In the experiments conducted at the University of Alberta, Regions II and III
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were clearly detined, as can be seen from Figures 4,14 () 0 4.20 (2), which were given m
Chapter 4.

5.4 Discard Criterion

The test results of specimens SP2 to SP8 and SL1 will be used tor the development of a
discard criterion tor multi-layered strands. Those particular tests were carried out close o
destruction and their fatigue damage ws assessed by monitoring both the deterioration of
the modulus of eclasticity and the numiper of breaks versus cycles. Tt was decided (see
Section 5.2) that all wirce fractures along the cable will be considered in the data evaluation.
To be consistent with the above, the overall modulus of clasticity was used instead of the
free-length modulus. This will most likely represent the wire breaks that occurred along

the length of the cable, close to or away from the terminations.

In the following discussion, double ordinatwe graphs will be used ior the graphical
representation of the variation of the fatigue parameters with cycles, and they are shown on

Figures 5.4 to 5.11. The abscissa of the graphs represents the number of loading cycles on

a logarithmic scale. The ordinate on the left is the deterioration of the overall modulus of

clasticity as a percentage of the average serviceability modulus (Region I1) given in Tables
5.3 and 5.4. The ordinate on the right side of the graphs is the percentage of broken wires.
The percentage is calculated with respect to the total number of individual wires, which is
91 for the 45 mm (series SP) and 19 for the 25 mm (serics SL and SS) diamcter strands.

The initial portion of the graphs shown in Figures 5.4 to 5.11, which is relatively flat,
corresponds to the Region II (Serviceability) of the life of the cable (see Figure 5.3).
Region II1 (Failure) of that general description is the nearly-vertical portion of the graphs
depicted in Figures 5.4 and 5.11. As was discussed in Section 5.3, the intersection
between these two lines (or somewhere in the transition region between them), could

reasonably be considered as the limit of the usefulness of the cable.

Figures 5.4 to 5.11 show that there is a gradual transition from Region II to Region [T and
that the serviceability limit is not uniquely defined. A failure that lics within the transition
region will therefore have to be selected. It can be concluded from Figures 5.4 10 5.11 that
after somewhere between 1% and 10% of the wires were broken, the modulus of clasticity
deteriorates rapidly and the rate of wire fractures increases significantly. The Acoustic
Emission (AE) system also showed that after somewhere between 5% to 1G% of wire
breaks, a relatively high and constant signal raie was observed. This high cvent raw can he
referred as a damave period and covered about the last 25% to 40% of the total fatigue life
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of specimen. The occurrence of a linear damage period implies that at this stage the
specimen deteriorates continuously and gradually, while subjected to the constant cyclic
loading. In the following discussion, a value of 5% wire breaks is chosen as a failure

criterion.

Similar observations and results have also been reported in the literature. Hanzawa et al.
(Ref. 55 and 56) used a 5% failure criterion in order to establish the fatigue life of their
tested specimens. Waters, Eggar and Plant (Ref.54) found that the modulus of elasticity
remained constant until 6 to 10 wire breaks were observed. At that point, the modulus of
clasticity started to reduce considerably as successive breakages occurred. Nakamura and
Hosokawa (Ref. 68) also considered a specimen to be damaged when 5% of the wires

were broken.

A quantitative representation of the fatigue parameters at specific time intervals is given on
Table 5.5. At 5% wire breaks, the overall modulus of elasticity is reduced by an average of
2.33%. It is worth noticing that the percentage of stiffness loss is not directly equivalent to
the percentage of wire breaks. As it was explained in Chapter 4, this retlects the multiple
break type of failure and the existence of interwire friction, which allow a broken wire to
redevelop its full carrying capacity within a relatively short length. In addition, from the
same Table, it can be concluded that 5% wire breaks corresponds to an average of 57% of
strand iife. (Strand life, in this Table, is taken as the termination of the test, at which point
there was either complete fracture of the sample or large deterioration of the modulus and

cross-scction. It is not the serviceability limit or failure criterion.)

Bascd on the abhove, use of the 5% wire breakage failure criterion can be supported. A
dimensicnless representation of the fatigue life versus the percentage of wire breaks is
given in Figure 5.12 for all specimens (SP2 to SP8 and SL1) that were used for the
derivation of the failure criterion. In Figure 5.12, failure Nf ,was considered to be the
loading cycles corresponding to 5% wire breaks. The good correlation of all test data in the
dimensionless representation of Figure 5.12 can be considered as evidence of the validity

of the failure criterion used.

Because of the phenomenon of multiple breaks, the application of the 5% wire breaks
criterion also depends on the length of the sample. For example, 5% wire breaks on a
300 meter long cable is less significant than 5% breakage on a 3 meter long specimen.
Obviously, the discard criterion should always be referred to a standard gauge length. This
standard gauge length, expressed in terms of length-to-exterior lay ratio, should be
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established in order o standardize the fatigue test procedures and the aceeptance criteria for
cables. From a practical point of view, th. .1+ the minimum length of a specimen that can
be tested without introducing any end effects chat might adversely affect the fatigue lite of
the specimen. In addition, the standard gauge length should be somewhat longer than the
recovery length (minimum distance between two consecutive breaks on the same wires) or,
to simplify it, a tew times longer than the lay length. From the experiments conducted at
the University of Alberta, it appears that the specimens should have a mintimum leneth-1o-

exterior lay ratio greater than about six (see also Section 5.5).

Based on the §9% breakage criterion, all specimens off SLoand S8 series would be
considered as having reached their fatigue tife when one broken wire (39% ot 19 wires - |

wire) has been detected.

As an alternative, the fatigue test of a strand could be considered completed when the
modulus of elasticity of the strand starts to deteriorate. From the test results presented
above (sce Table 5.5), a 2.3% deterioration of the modulus of clasticity could be used as a
discard criterion. Bascd on this criterion, the fatigue life of spectmen SPIL for example, is
the number of loading cycles corresponding to an overall modulus of ¢ sticity of
(1-2-3{g) < 166379 =162550 MPa

From a linear interpolation between the valucs given in Table AL, the fatigue life of
specimen SP1 is found to be around 7.2 million cycles, approximately.

Table 5.6 and Figure 5.13 present the axial fatigue results for all three serics of tests
conducted at the University of Alberta, a total of 15 individual results. Note that the stress
range is given as percentage of the minimum ultimate ensile strength (UTS), as tabulated in
ASTM AS586 Standard (Rcf.‘ 3). This standard {format is used to represent axial fatigue test

of cables because it facilitates comparison of fatiguc data from different sources.

5.5 Effect of Length of the Specimen

The length effect was experimentally investigated only with respect to its intluence in the
test results. The question is, how short can a specimen be before the end terminations
affect the tatigue results? The size effect problem, which is the extrapolation of any test
results to predict the fatigue lite of a cable that may be hundreds of times longer, was not

investigated experimentally.

The length ctfect was investigated comparing SL specimens with those of SS serices.

Specimens ot both series were prepared from the same 25 mm diameter cable and were
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tested at similar stress ranges. The only difference between SL and SS series was the
length-to-exterior lay ratio, which was 12.8 and 8.2, respectively. Because of the limited
number of specimens tested at different length-to-diameter ratios, a statistical analysis (i.c.
regression analysis) is not justified. Only direct comparison between specimens having

different length-to-exwerior lay ratio and tested under similar conditions will be presented.

From a comparison of specimens SS1 with SLS and of SS3 with SL1 and SL2, it can be
concluded that similar fatigue lives were obtained from both length-to-diameter ratios
tested. Theretore, based on these data, the fatigue test results did not depend on the length
tested, and the termination region had no influence on the fatigue life of these test

specimens.

It is therefore proposed that o minimum specimen length-to-exterior lay ratio of 8 is
appropriate for physical testing of cables. More tests are required in order to further

substantiate and refine this value, however.

5.6 Regression Analysis and Effect of Strand Make-up
In order to provide information on the quantitative effect of stress range and strand make-
n the fatigue life under constant mean stress, a regression analysis of the test data is
recred. Because of the limited number of specimens tested at each stress level,
assumptions had to be made regarding the shape of the distribution of fatigue life values.
Based on the statistical model used by other authers (Tilly, Ref. 16; Raoof, Ref. 63;
Paulson ct al., Ref. 71) for the cvaluation of fatigue tests, it was concluded that a log-
normal distribution of “atigue life with respect to stress range could be assumed.

Regression analysis will be conducted for the two different cable constructions. In
Section 5.5 it was concluded that the length of the specimens did not have any cffect on the
fatigue life.  All specimens of the SL and SS series, which are made from the same cable,
could therefore be grouped together for the regression analysis of the 25 mm diameter
strand. Similarly, the specimens of SP series will be used for the statistical analysis of the
45 mm diameter strand.  For the specimens that did not fail (SL3 and SS2), the total
number of cycles when the test was terminated was used. This will provide a conservative

estimate of their fatigue life for the analysis.

In the statistical method used to analyze the results, the logarithmic values of the fatigue
fives and the percentage of stress range-to-ultimate tensile strength (UTS) ratio were used
for the dependent and independent variables, respectively.  The coefficient of
determination, 3, was used as a measure of goodness of fit for the regression line. This



coetticient represents the portion of the total variability that is accounted for by the Tited
simple linear regression model. A value of unity would be expected if the model fits the

test data pertectly. The model is cxpressed as follows:
where N is the number of cycles to tailure, Se is the ratio of stress range to UTS (expressed
in percent), and € is the error term. The constants by and by are determined from a least

squares regression analysis (Ref. 86). Appendix B gives the details of the regression

analysis. Using the model of Eq. (5.7) gives

for 45 mm strand: logN =24.85 - 135810y S, (5.8)
for 25 mm strand: logN =16.12-7.7210¢ S, (5.9)

The coefticient of determination, 2, was found to he 0.905 and 0.768 for the 45 mm and
the 25 mm strand, respectively. The results from the regression analysis are plotted in
Figure 5.14.

From a comparison of the coefficients of determination, it is clear that there is a larger
scatter for the 25 mm diameter cables than for the 45 mm diameter cables. In addition,

trom Figure 5.14 it can be scen that the regression line of the 25 mm strand has a steeper

slope than does the 45 mm diameter strand. This translates to a lower fatigue life for the 25

mm strand, especially tor high cycles. As it was discussed in Scction 5.2 the lower

fatigue life of the 25 mm diameter strand is probably duc to the fact that the smaller strand
consists of fewer and larger diameter individual wires. Its fatigue life is therefore more
susceptible to flaws and kinks that are introduce during handling of the cable. This is also
supported by the fact that the first wire break snd the majority of the breaks occurred in the
exposed layer of the small diameter SEoiCaTreny, |

Equations 5.8 and 5.9 represent an estimate of the mean fatigue life for values of stress
range between 15% and 29% of UTS and a constant mean stress of 25% of UTS (356 MPa
approximately) for the 45 mm and 25 mm diameter strand, respectively. Contidence limits
of the estimate can be formed using the variance of the estimate. The variance of log N,
estimated by the regression line of Eq. 5.7, is defined as the sum of squares of the
deviations divided by the number of degrees of freedom avail i calcufating the

regression line.



A confidence interval delimited by a number of standard error of estimate from the mean

can be constructed as
logN+ns, (5.10)

where n is an arbitrary number and s, is the standard error of estimate (equivalent to the

standard deviation for a set of data), given as

sc:\/ LS (y-9.) (5.11)

and where y; is a measured value of log N, and ¥, is the corresponding value of log N
predicted by the regression line (Eq. 5.8 and 5.9). The interval delimited by two standard

errors of the estimate was found to be —

for 45 mm strand: logN =24.85~13.58 logS, £0.43 (5.12a)
or 103442 5, 7B58 < N < 10526 g -13.58 (5.12b)
and for 25 mm strand: logN =16.12~7.72 log$§, £0.73 (5.13a)
oF 10159 § 112 < N < 101685 g 172 (5.13b)

5.7 Effect of Stress Range on Fatigue Life

The effect of stress range was investigated experimentally by keeping the mean stress
constant at a value of 25% of the specified minimum ultimate tensile strength (UTS), or
350 MPa, and varying the stress range level between 14.8% of UTS (207 MPa) and
28.7% (404 MPa).

The effect of stress range can be quantitatively investigated using the same regression
analysis ot fatigue data presented in Section 5.6. A log-normal distribution of fatigue life
was assumed and Egs. 5.8 and 5.9 were thus derived for the 45 mm and 25 mm diameter

strand. respectively.

In order to determine whether log N is dependent upon log S;, a significance test for the
slope of the regression expressions 5.8 and 5.9 was performed (Ref. 86). The dependence

testis conducted using the 't test statistic parameter

{ = — (5'14)
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where by is the slope of the regression line (Eq. 5.7) and s, the standard deviation of the

slope given by

1Sy b Sy C e
Sh =T (5.13)
\/ (n_z) S«x
and
n n
D -
Xy "Z(xx yl)_—“‘“”n——“”‘ (5.100)
=1
n 2
\’1
S _i( 2 _[E ]
yy — Yi ) 0 (5.16h)
i=l
)
X
S.. = t 2 i=1 l) .
XX —Z(X‘ )"' (5.160)

The calculated value from Eq. 5.14 is compared with the tabulated value of the Student's
distribution, t,, .., tor a level of significance of a=0.05 and a number of degrees of
freedom of n—2. The Student's distribution valuc was obtained from ‘iablc A4 of
Appendix A of Ref. 86. For both the 25 mm and the 45 mm diamcter strands, n =8 and
a =0.05. The comparison gave

for 25 mm strand, t=4.46>tg 9256 =2.45 (5.18)

Therefore, it can be concluded that, with a risk of a = 0.05, the stress range has a
signiticant effect on the fatigue life of the specimen.

Since strand make-up appears to have an intluence on the fatigue life of a cable (Scetion
5.6), it may be statisticaliy incorrect to group such sets of data in order to use a least
squares regression analysis to get mean life and safe life curves. However, following the

path of other researchers, it is desirable to use large samples for the statistical analysis, and



therefore the test data from hoth strand make-ups will be treated as a single population. The

regression analysis with all test data (sixteen in total) gave the following mean curve:
logN =15.26 - 6.881logR (5.19)

The large scatter observed in the test data is reflected by a low coefticient of determination,
r2, of 0.554. This is largely a reilection that two different strand constructions being
cxamined in the regression. The results from the regression analysis are plotted in Figure
5.15.

Next, the dependence of log N upon log S, was checked using the significance "t" test.
The t value, computed from Eq. 5.14 o Eg. 5.16, was compared to the tabulated value of
the Student's distribution, ty, 5, for a level of significance of a=0.05 and a number of

degrees of freedom of n—2 =14. From the comparison it was found that

Since the calculated tis greater than the tabulated value of t,; ., it can be concluded that
log N is dependent on log Sy, even for different cable constructions. The comparison of
experimental data from different strand construction is therefore justified. A design
equation based on a regression analysis will be of a general use only if it is derived from a

data bank that consists of large variety of strand make-up.

The confidence interval of Eq. 5.20 delimited by two standard errors of the estimate was

calculated using Eq.5.10 and 5.11 and can be expressed as
logN =15.26 - 6.88 logS, £0.90 (5.21a)

or  10'36g 038 <N <0016 g 638 (5.21b)

Figure 5.15 shows the test data with the mean regression line of Eq. 5.20 and the two

standard deviation contidence interval described by Eq. 5.21.

As mentioned carlier (Scction 5.6), the regression analysis was performed using all the test
data obtained in this study, including the discontinued experiments. It was, theretore,
assumed that the fatigue limit, defined as the stress belew wiich failure does not occur, is
less than the minimum stress range (14.77% ot UTS) used in the experimental
investigation.  The statistical problem of accurately determining a tatigue limit is

complicated by the fact that the value of fatigue limit for any given specimen cannot be
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measured. A specimen can only be tested at a particular stress range and, f failure occurs,
it is known that the tatigue limit is somewhere below the stress range of the test. When
determining the fatigue limit, it must be recognized that cach test specimen has its own

“ieue limit.

Two statistical methods have been recommended for making a statistical estimate ot the
fatigue limit (Committee E-9 on Fatigue, 1963, Ret. 87), the Probit analysis and the
staircase method. A m” . mm of 50 test specimens is recommended in order o determine
the fatigue limit u Probit method, while a minimum of 30 specimens is
recommended when u. _ the staircase method. Because of the large number of test
specimens required to obtain a good cstimate of the fatigue limit, no attempt has been made
in this study to determine a fatigue limit using statistical analysis. Assuming the fatigue
limit to lie at the minimum stress range used in the experimenial program wouid be
unconservative and, in order to get a reliable estimate of the fatigue limit, more test data are
required. Moreover, the existence of any fatigue limit at all, for components subjected to
fretting fatigue has been questioned by some rescarchers (Esslinger, Ref. 45).

5.8 Effect of Specimen Temperature and Test Frequency

The temperature variation with respect to the ambient temperature throughout the cycling
test was recorded using a temperature probe located on the outside layer of the specimens.
A typical graphical representation of the temperature change during test (cable emperature
vs. ambient temperature) is presented in Figure 5.16 for specimen SPS. Test SPS started at
a frequency of 2.0 Hz. After 30 000 cycles, the temperature difference stabilized at 5 °C.
At 514000 cycles, the frequency was increased to 3.0 Hz. This was accompanicd by a
1.5 °C increment in the temperature difference. At 1.8 million cycles, the frequency was
raised further, to 3.5 Hz. The temperature ditterence between the specimen and the
environment reached the value of 9.0 °C at 7.9 million cycles. This teraperature difference
then remained fairly constant until complete fracture of the specimen occurred at 9.4 million
cycles. The maximum temperature experienced by the specimen during the test was
33.6 °C. From the temperature monitoring of all specimens it was found that with a
maximum testing frequency of 3.5 Hz the temperature difference stabilized at a value of
about 10 °C.

Only the average temperature of the outside layer was recorded. OF course, the interwire
fretting locations experience higher temperatures, but this could not be recorded with the
available instrumentation.
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Although the westing frequency ranged between 1.5 Hz to 3.5 Hz. depending upon the
foading characteristics of a given test specimen, it is belicved that this did not have any
significant cffect on the experimental results. Esslinger (Ref. 88) observed an influcnce of
the st freguency on the fatigue test results for specimens tested at relatively high stress
ranges (600 MPa o 800 MPa) when the frequency was raised from 3.5 Hz to 105 Hz. It
was observed that, at lower frequency, higher plastic strain ranges appears, which led to a
shorter life. Esslinger belizves that the effect of testing frequency vanishes as the stress
range approaches the fatigue limit. Such a large variation in the frequency never occurred

on the experiments condueted at the University of Alberta,

5.9 Performance of Cable Termination

Although an investigation of the effect of the end clamping devices used was not one of the
specitic objectives of the present research program, their importance 10 the suceess of the
axial fatigue tests was realized from the beginning and special attention was given to
designing them. The socket detail that was developed at the University of Alberta was

presented in Section 3.2.1.

Sockets designed for fatigue tests of cables should be similar to the ones used in real
structures.  The socketing material, the dimensions of the cone, and bearing clamping
plates used in the physical tests conducted at the University of Alberta were similar to those
found on real structures. Cold socketing material was used since it is considered to have a
higher fatigue performance than zinc alloy hot pouring metal, which has often been used in

the past.

The most important characteristics of a well-designed socketing system for fatigue tests is
the avoidance of stress and {racture concentration in the termination region of the sample.
Buecause a uniform distribution of breakages along the dismantled specimens (see
Section 5.2 and Figure 5.1) was observed in these tests, it can be concluded that the above
requircment was satistied. Finally, from the individual wires of specimens SP1 and SP2,
which were marked at the socket locations, it was concluded that slippage did not occur

between the wires and the socketing material.

5.10 Cumulative Fatigue Damage

In the majority of fatigue tests, unitorm load cycles are applied to the specimen until the
cumulative effect of all cycles eventually produces failure (unless the stress range is below
the endurance limit). This is called constant amplitude testing. When the load cycles are

applicd in an irregular manner (a condition which likely prevails in bridges as different type



of vehicles cross), the cumulative effect of these events can also lead o fatigue tailure.
This 1s called variable amplitude loading. Fatigue effeets of loading events other than

uniform cycles are reterred to as cumulative damage.

o

A cumulauve fatigue damage theory is necessary to account for the previous damage
history and loading sequence eftect. Two tynes ¢ cumulative damage theories exist: lincar
and non-linear. Linear methods assume that th. damage rate of cach cycle is independent
of the load history. In contrast, non-lircar models account for load interactions. Although
non-lincar models are more realistic, such models are genevly semi-empirical in nature
and, consequently, those laws can be used with confidence only for the cases in which the
paramete  were applicable. A great number o variable amplitude tests need to he
conducted for the derivation of a non-lincar damage theory, since ditferent combinations of
loading scquences need to be investigated. Furthermore, since non-linear models account
tor loading sequence, a good knowledge of the loading spectrum applicable to the problem

at hand is imperative if the model is to yicld satisfactory results.

The cumulative fatigue damage theory that is customarily used in civil engineering practice
is the linear theory proposed by Palmgren in 1924 and further developed by Miner in 1945
(Fuchs and Stephens, Ref. 41). In spite the inability of the Palmgren-Miner law to account
for the loading sequence, it is used extensively, mostly for its simplicity. According to this
model, the fatigue damage sustained under one cycle of loading is 1/Ny, where Ny is the
fatigue life under uniform load cycling. The total damage from all stress range levels that

are applied to the details is, of course, the sum of all such occurrences:

n.
—io (5.22)
N
where n; = number of cycles that take place at stress range level i

Nri = number of cycles that would cause failure at stress range level i

In order to experimentally derive a cumulative damage theory, variable amplitude tests are
required. They are ume consuming and costly tests and require knowledge of the expected
history as primary input. Pouts et al. (Ref. 53) reported the results of a variable amplitude
tension fatigue test program conducted on 19 mm diameter ropes. The Miner damage
summation was found to range between 1.25 and 1.43 at the time of failure. This indicated
that linear damage cumulative hypothesis consistently underestimated the total axial fatigue
life. Shifting of the fretting zone from onc arca to the other as the different block loads

were applied was used to explain the high values of the Miner summation.
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The two-step variab'e amplitude test conducted at the University of Alberta (Section 4.3.3)
also showed that the lincar damage cumulative hypothesis will underestimate the total axial
latigue life. Photomicrographs of the fretting areas (Figure 4.37) confirm that the location
of the freting patches change as the level of the cycling load changes. Obviously, more
variable amplitude tests will be required in order to- establish a cumulative damage
expression. Until then, the “ower bound of the damage sum suggested by Potts (Ref. 53)
should b used:

n; <
—L =125 (5.23)
z Ny

145



Table 5.1 Distribution of breaks by layer for the 45 mm diameter strand

!

v b

Layer ! 1 Laycr 2 Layer 3 Layer 4 Layer S Layer 6

Wire

Distribution 33% 26.3% 19.8% 1.2 6.6 1.V%

Specimen 37.2% 22.9% 20.8% 14.69% 4.2% 0%
SP2

Specimen 28.6% 0% 32% 65.1% 3.2% 0%
SP4

Specimen 1.3% 14.1% 16.7% 43.6% 20.5% 3.8%
SP7

Average | 55 59, 12.3% 13.6% 41.1% 9.3% 1.3%

Standard 15.4% 9.4% 7.5% 20.7% 7.9% 1.8%

Deviation

(1) Lay-ms 32 numbered from outer towards inner layers.
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Table 5.2 Distribution of breaks by layer for the 25 mm diameter strand

Layer ! | Layer 2 Laver 3
Wire
Distribution 63.1% 31.6% 5.3%
Specimen
SL. 70% 20% 10%
Specimen
SL2 5% 25% 0%
Specimen
SLS 100% 0% 0%
Specimen
sS1 100% 0% 0%
Specimen
$S3 100% 0% 0%
_———L-M
Average 89% 9% 2%
Standard
Deviation 13.6% 11.1% 4%

(1) Layers are numbered from outer towards inner layers.



Table 5.3 Modulus of elasticity of 45 mm strand and comparison with Raool s prediction

Overall Modulus of Elasticity

Free-length Modulus

of Elastcity

(MPa) (MPa)
Specimen | No.! | Arithmetic Mean Standard Arithrictic Mcan Standard
Value Deviation Value Deviation
SPi 7 166 379 254 —
SP2 4 162 057 797 176 578 100
SP3 2 166 345 686 177 825 1068
$74 2 168 515 1605 176 340 566
SP5 20 167 929 974 177 362 746
SP6 2 167 100 240 176 410 85
SP7 3 168 493 266 175 860) 1216
SP8 2 163 695 1888 171 887 1467
Average 166 863 868 176 744 784

Raoof’s Analytical Prediction for Free-length

Modulus

166 572

Test / Prediction Ratio

176 7447 166 572 = 1.061

(1) Total number of static tests conducted in Region I1.
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Table 5.4 Modulus of clasticity of 25 mm strand and comparison with Raoof’s prediction

Specimen Mean Value of Mean Value of
Overall Modulus of Free Length Modulus of

Elasticity 1 Elasticity
(MPa) (MPa)

SL1 167 800 176 910

SL.2 167 080 176 570

NI 172 300 176 130

SL4 169 730 177 310

SLS 172 210 173 840

SS1 162 155 174 590

SS2 159 525 177 610

SS3 164 550 172 480

Mecan Value 166 919 175 680
Sendard Deviation 4608 1840

Raoof’s Analytical Prediction for Free-length Modulus 171 940

S

Test / Prediction Ratio

175 680/ 171940 =
= 1.022

standard deviations for he mean value of the modulus of elasticity are not presented.

1y Since typically only *wo static tests were conducted for each specimen in Region II,
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Table 5.6 Axial fatigue lite of tests conducted at the University of Alberta

Specimen Stress Range Fatigue Life
(% of UTS 1) (cycles 2)
SPl 21.50 7 200 000
SP2 26.33 661 100
SP3 26.33 284 400
SpP4 26.33 180 500
SP5 21.50 6 942 000
SPo6 23.92 810400
SP7 23.92 1 345 600
SP§ 28.67 178 600
SLI 22.11 226 600
SL2 22.11 306 100
SL3 14.77 10 000 000 3
SL4 220 2 424 400
SLS 25.82 180 000
SS1 25.82 180 500
SS§2 18.40 4 183 000 3
SS3 "2.11 276 290

(1) The minimum ultimate tensilc strength as per ASTM AS586 is 1409 MPa for

SP specimens and 1402 MPa for SL and SS specimens.

(2} The number of cycles are rounded to the closest 100 cycles.

(3) Test was discontinued with no broken wires.
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Figure 5.3 Schematic representation of cable stiffness change with fatigue cycles
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Chapter 6
Comparison of Test Results with Work of Other Investigators

6.1 Introduction

Experimental evidence for the reduction of fatigue sirength as it is affected by cable length
was presented in Section 2.4, Since full length cables cannot be tested because of physical
limitations, the effect of length on the fatigue life of a real cable must be investigated using

statistical techniques.

In the first part of this Chapter, the mathematical model developed by Castillo et al.
(Ret. 50) will be used to extrapolate the fatigue strength of tested specimens to practical
rcal lengths and to predict the fatigue life of a bridge cable based on tests of limited duration

(runout tests). This five-parameter model was briefly presented in Section 2.4. 1.

Also in this Chapter, a selective review of the literature concerned with the axial fatigue
performance of strands will be presented.  The objective is to compare and evaluate the
work presented here in light of other work conducted in the same area, and also to attempt
to pool the available fatigue data into one data base from which design guidelines can be
formulated. Finally, the most commonly used design curves will be compared with the

selected data from the literature.

6.2 Castillo et al. Statistical Model
Castillo ct al. (Ref. 50) proposed a mathematical model for analyzing fatigue data of wires,
strands, and cables based on statistical requirements (stability, limit and compatibility

conditions) and physical requirements (i.e. endurance limit).

Physical requirements — The model should be able to reproduce the real statistical
propertics of the experimental data. Experimental evidence from a large number of fatigue
tests ot single wires presented by Birkenmaier and Narayanan (Ref. 19) and Castillo et al.
(Ret. 50) indicates:
* anon-lincar relation between the median of N (number of cycles) and Ao (stress
range)
* astandard deviation function that increases with decrcasing Ao, and

* the existence of an endurance limit.
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According to Castillo, it is reasonable to take the size (length) eftect into constderauon
using the weakest link principle (s @ also section 2.4.1). This principle states that the
fatigue strength of a cable of length L (composed of nimaginary picces of length L) will

¢ that of the weakest connected sub-clement, i.e.

N = min(N,N,.....N,) 0.n

winz:e N is the number of cycles to tailure of the cable and N; (with 1 = {,2....n) is the

nue:iace of cycles to failure for the sub-clements.

The tlaws in the material located at the fretting Tocation (and which produce the fatigue
failure) can be assumed to be cither systematically or independently distributed along the
wire. In the first case, there is a statistical dependence between neighboring pieces, but
independence can be assumed for distant ones. In the second, the statistical independence

can be assumed throughout. If the fabrication process is regular and the storage and

manipulation process is hormogenceous, it is reasonable to assume the same distribution for

the fatigue strength of difterent picces. Knowing the cumulative distribution function
(cdl), Fo(x), for the sub-clements (i.c. test data) of length Ly, the edf, Fi(x), of the cable

with length L can be derived from:

](l‘/l‘o)

F(x)=1-[1-Fp (x) (6.2)

Stability condition — The cdf of Ac tor a given N, F(Ao;N), and the cdt of N for a given
AG, E(N;Ac), must be stable for any arbitrary length. It the length effect is expressed
using Eq. (6.2), the stability requirement implics that hoth cdf, F; ,(Ac:N) and Fj (Aa:N)
or E(o(N;Ac) and Ef (N;Ac) must belong to the saume family.

Limit condition — If the length of the sub-elements goes to zero, or the number of pieces
goes to infinity, the families of the c¢df must be asymptotic. For the case of independence
or asymptotic independence between the number of cycles to failure or the stress range for
different sub-elements, only three limit distributions are possible: Gumbel, Weibull and
Frechet. The Frechet distribution was excluded hecause of its negative character of
lifetime. Duce to the simplicity of the Weibull distribution, and the fact that @ Gumbel
distribution can be approximated by Weibull distribution, Castillo ct al. decided to use the
Weibull distribution:
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. b(ac.L,)
I (N; Ao, Lo):l—cxpj—l:N No(4o, L(’)] ] (6.3)

l N, (Ao, Ly)

where, E(N; Ao, Lg) is the cdf of N for given Ao, and No(Ao, Lg), Ny(Ac, Lo) and
h(AG, L) arc functions of Ao and Ly, to be determined.

or

AG - Asy(N, Lg)

6.4
Aozx(N’ LO) ( )

a(N.L,)
F{Aa:N,Ly)=1-cxp —[ }

where, F(AG; N, Lg) is the cdf of Ao for given N, and Acg(N, Lo), Ag,(N, Ly) and

a(N, Lg) are functions of N and Lg, to be determined.

Compatibility condition — This requirement is satistied if, and only if,
F(Ao:N)=E(N;Ac) forV Acand N (6.5)

By substituting the We. »uil expressions (6.3) and (6.4) into Eq.(6.2) and (6.5), Castillo et
al. derived the followin_ five-parameter statistical model:

L VA
(N—B)(AG—C)-—*D-lv -Toln(l—P)] —E} (6.6)
4

where P is the percentile, Ly is the reference length, and L the cable length. The five
statistical parameters A, B, C, D, E are designated as follows:

* A is the Weibull shape or slope parameter

¢ B is the asymptotic N (cycles) limit

* C is the endurance limit

* D is the scale fitting parameter obtained for chosen reference length Ly

e E is a constant defining the Ag vs N threshold curve (asymptotic curve, zero

probability of tailure curve).

Equation (6.6) is a scrics of equilateral hyperbolas, with asymptotes N =B and Ac =C. It

is possible for both limit values, B and C, to become zero.

The analytical formulation of Eq. 6.6 can be found in Ref. 50, which is the work
conducted by E. Castillo, AF. Canteli, V. Esslinger, and B. Thiirlimann.



i <hould be noted that more work will be required in order to determine the distribution that
most accurately describes the fatigue life of multi-layered wire strands.  This could be done

by analyzing statistically signiticant populations of cables from different manufacturers.

6.2.1 Development of the Program FANOW

A computer program, called ZURICH, for the evaluation of the five-parameter statistical
model presented in Scction 6.2 was first implemented for Macintosh computer and later
rewritten for DOS-cnvironment by F.M. Rodrigez at the Technical University of Dijon in
1989. The program was subscquently adapted and moditicd by the Swiss Federal
Laboratories for Materials Testing and Rescarch (EMPA). During the translation of the
error messages and help texts from the Spanish language to English, the name of the
program was changed to FANOW (Fatiguc ANalysis Of Wires). .\ copy ol the latest
revision of FANOW software was obtained from EMPA by the University of Alberta.
This progrum will be used in this Chapter for the statistical evaluation of the effect of length

on the axial 1atigue life of strands.

The program FANOW requires a minimum of three data scts at different stress ranges in

order to be able to run. A set of data consists of the stress range and number of cycles to

failure. A different torm of Castillo model, Eq. (6.6), was adopted in the computer

formulation:

Lo

-

(1nN—B)(1nAG—C)=D[— ln(l-—P)]l/A +E (6.7)
In the first step, the experimental data are used to calculate the parameters (constants) of the
Weibull distribution in order to define its shape, the endurance limit, and the asymptotic
limit of the number of cycles to failure. Once the five parameters A, B, C, D, and E are
evaluated, the model allows the designer to determine a set of different failure probability
curves (depending on the values of the pricentile, P, inserted in Eqg. (6.7)). The ratio L/l
is used to account for the length effect (Lo is the length of the tested specimens and L the
length of the actual cable).

The Castillo ct al. model has also the capability to account tor runout tests. (Runouts are
tests that have been discontinued before failure occurred.) Iniormation from runouts is
incomplete, and contains the uncertainty as to whether the specimen will actually fail or not.
The program FANOW assumes that the specimen will fail some time later and predicts the
number of cycles at which this failure will occur. The user needs only to specify the
number of cycles that represent this runout limit.
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6.2.2 Castillo Model for the 45 mm Diameter Strand

A data file with all cight test results of SP series (as given in Table 5.6 of Chapter 5) was
created Tor the statistical analysis using the FANOW program. The runout limit was
chosen to be 10 miilion cycles. Table 6.1 gives the five parameters that were cstimated

asing the FANOW software. Equation (6.7) can then be written as foliows:

S
(InN--7.6927) (InAc — 5.3798) = ().3419[—% In(l - P)} (““5) +2.3651 (6.8)

UUsing the caleulated parameters, the following fatigue properties were obtained:
« c¢ndurance fimit: (AG), = 33798 = 217 MPa

¢ threshold cycles: (N)pjp =77 = 2192 cycles

The pereentile Ao vs. N ocurves can be obtained from Eq. (6.8) or from the following
modificd expression

Kp oy +2.365 L
N =cxp - +7.693 (6.9)
InAc - 5.380
L)
where Ky g = ().3419[— IL" In(l - P)} (“”5} (6.10)

The constant Kp o, is given in Table €.1 for different values of percentile, P, and length
ratio, Ly/L. A graphical representation of the field of percentile curves is given in Figures
6.1 w 6.4. It should be mentioned that all graphs in this Chapter are presented in a semi-
logarithmic form. (The abscissa gives the number of loading cycles on a logarithmic scale
and the ordinate the stress range on a normal scale.) This representation was chosen in
order o facilitate the comparison of the data. (A logarithmic versus logarithmic graphical
representation will have the wndency te cluster and overlap the data, making visual

comparison more difticult.)

Figure 6.1 gives various pereentile curves (P = 0.5, 0.95, 0.05 and 0) for a length ratio
LyL = 1. In Figure 6.2 the 5% perceentile curve of the Castillo model is compared with the
lower limit (two-standard deviation from the mean) of the linear log Ao vs. log N model
derived in Chapter 5 (Eq. 5.12b) tor the SP Series of data. From Figure 6.2, it is evident
that the lincar log Ao vs. log N model provides a conservative estimate of the fatigue life

ol the 45 mm diameter strand.



The length offect is investigated by varying the iength ratio, Lo/L, in Eq. (0 10) and
keeping the percentile constant. Two different pereentiles were examined, and these are

displayed in Figures 6.3 and 6.4, In Figure 6.3, the median (P = S00) pereentile curve s

-
~

vere generated for length ratios equal to [, 0.1 and 0. Since the fength of the est

['e]

specimens was 3.3 meters. these length ratios correspond w hvpothetical cable Tengths of
3.3 meters, 33 meters, and infinity, respectively. The effect of the cable Tength is obyious

[rom Figure 6.3: as the length increascs, the fatigue strength of the cable decreases.

The length etfect was also investigated for the 3P percentile curve, and fength ratios equal
to I and zero. The results are shown in Figure 6.4, [t can be scen, that for the 3t
pereentile curve, the effect of tne aciual length of the cable is negligible. A comparison of
Figure 6.4 and Figurc 6.3 shows that the influence of the length dimnnishes as the
probability of failure approaches zero. This is because, as the probability of Tailure
decreascs, the percentile curve approaches the asymptotic curve, which is independent of
the length since Kp, o1, = (. A conservative design equation for the fatigue strength of the

45 mm diamcter strand which will account for the effect of length could be obtained by

using *h2 5% - entile curve of an infinite long cable (L /L = 0). (Note, that the above
curve coi: ¢ - 0 the zero pereentile curve, sinee from Eg. (6.10) K, 45 =00 In this

case, I'3v v 0 1 (6.9) could be simplified significantly and the following desien
i p g y ¢ g

equatio v aerived:
(InN=7.693) - (InAc —5.380) = 2.365 (6.1 1)
or
2.3
N =exp (————6—5————+7.693) (6.11h)
In Ao -5.380

6.2.3 Castillo Model for the 25 mm Diameter Strand

The statistical analysis described in Section 6.2.2 was repeated tor the 25 mm diameter
strand. The specimens from both SL and SS serics were considered. This was possible
since it was found (see Section 5.5), that the specimen length had no influence upon the
fatigue strength within the test range. Morcover, only the two extreme length ratios (1,,/1.
= 1 and 0) will be used for the investigation of the fength effect so that the exact specimen
length is not required. The input file required to run the program was hased on the test
results presented in Table 5.6 (with the exception that the actual stress ranges in MPa must
be used instead of the percentage values shown in Table 5.6). The runout limit was chosen

to be 4 million cycles, since specimen S82 was discontinued at 4.18 million cycles. The
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five parameters estimated using the FANOW software are presented in Table 6.1. The
equation of the pereentile curves is:

Lo (0_1(79) ;
(la N +8.3068) (In Ac - 2.8307) = 1.6010 [——E- In(1- P)] 1862974 60.0095 (6.12)

Using these parameters the following fatigue propertics are obtained:
* endurance limit: (AG), = 223307 = |7 MPa

+ threshold cycles: (N)q = ¢-83068 = O cycles

The percentile Ac vs. N curves can be obtained using the following modification of

expression (6.12):

Kp.1, 1. +60.0095 )
N:cxp( - - —8.3068 (6.13)
\ InAc—2.8307
L (55)
where Kp gy =1 6010[-1g ln(l—P)] 0.8629 (6.14)

Table 6.1 ives the constant Kp | o, Tor difterent values of percentile, P, and length ratio,
Lo/L. A graphical representation of the field of probability failure curves for the 25 mm

diameter strand is shown in Figure 6.5.

In Figure 6.6, the 51 percentile curve of Castillo model for ti:; 25 mm diameter can be
compared with the lower limit (two-standard deviation from the mean) of the linear log Ac
vs. log N model (for SL and SS Series), described in Section 5.6 (Eg. 5.13b). As it was
the case for the 45 mm diameter cable, the linear log Ac vs. log N regression gives more
conservative results. Part of the explanation is that the log Ao vs. log N model considers

the runout tests as failed specimens.

The length etfect was investigated for the median (50%) and the 5* percentile curves.
These results are preserted in Figures 6.7 and 6.8, respectively. The two extreme cases, a
cable having a length equal to the test sample and a cable having an infinite length, were
investigated. The effect of the length is clearly shown on the median per.zntile curves of
Figure 6.7. Hewever, the effect of length is hardly noticeable for the 5% percentile curves,
shown in Figure 6.8. As was explained in Section 6.4, this reflects of the asymptotic
behavior of the Weibull distribution from which Castillo model was derived. The 5t

percentile curve of an infinitely long cable, which is statistically equivalent to the zero
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pereentiie curve, could therefore be used to predict the fatigue life of an actual cable (given

that it has the same strand make-up as the 25 mm diameter cable that was tested).

(InN+8.307) (InAc - 2.831) = 60.010 (0.150)
N =c¢xp —ﬁ)—'ﬂ)——-—&}()? (0.15h)
InAc ~2.831

The 5 percentile curve of an infinitely long cable (Eq. 6.15) was chosen for design
purposes because of its simper format as compared to expressions 6.12 to 6,14, and the

fact that it conscrvatively takes into account the =ficct of the actual length of the cable.

6.2.4 Castillo Model for all Tests Conducted at the University of Alberta
For completeness of the discussion presented in the previous two Sections (6.2.2 and
6.2.3), the FANOW program was run with an input {ile containing the experimental results
of all three experimental serics (SP, SL, and $S). A runout limit of’ 4 million cycles was
used for this run. The values of the five parameters are given in Table 6.1, The percentile
curves are given by the following expression:
(L )
(InN +25786.658) (InAG + 4100.615) = 7334.354 [-EL& In(1 - P)] Loses2) 1105939704

(6.16)
The endurance limit and the threshold cycles are:
 endurance limit: (AG), = e4100.615 — () MPa

+ threshold cycles: (N = ¢ 786.658 = () cycles

Eaq. (6.16) can be written in the following form:

[Kp' L/l + 105939704
X 2=

N =¢s —25786.658 (6.17)
InAc+4100.615 .

where Kp i 1 =7334.354 [% In(1 - p)} (555 (6.1%)

Because the number of cycles calculated trom Egs. 6.16 and 6.17 was Tound to be very
sensitive to the exact value of the constants, it is imperative to keep three signivicant digits

for all constants.



The results of the parametric study that was conducted based on Egs. 6.16 to 6.18, are
summarized in Table 6.1 and in Figures 6.9 0 6.12. Figure 6.9 shows the percentile
curves for a length ratio, L/L = 1. A comparison between the 5% percentile curve and the
two standard deviation confidence lower limit of the lincar log Ao vs. log N model
(Eq. 5.21a), shown in Figure 6.10, reveals again that the prediction of the test results
obtained on the basis of a lincar regression analysis are conscrvative, especially tor low
cycles. Finally, from Figures 6.11 and 6.12, it can be concluded that the effect of cable
length, although significart (Figure 6.11) for the median curve, diminishes as the

probability of failure approaches zer

‘The 5™ percentile curve of an infinitely long cable will, therefere, be a conservative
estimate of the fatigue life of an actual cable (having the same make-up with the 25 mm or
45 mm diameter strands that were tested). Note, that the 5t percentile curve of an infinite
long cable is statistically equivalent to the zero percentile curve, and theretfore the following

simplified design cquations can be dertved:

(In N +25786.658) (In A + 4100.615) = 105939704 (6.19)

3
N = ox ( 105939704

—25786.658) (6.20)
InAc+4100.615

6.3 Inclusion of Previous Experimental Data

On the basis of the literature reviewed in Chapter 2 (see Section 2.3.3), it was concluded
that the fatigue data of cables should be categorized according to the type of cable. In the
tollowing discussion, only fatigue data for multi-layered and seven-wire strands will be
presented and compared with the test results obtained in the present investigation. Those

results will be »lso compared with the existing design recommendations.

6.3.1 Experimental Work of Tilly (Ref. 16, Ref. 89)

Tilly conducted axial fatigue tests on four different configurations of mulii-layered strands
and for diamcters between 35 mm to 70 mm. Based on the characteristic strengths of
928 kN to 3590 kN reported by Tilly, the ultimate tensile stress was estimated to range
hetween 1226 MPa and 1273 MPa.  The results in Tilly's report are expressed as a
perceat of the characterstic strength of the strand. In order to obtain the absolute stiess

ranzes, the average value of 1250 MPa was used as the ultimate tensile stress.

For the end wrmination of the Tilly specimens, the wires were bushed ana low-melting-

temperature alloy was cast into stecl sockets. The cable length between sockets was
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3 meters and the failure criterion was five broken wires. During the axial fatigue tests, the
mean load varied between 20% w0 38% of the ultimate tensile strength, and stress ranges of
10% to 28% of the ultimate tensile strength were applied. The results are summarized in
Table C.1 of Appendix C. It should be noted that the values given in Table C.1 were
obtained from a graphical presentation in Ret, 89 (Figure 9). The exact values were not

reported in Tilly publication.

Tilly observed that after the first wire fracture, at Ny cycles, the additional number of cycles
to five fractures ranged from 0.5 Ny to 2 Ny, In addition, runout tests ot up to 5 muilion
cycles were recorded, and there was no cvidence of endurance limit within the condition

tested.

A regression analysis pertormed by Tilly gave the following lower-bound tatigue lite

expression:
N=2.10" 5,733 0.21)

where §; is the foad range expressed as a percentage of the ultimate tensile strength and N
is the number of cycles to failure. It sho." ~* ~~«q that this lower bound equation was
derived on the basis of the fatigue res < i w..o. ° ierent cable configurations: mult-
layered strands, stranded ropes and lockeu c.il cade. Expression (6.21) could, theretore,
be used for the axial tatigue prediction of wire ropes, multi-layered strands and locked coil
cables. In the literature review of Chapter 2, it was suggested that fatigue life equations
should be categerized depending the type of cable.

The experimental work of Tilly is compared with the test results obiained at the University
of Alberta in Figure 6.13. In the same figure, the lower bound fatigue expression (6.21),
suggested by Tilly, is compared with the lower bound regression expression derived for all
experimental data obtained at the University of Alheriu (Eq. 5.21). It can be seen that the
strands tested at thz University of Alberta had a wigher fatigue performance than those
tested by Tilly, especially in the high cycle tatigue range. This observation is also reflected
in the prediction equation proposed by Tilly, which gives more conservative results when

compared to the lower-bound Fg. 15.21).

6.3.2 Experimental Work of Hobbs and Ghavami (Ref. 64)
Hobbs and Ghavami (Ref. 64) conducted axial fatigue tests on fifteen multi-layered strands
that had diameters from 16 mm to 32 mm. The twelve specimens with 16 mm diameter

had a test length of 1055 mm. The cable construction consisted of 1x19 galvanized wires
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of 3.2 mm diameter. The UTS of the strand was 234 kN, or 1531 MPa. The three 38 mm
diameter specimens, which had a test length of 6000 mm, were taken from an cxisting
mast. They consisted of five layers of wires (92 1n total), 3.5 mim in diameter, over a
S mm diameter king wire.  The UTS of the (1x92) strand was 1230 kN, which

corresponds o an ultimate tensile stress of 1375 MPa.

All specimens were terminated using zine-poured sockets, and were tested using a pair of
hydraulic actuators of 300 kN capacity cach. This setup is very similar to the one presented
in this investigation. Wire failure obscrvations we:e made "by ear, cye, and shock
contact,” and tests were discontinued when the specimen: were unable to carry the applied
mean load. Fatigue failures for all the specimens occurred at the strand/socket interface,
with the first observed breakage invariably in the outer layer. This type of failure probably
reflects the socketing material used and the geometry of the socket. As was roted in
Section 1.1.5.2, the high temperatures of hot-poured sockets has a tendency to recuce the
fatiguc strength of the wires at the socket interface. Furthermore, the geometry of the
socket could create high concentration stresses at the outside layer wires that could lead to
premature fatigee failures. Nevertheless, because of the general lack of fatigue data on
multi-layered strands, it was decided 1o use the experimental data obtained by Hobbs and
Ghavami. The premature failures at the socket locations will give design curves on the

conservative side.

Hobbs and Ghavami concluded that fatigue life is insensitive to mean load and that the
number of cycles from first wire fracture to overall failure increases with the number of
wires. The latter could be explained by the fact that the loss of cross-section from one
breakage is iess significant for large diameter strand (which has more wires) than for

smaller diameter cable.

he fatigue data obtained by Hobbs and Ghavami are .aommarized in Table C.2 of
Appendix C. It should be noted that vie fatigue lives piesented in Table C.2 are only

approximate, since they were read troin a graph given in Ref. 64.

In Figare 6.14, the experimental work ot Hobbs and Ghavami is compared with the test
data obtained in this investigation. From s comparison it can be concluded that the multi-
layered strands tested at the University of Alherta, gave consistently higher fatigue lives for
comparable stress ranges. Th . is probably a reflection of the cold-socketing end

termination that was uscd in the present investigation, which produces a fairly uniform
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distribution of wire fractures along the cable. Tt appears that, in erfect, Ghavami and

Hobbs tested the end terminadien rather than the tree length.

The lower-bound regression expression (Eq. 5.21) derived from all test data obuuned in the
present livestigation is also given in Figure 6,14, Tt can be seen that six out ot the fifteen

data reported by Ghavami and Hobbs arc on the unsafe side of the curve.

6.3.3 Experimental Work of Raoof (Ref. 72)

In order to confirm the validity of his analytical model for fatigue strength prediction of
cables from first principles, Raoot (Ret. 72) conducted axial fatigue tests on multi-layered
strands. Raoof tested 51 mm diameter strand consisting of 139 wires belically wound in
six layers. All wires, with the exception of the core wires, were 4 mm in diameter. The
independent core consisted of 19 wires with diameters ranging from 2,31 to 3.00 mm. The

ultimate tensile strength of the strand was 2160 kN or 1330 MPa.

The criterion for fatigue initi~#on, which is considered by Raoot 1o be the uselul service
lite of a cable, was the 0. ;. _:» 2 of the first wire faiture in the outer layer. Based on the
results obtained at the Un .. iy of Alberta and those reported by Tilly (se Section 2.3.1)

it is believed that the failu: criterion used by Raoof is very conservative, especially for

large diameter multi-layered strands consisting of a large number of wires. Epoxy resin
was used for the end termirations, and all the wire fractures occurred away from the ends,

that is, within the free length of the cable,

The test results obtained by Raoof are summarized in Table C.3 oi Appendix C.
Figure 6.15 shovss a comparison of test results reported by Raoot and those presented in
this investigation. As can be seen from this Figure, with the exception of two data, the
lower-bound Eq. (5.21) could be used v predict the test data presented by Raoof.

6.4 Comparison of Test Data with Existing Design Curves

A linear logarithmic regression analysis of all the test data reviewed in Scction 6.3 (see
also Appendix C) and the test data obtained in the present investigation, was carried out.
This represents a total of 53 test results. Details of the regression analysis micthod are
presented in Table B.4 of Appendix B, An estimate of the mecan fatigue fife for stress
ranges between 140 MPa and 630 MPa is:

log N =10.751-3.814 log S, (6.22)



where N is the number of Cycles to failure and S, is the stress range-to-UTS ratic expressed
in pereent. The coefticient of determination, r2, for these data is 0.638. The dependence
of tog N with log S, was again checked by conducting a significance test for the slope of
the regression Eq. 6.22. (See Section 5.7 for the details of the significance test). The
comparison of the "t" statistic parameter (sce Eq. 5.14) with the tabulated value of
Student's distribution, ty2, 4.2, for a level of significance of a =0.05 and a number of
degress of freedom of (n—=2)=(53-2j=51 gave:

t = ()4() > lu/Z'n__z = 1.9() (623)

Thus, it can be concluded that, with a risk of a = (.05, the stress range has a significant
effect on the fatigue life of the specimen. The interval delimited by two standard errors of

the estimate is:
oy N =10.751 -3.814 log S, £().884 ' (6.244)

or 10?867 g 3814 < N < 10! 1635 g -3.814 (6.24b)
The lower bound regression line (Eq. 6.24) is shown in Figure 6.16. Note that
representative ultimate tensile strength value of 1400 MPa, which is typical for stranded
cables (ASTM A586, Ref. 3), was used in preparing the data represented in Figure 6.16.
The regression analysis was performed using all the test data, including the discontinued
experiments. This, together with the more conservative failure criteria used in some cases

(i.c., Raoof, Ret. 72) will result in a conservative design curve.

The five-parameter steristical model developed by Castillo et al. {see Ref. 50). which
accounts for the effect of length, was also used to develop a prediction of the fatigue life of
all test data. The FANOW program (see Section 6.2.1) in this case gave the following
statistical model:
L
(In N + 46224 468) (in AG + 11443.354) = 16306. 167{ [—LQ In(l- P)}"368 +5.296 > 10®
AN

(6.25)
The min-cut limit selected was 2 million cycles and test snecimens that were discontinued
betore reaching this limit were taken into account in this length eftect analysis. As was
explained in Section 6.2, in order 1o account for the effect of length the the St percentile
curve for an infinitely long cable should be used as a safe estimate of the fatigue life of an

actual cable. This is statistically equivalent to the zero-percentile curve of Eq. 6.25.



Moreover, the zero-percentiie curve will simplity Fq. 625 1o an expression that could

casily be used for design purposes. Hence:

) (529362591
ox
P {in a0+ 11343.3537)

\
- 46224 468 1} 16.26)

It should be noted that Egs. (6.25) and (6.26) are very sensitive to the exact values ot their

parameters, and for this rcason at least three signiticant digits were kept for all constants.

The results obtained using the data bank coellected in the nresent investigation cun also be
compared with the most commonly used fatigue design specifications for muiti-layered
strand. Those were reviewed in Scction 2.3.4, and, for completeness of this Chapter, will

be given again as tollows:

American Petrolcum Institute (API)

R \4.09
N| — =731 G.27)
(100} (

Post-Tensioning Institute (PTT)

N=14x10" (ac)>? (6.28)

Tilly lower bound curve

N=2x10° R33 (6.29)

where R is the load range expressed as a percentage of the minimum ultimate tensile
strength, AG is the stress range in MPa, and N is the fatigue life in cycles. The fatigue life

predictions givea by Eq. 6.27 to Eq. 6.29 are also plotied in Figure 6.16.

From a comparison ol the design curves shown in Figure 6.16, it can be concluded that the
cquation proposcd by the American Petroleum Institute (Eq. 6.27) gives unsafe results for
both high and low cycle fatigue. The lower bound expressions suggesied by P
(Eq. 6.28), Tilly (Eq. 6.29), and the present regression analysis (Eq. 6.24) aie in

rcasonably good agreement, especially in the high cycle futigue range.

The effect of cable length is taken into consideration using the percentile curves of the
Castillo et al. statistical model {(Eq. 6.25). It is belicved that the 5™ percentile curve

corresponding to an infinite long cable should be used to safely take into account the ctfect
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of the fength of the cable. Equation 6.25 was therefore simplified into the torm given by
Eq. 6.26. From the comparison shown in I gure 6.16, it can be scen that Castillo design
curve gave less conservative results in the high cycle fatigue as compared to the PTI design
reccommendation. An explanation of this lics in the fact that runout tests are considered as
failed specimens in all models except the Castillo model. In the Castillo et al. model runout
tests are treated as statistically incomplete data and the E-M-algorithm method (Ref. 50) is

used to assign an expected failure number of cycles to all discontinued tests.

6.5 Simplified Design Equation

The effect of length has been safely wken into consideration in Eq. 6.26, since if represents
the St percentile curve of an infinite long cable. The expectation life of runout tests has
also been adopted in this o pression. It is, theretore, believed that Eg. 6.26 reflects the
important aspects related o e fatigue performance ot multi-layered strands, and it can be

safely used by designers te e .tmate the axial fatigue life of those components.

EEquation 6.26 is sensitive to the exact values of its constants, and the following

simplification is proposed for design purposes:
N = 101102 Ag™0% (6.30a)
Endurance limit Ao =105 MPa, (6.30b)

A comparison between this approximation (Eq. 6.30) and the 5t percentile curve of an
infinitely long cable (Eq. 6.26) is presented in Figure 6.17. Good agreement is observed

in both low and high cycle fatigue ranges.



Table 6.1 Parameters of Castillo Model

Parameters SP SL and SS SP, SLoand SS
Series Series Series
A ! 1.1145 0.8629 ().8852
B 7.6927 -8.3068 -257860.0583
C 5.3798 2.8307 ~HOO6 147
D 0.3419 1.6010 73343543
E 2.3651 60.0095 1.059397 108
Endurance Limit (MPa) f 217 17 0
Threshold Curve (Cycles) 2192 0 0
KLo/m=1, P=05 J 2.6112 61.0565 1.OSO4IxTOR
Kyo/m=0.1. P=05 l 2.4563 60.0821 1.05940x10%
Kio/m=0.01. P=0.5 2.3767 60.0145 1.05940x 108
Kiom=1. r=0.05 2.3889 60.0607 1.05940x 108
Kion=0.1. p=0.05 2.3681 60.0131 1.059397x 108
KLon=001. p=005 2.3655 60.0097 1059397 x [ O¥
Kiomw=0.por Ke o p=o 2.3651 60.0095 1059397 10¥
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Chapter 7

Summary, Conclusions, and Recommendations

7.1 Summary

The fatigue performance of multi-layered structural ~trands subjected to axial cyclic loading
has been investigated. The methodology used was to carry out a literature survey, conduct
physical tests, compare test data with selected results and design models from the literature,

and, finally, to develop design rules for the fatigue evaluation of multi-layered strands.

The literature review indicated that the fatigue data on cables cxhibit a large degree of
scatter. This is mainly due to the different discard criteria used by rescarchers and to
inappropriate test parameters, such as insutficient length of the test samples and socket
details that may have caused premature failure at the socket location. Moreover, very tew
investigators have tested cables to destruction, and many of the reported data have been
discontinued at two million cycles. This is unrealistically low for steel cables in bridge
applications. The size etfect problem, which relates to the extrapolation of test results to
determine the fatigus strength of cables having lengtns of several hundred meters, was also
reviewed using the Castillo et al. statistical model. This is a five-parameter, Weibull model
that uses the weakest link principle and assumes statistical independence between the sub-
clements that form the actual cable. Finally, the available design procedures were also
cxamined. Oniy the Post-Tensioning Institute (PTI) and the American Petroleum Institute
(API) give guidelines for the fatigue life evaluation of steel cables. The rules they provide
were developed using only experimental data, and they do not account tor the effect of
cable length. The API design rules appear to give unsafe results for both high and low
cycle fatigue.

An cxperimental program was cstablished in order to develop a failure criterion, to obtain
fatigue life data for large diameter strands in the low stre:ss range region, and to investigate
the cffect of stress range, strand make-up (i.e., layers, wire diameter, lay length, cable
diamcter, ctc.) and length-to-diameter ratio of the specimens. The test setup was designed
to permic large diameter cables to be tested in constant axial cyclic loading. The main
program consisted of three series. The eight specimens of the SP series were 45 mm
diameter galvanized strand with a length of around 3300 mm. All specimens of SP series
were tested close to destruction and this enabled the results to be to establish a failure

criterton.  Series SL and SS consisted of five and three specimens, respectively, each of
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19 individual wires, 25 mm diameter galvanized strand. Specimens in the SLoseries had a
length of 3375 mm and thosc ot §S serics had a length of 2150 mam. S8 and SL serics
were used to investigate the eftect of strand make-up and specimen length. For all series
the mean stress was kept constant at 350 MPa and the stress range ook various values of
between 207 MPa and 404 MPa.

The wire breaks that occurred during testing, were detected using two non-destructive
methods: accelerometers and acoustic emission system. The deterioration  { the stiituess,
which was also used to establish the end of the teat, was determined by performing static

tests at specitic time intervals.

After completion of testing, some snecimens were disassembled in osder to investigate the
wire break distribution along the cable and to confirm the validity of the non-destructive
predictions. Microscopic examination of fractured surfaces of individual wires was

conducted in order to study the fatigue failure mechanism.

The test results obtained in the investigation presented herein were compared with the work
of other researchers and selected fatigue data were pooled into one database (a total of 53
test data), which was then compared with the most commonly used design curves. 1t was
found that the specimens tested in the present research program gave consistently higher
fatigue lives (especially in the high cycle regime) as compared with the test results reported
by Tilly, Hobbs and Ghavami, and Raoof et al.

A comparison of the existing design curves (American Petroleum Institute, Eq. 6.27; Post-
Tensioning Institute, Eq. 6.28; and Tilly lower bound, Eq. 6.29) with the sclected database
and the lower bound Eq. 6.24, confirmed that the equ‘alion proposcd by the American
Petroleum Institute gives unsafe results for both high and low cycle fatiguc. The lower
bound expressions suggested by the Post-Tensioning Institute, Tilly, and the regression
analysis of the selected data bank (Eg. 6.24) are in reasonably good agreement with one
another.

The extrapolation of fatigue strength of multi-layered strands from test lengths to practical
lengths was investigated analytically using the Castillo et al. statistical model. This model
is based on the weakest link principle and assumes statistical independence between test
sam; L s. All data from the selected data bank (53 in total) were used for the calibration of
Castillo five parameter model. The runout limit was sclected as to be 2 million cycles.
Finally, the Castillo model was simplified and design recommendations were proposed for

187



the evaluation of the axial fatigue life of multi-layered strands. These recommendations

include the ctfect of cable length and consider runout tests.

7.2 Conclusions
Bascd on the number of specimens tested in this program and the analytical study presented

herein, the following conclusions are presented.

7.2.1 Effect of Testing Parameters

The effect of stress range on the fatigue performance of multi-layered strands was found to
be significant. The number of cycles to failure decreases when the applicd stress range
increases. This was confirmed by all experimental studics presented herein. The effect of
stress range in air was also quantitatively depicted by the statistical analysis conducted on
the fatigue data base. The following simplified expression describes the relationship

between the number of cycles to failure and the applied strecs range:
log N =15.16-4.04 log Ac (6.30a)
where N is the fatigue life in cycles, and AG the stress range in MPa.

The effect of strand make-up was also found to be significant. A lower fatigue life was
observed for smalier diameter strands. Since the majority of wires of a small strand arz
exposed (that is, in the outer layer), its fatigue life is more susceptible to flaws and kinks
that may be introduced during handling of the cable. In general, small diameter cables
congist of fewer and larger diameter individual wires as compared with larger diameter
cables. Based on the rule of 5% wire breaks (see Section 7.2.5), an occasional broken
wire of a multi-layered strand that has fewer than 20 individual wires should be considered

as failure, and the strand should be replaced.

Similar fatigue lives were obtained for the two different length-to-exterior lay ratios tested
in this program (12.8 and 8.2). Within these data, the fatigue results did not show a
dependence upon the length tested, and the termination region also had no influence on the
fatigue life of the specimens. It is therefore proposed that a minimum length-to-lay ratio of
8 should be used for physical testing of multi-layered strands.

Although the testing frequency did influence the average temperature of the specimen, it is
believed that, tor frequencies between 1.5 Hz to 3.5 Hz, this does not have any significant
cttect on the experimental results.
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Cold-socketing material should be used tor the termination details, since it is considered to
have better fatigue performance than a hot-poured socket. The dimensions and detail of the
socket to be used should be similar to the ones used in real structures. From the uniform
distribution of wire breaks along the dismantled specimens, it can be concluded that the

socket detail used in the present experimental investigation pertormed satistactorily.

7.2.2 Detection of Wire Breaks

Acoustic emission techniques and use of accelerometers to detect wire breaks during the
fatigue tests gave comparable results. For specimens that were tested close to destruction
(SP series), the non-destructive procedures were not able to detec ' final number of wire
breaks. This is because, close to failure, several breaks occur at @ - same time and the fong
duration acoustic emission and accelerometer events overlapped  However, for the
experiments (SL and SS series) where the tests were not taken to destruction, the total

number of wire breaks was successtully predicted using the accelerometer method.

The ability of the accelerometers and acoustic emission to detect pre-existing interna! wire
fractures is an important question. In this program, promising results were obtained when
a pulse echo test was carried out on one of the specimen using acoustic emission. By
calculating the time interval between two captured cvents and knowing the acoustic wave
propagation speed, the existence and location of a break could ne estimated. The
disadvantages of this method are that all internal wires must be checked individually and
that access from at least one end of the cable is required.

7.4.3 Cumulative Fatigue Damage

From a simulated two-block amplitude tension fatigue test, it was concluded that a lincar
damage cumulative hypothesis will underestimate the total axial fatigue lite. This is
because the fretting zone shifts from onc area to another as a different block load is applied.
Photomicrographs of the fretting arcas confirmed the hypothesis.  Obviously, more
variable amplitude tests will be required in order to establish a cumulative damage
expression. Until then, the lower bound of the damage summation suggested by Potts
(Ref. 53) should be used:

i 1,25 (5.23)
Ng
7.2.4 Distribution of Wir-e Breaks and Failure Mechanism
Upon disassembling of the specimens, it was found that wire breaks were gencrally evenly
distributed along the cables. Wire breaks within the free length were the consequence of
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focalized fretting fatigue at the interfayer contact patches. This was observed in
photomicrographs of fretting surfaces, which revealed that pre-existing microcracks at the
zinc-iron intertace of the contact patches propagate with loading cycles. Interlayer wire
friction was found to be the cause of the multipic breaks that ook e in individual

internal wires.

Microscopic examination of the wire fractured surfaces revealed ihe three dis. et regions of
the fretting fatigue failure; fretting fatigue initiation site, fatigur prop.. iion region, and

final fracture region. A substantial amount of fretting debris was ols rvea in the first

region.  Although the phe ographs showed a ductile final fracture, from an
engineering (macroscopy the fracture can be considered as brittle since it is

associated with relatvely e estie deformation.

7.2.5 Discard Criterion

The test program indicated that the cross-sectional area and the stiffness of the cable
deteriorate significantly with the number of cycles. Those features were used to establish
the failure criterion. Based on the limited number of specimens tested close to destruction,
it was concluded that the service limit of a multi-layered strand is reached when about 5%
of the total number of wires are broken. This discard criterion was associated with a test
length of at least six times the exterior lay length (see Section 7.2.1). More tests will be

required to further refine this length.

The percentage of stitfness loss is not directly equivalent to the percentage ot wire breaks.
At 5% wire breaks the reduction of thi. overall modulus of elasticity was found to be 2.3%.
This is due to the multiple break type of failure and the existence of interwire friction,
which allows a broken wire to redevelop its full carrying capacity within a relatively short
length.

7.2.6 Length Effect

The extrapolation of fatigue strength of multi-layered strands from test lengths to the actual
lengths was investigated analytically using the Castillo et al. sratisticzl model. This analysis
showed that the fatigue life of a cable decreases with cable length. However, the effect of
length diminishes as the probability of failure approaches zero. This 1+ cause, as the
probability of failure decreascs, the percentile curves of the Castilto ot al. model approaches

an asymptotic curve which is independent of the length, -

For design purposes, the effect of length can be taken into account by using the 5tb

pereentile curve of an infinitely long cable.
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7.3 Recommendations
The recommendations made in this section are divided into two parts: design
rccommendations, which provide some design guidelines and replacement criteria for

multi-laycred strands, and recommendations for future rescarch.

7.3.1 Design Recommendations
Basced on the experimental and analytical work presented herein, the following design

recommendations are made:

1. The fatigue lite in air of galvanized multi-layered wire strands subjected w axial eyelic

loading can be predicted using the tollowing expressions:
log N=1516-4.04 log Ac (6.3040)
endurance limit Ao =105 MPa (6.30h)

where N is the number of cycles to failure and Ao the applicd stress range in MPa. It
should be noted that length effect and runout tests were taken into consideration in the
development of Eq. 6.30.

2. Incase of variable amplitude stress range, the total damage from all stress range levels
that are applied to the strand can be taken into consideration using the following
cumulative fatigue damage expression:

n' b3
—- =125 (5.23%)
Ng

where n; = number of cycles that take place at stress range level i

Ng = number of cycles that would cause failure at stress range level
(N¢i can be obtained from expression.6.3()).

3. Existing multi-layered strands should be replaced when non-destructive inspection of
the cable reveals that 5% of the total number of wires are broken within a minimum
length of six times the exterior lay length. Alternatively, when a previous record of the

modutus of cfasticity for a particular cable make-up cxists, the strand in service should

be replaced it a static test reveals any deterioration (say, 2%) of the modulus of

elasticity. The gauge length tor estimating the modulus of clasticity should be at least 3
to 5 times the exterior lay length.
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7.3

3.2 Recommendations for Future Research

In the work presented herein an attempt was made to provide design recommendations for

the axis! fatigue strength evaluation of multi-layered wire strands. However, during this

rocess it was realized that many questions related to hie fatigue performance of cables
p g

remain unansweied and more rescarch need to be conducted in several areas.

[ g9

Most of the available fatigue data on cables have been obtained from tests conducted in
air (with cffects of corrosion not being included).  Since bridge strands are often
focated in a hostile environment, further experimental rescarch should be conducted on
axial Tatigue of cables in a corrosive environment. It is difficuit to investigate the
influence of corrosion using accelerated test programs. This is because corrosion is a
time-dependent process and i hestinvestigated in real time. Reliable test results can be
obtained when samples become available from structures that are dismantled after ime
in service. Tilly (Ref. 89) concluded that the performance of severely corroded strand
can be about two standard deviations below the lower bound obtained for specimens
tested in air. This needs to be confirmed with additional testing and incorporated into

design recommendations.

Only multi-layered strands were used for the derivation of the lower bound equations
proposed hercin. Similar research should be conducted for wire ropes and parallel wire
strands. From the literature survey, it was concluded that multi-layered strands have
significantly higher fatigue performance than do wire ropes. Parallel wire ropes, on the
other hand, have a completeiy different failure mechanism from that of stranded cable.
Failure criteria and design curves will have to be developed tor the different types of

cables.

From the two-step variable amplitude test conducted in the present investigation, it was
concluded that the linear damage cumulative hypothesis will underestimate the total
axial fatigue life of cables subjected to variable amplitude loading. Additional tests will

he required in order w establish a reliable cumulative damage expression.

T.c majority of statistical models that are used for the extrapolation of fatigue data from
test lengths to cables of real length uses the independence or the weakened asymptotic
independence assumptions. It has been demonstrated (Castillo et al., Ref. 50) that for
short lengths independence does not hold. However, for large testing lengths, physical

and theoretical reasons justity this assumption. Thus, it is extremely important to
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determine a threshold value of Tength above which the assumption of asvmptotic

behavior can be used.

The end termination of samples is always one of the critical pomnts i a fatigue (st
Specimens where the wire fractures are predominantly in the tesmination region must be
disregarded in cases where the free length s to be investigated. Tt should be noted that
for short test specimens the termination region takes up a relatively large proportion of
the free length. How short can a specimen be betore the end termination afteets the
fatigue results? From the limited number of tests conducted i this investigation it was
found that the minimum length-to-diameter catio should be 850 More tests wall be

required in order to further substantiate and refine this value.

Although cables in bridge applications are primarily subjected o tension, load
fluctuations caused by combinations of deck traffic loading, relative movements
between main cables and the deck, and lateral wind loads cause cyche tension and
cyclic secondary bending of the cable. Observations on bridges in service indicated that
sccondary bending is significant close to the anchorage points. The socketing material
(cold-casting versus hot-casting sockets), the socket geometry (o minimize stiess
concentration), and vibration damping devices are some of the parameters that may
need to be investigated. After the sccondary hending fatigue is established, the problem

of combination of axial fatigue with cyclic fatigue will have to be studied.

A knowledge of the fatigue design stress range and the actual loading experienced by
bridge cables is important in order to assess the actual performance of a cable. Birdsall
(Ref. 18) was able to obtain the design stress range of cables in some bridges. More
field data on loading of cables nceds to be obtained in order to derive representative

load spectrum that could be used in a tuture variable amplitude test program.

Both acoustic emission and accelerometer non-destructive procedures are able w predict
wire breaks at the instance of occurrence. The ability of these methods to deteet pre-
exicting internal wire fracture is questionable. However promising results were
obtaincd - shen a pulse echo test was performed on one of the specimen using the
weoustic emission technique. The pulse echo test result presented in this rescarch was
bascd on a three meter long cable. The attenuation of the acoustic cmission cvent along
the cable and between layers is critical when the length and size of the cable mcreases.
The potential of the pulse echo test should be further investigated using real cabie
lengths (e.g., in excess of 100 meters).
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To conclude, the rescarch presented herein showed that the axial fatigue performance of
cables is affected by many parameters. The investigation of each individual parameter
¢nuld be considered as a rescarch topic. It is belicved that future research will be required
to investigate the importance of parameters such as cable make-up. lubrication, corrosion
protection 2nd testing environment, axial fatigue of individual wires, length-to-diameter
ratio of test specimens, termination conditions, mean stress, cable vibration, and test

frequency.
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Appendix A

Test Data from Static Tests and Wire Breakage Detection



Table A.1 Test data for specimen SP1

Number of Cycles

Overadi Modulus of
Llasticity

(M)
1 150 370 165 750
1 350 280 165 300
2130750 166 710
3175 760 166 280
3622 150 166 0Y0
4 035 040) 166 400
4350 430 166 670
4 882 980 166 430
5417 650 166 070
5925 680 164 410
6 440 140 164 200
6978 610 163 720
7 474 460 160 000
8 147 530 152 730
8 200 360 149 990

Table A.2 Test data for specimen SP2

Number of Cycles Overall Modulus of | Free Length Modulus of Total Number
Elasticity Elasticity of Breaks
(MPa) (MPa) (Accelerometers)
10 162 990 176 620 0
1000 159 430 176 610 0
121 470 161 560 176 430 0
4¢7 880 161 250 176 650 1
45 560 157 700 172 620 6
1 230 880 158 040 172 500 7
1 739 870 156 920 171 890 9
2 189 150 153 060 165 260 10
2420 730 143 680 154 220 15
2579 310 140 560 153 490 20
2 717 640 133 020 143 110 35
Table A.3 Test data for specimen SP3
Number of Cycles Overall Modulus of | Free Length Modulus of ‘Total Number
Elasticity Elasticity of Breaks
(MPa) (MPa) (Accelerometers)
10 165 860 177 070 0
160 000 166 830 178 580 0
299 670 156 140 158 630 6
418 260 0 0 —-
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Table A4 Test data for specimen SP4

Ni her of Cycles Overall Modulus of Free Length Modulas of Total Number
Flasticity Elasticity of Breaks
iMPa (MPa) (Accelerometers)
0 0 630 176 740 0 ]
154 520 167 380 175 940 3
200 000 162 %30 170 850 6
250 000 156 190 162 950 9
277 100 152 994 156 510 13
308 (48 141 190 144 980 18
Table A.S Test data for specimen SPS
Number of Cycles | Overall Modulus of I'ree Length Wire Breaks Wire Breaks
Elasticity Modulus (Accelerometers) {Acoustic
(MPa) (MPa) Emission)
1 166 550 170 210 0 0
130 000 168 450 177 290 0 0
6:42 550) 168 380 176 060 1 1
877 860 165 740 176 270 1 1
1 120 000 168 260 176 580 I 1
1 368 000 166 550 177 030 1 1
1 653 000 167 960 176 620 1 |
2099 020 167 310 17€ 530 1 1
2762 340 167 430 176 410 1 1
3 LIS 540 167 250 177 420 1 1
3 468 000 167 530 177 350 1 1
31930610 167 920 177 090 1 1
4 529 250 167 940 177 350 1 1
4939 700 168 860 177 710 1 1
5 490 700 170 260 178 270 1 1
6 109 710 168 960 178 610 1 1
6 543 390 168 080 178 400 1 2
7 019 960 169 250 178 110 4 5
7718 110 166 940 177 750 9 8
8216 190 168 110 177 970 14 10
8 S87 900 i67 950 178 080 16 13
8 924 900 167 380 177 700 21 21
Y 217 800 164 190 174 910 27 29
9319020 162 630 175 030 32 33
9 372 000 — — — 63
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Table A6 Test data for specimen SPo

Number of Cycles

Overall Modulus of

Free Length

Wire Breaks

Wire Breaks

Elasticity Modulus (Accelerometers) CACouste

MPa) (MPw Frimsston)
1 153 790 174 800 0 0
201 540 167 270 176 470 1 !
S38 870 165 970 173 430 3 3
635 860 165 330 173 970 3 3
985 590 165 760 173 840 6 Y
1 155 690 165 120 173 140 6 b
1 362 590 165 300 172 370 8 10
1417 410 164 930 173 740 8 10
1 703 520 161 640 176310 11 I
1957 640 159 180 170 620 40

Table A7 Test dita tor specimen SP7

1

Number of Cycles -

“werall Modulus of

free Length

Wire Breaks

Wire Breaks

| Llasticity Modulus (Accelerometers) CAcoustic

(MPa) (MPa) Fmission)
i 113 030 167 850 0 0
122 230 168 560 174 650 0 0
488 510 168 720 175 000 0 !
1001 320 168 200 176 720 1 3
1513930 167 050 174 770 2 5
1 889 400 165 700 174 110 2 22
2124 100 160 910 166 120 14 3

Table A.8 Test data for specimen SP8

Number of Cycles | Overall Modulus of Free Length Wire Breaks Wire Breaks
' Elasticity Modulus (Acceleiomete.s) (Acoustic
(MPa) (MPa) Faission)
1 156 330 171 280 0 0
71 790 165 030 173 560 0 0
138 180 162 360 170 820 3 3
204 600 156 810 164 410 6 1%
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Tablec A.9 Test data for series SL

Specimen Number of Cycles | Overall Modulus of Free Length Total Number
Elasticity Modulus of Breaks
(MPa) (MPa) (Accelerometers)

SLL1 10 167 800 176 910 0
282 870 165 280 171 170 3

504 000 165 270 170 890 4

553 470 140 640 142 430 7

566 300 — - 9

S22 10 166 650 176 250 0
250 140 167 510 176 890 0

462 560 165 380 171 300 2

635 860 162 910 168 510 4

SL3 10 172 590 175 370 0
9 824 000 172 010 176 890 0

SL4 1413 150 169 730 177 310 0
2 482 190 — —_ 7

SLs 10 172 210 173 840 0
226 680 169 680 177 310 2

245 740 164 610 178 030 3

Table A.10 Test data for series SS
Specimen Number of Cycles | Overall Modulus of Free Length Total Number
Elasticity Modulus of Breaks
(MPa) (MPa) (Accelerometers)

SSt 10 162 155 174 590 0
240 000 144 280 156 450 3

S82 10 159 510 176 760 0
4 183 410 159 540 178 460 0

S$S83 10 164 550 172 480 0
941 750 141 130 150 020 3
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Appendix B

Statistical Analysis of Test Data



Statistical Analysis of Test Data

B.1 Regression Analysis
Statistical analysis of the test data was performed in order to find the relation between the
fatigue lite of multi-layered strand (dependent variable) and the stress range (independent

variable). The regression analysis was conducted using the method of least squarcs.

This appendix serves as a supplement to Chapters 5 and 6. It presents the data uscd to
obtain the regression models presented in Chapters 5 and 6. Tables B.1 to B.3 present the
(st data obtained in the experimental program conducted at the University of Alberta and
outlined in Chapters 3 and 4. Table B.4 gives the statistical analysis of all test data
reviewed from the literature survey presented in Chapter 6 and in Appendix C. The test
data obtained in the present investigation were also included in the analysis presented in
Table B.4.

The simple and linear model used tor the regression analysis was

y:h()+h! X (B-l)

where x is the independent variable and y is the dependent variable. The constants bg and
b, are the y-intercept and the slope of the line, respectively. Using the method of least
squares, the slope by of the best fit is obtained from (Ref. 86)

n

03 () - 2a Y,
hl= I:ln lznl x: (B-2)
Fei{$n]

i=1 i=1

¥_/

where n is the number of data points, x; is the i-th value of the independent variable, and y;
is the i-th measured value of the dependent variable. The values for the sums uscd in
Eq. (B-2) arc tabulated in the Tables presented in this Appendix. The value of bo can be

obtained tfrom:
by =y-b X (B-3)

where ¥ is the mean value of y and X is the mean of x.



The goodness of fit of the regression model is measured using the coefficieat of

determination, 12, given by (Ref. 86)

[
w
P

- =b > (B--ta)
Syy
where,
n n
n Z‘i 2)’1
S¢y = (XiYi)_ = 2= (B-L)
i=1 n
a 2
n L)_,)'i
Syy = 2(vi2) -~ —— (B-4.0)
i=1 n

If all the points are located on the regression ling, then r2 would equal unity. An r? value of
g q y

zero indicates that y is not linearly predicted in any uscful way by x. ldeally, a value of r?
close to unity is required, but there is no dividing line that separates "acceptable” 2 values

from "unacceptable” values.
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Table B.1 Regression analysis for SP serics

Stress Range N log Sr log N Xiv2 Yin2 XiYi
Sr (% UTS) (X1) (YD
21.50 7200000 1.332 6.857 1.775 47.023 9.137
26.33 661054 1.420 5.820 2.018 33.875 8.267
26.33 284374 1.420 5.454 2018 29.745 7.747
26.33 180475 1.420 5.256 2.018 27.630 7.466
21.50 (6942000 1.332 6.841 1.775 46.806 9.116
23.92 810410 1.379 5.909 1.901 34913 8.147
23.92 1345617 1.379 6.129 1.901 37.564 8.430
28.67 178624 1.457 5.252 2.124 27.583 7.654
Sum= 11.141 47.519 15.530 285.138 65.985
Avcrage o 1.393 5.940
bl =-13.576 Sxy =-0.192 R~2=0.905
b0 = 24.847 Sxx =0.014 Sigma=0.214
n=_§ Syy = 2.882 t=7.558




Table B.2 Regression analysis for SL and S8 series

Stress Range N log Sr log N Xiv2 Yl NiYi
St (% UTS) (X (Y1)
2211 226578 1.345 5.355 1.808 28.078 7.201
2211 30612s 1.345 5.486 1.808 30.008 7.376
14.75 10000000 1.16Y 7.000 1.366 49.000 3.182
22.11 2424370 1.345 6.385 1.808 40.763 8,383
25.82 179974 1.412 5.255 1.994 27617 7.420
25.82 180402 1.412 5.256 1.994 27.628 7422
18.40 4200000 1.265 6.623 1.600 43.867 3.377
2211 276290 1.345 5441 1.8308 29.608 7310
Sum = 10.636 46.802 14.183 277.258 61.873
Average = 1.329 5.850
bl = -7.7245046 Svy =-0.344 RA2 = (.768
b0 = 16.119833 Sxx = 0.045 Sigma = 0.365

n=38 Syy = 3457 t=4.462




Table B.3 Regression analysis for SP, SL and SS serics

Stress Runge N log Sr log N Xir2 Yir2 XiYi
Sr (% UTS) (X (Y1)
21.50 7200000 1.332 6.857 1.775 47.023 9.137
26.33 /61054 1.420 5.820 2018 33.875 8.267
20.33 284374 1.420 5454 2018 29,745 7.747
26.33 180475 1.420 5.256 2.018 27.630 7.466
21.50 69420400 1.332 6.841 1.775 46.806 9.116
23.92 810410 1.379 5.909 1.901 34913 8.147
2392 1345617 1.379 6.129 1.901 27.564 3.430
2%.67 178624 1.457 5.252 2,124 27.583 7.65+4
2241 226578 1.345 5.355 1.808 28.678 7.201
2211 306125 1.345 5.486 1.808 30.095 7.376
14.75 10000000 1.16Y 7.000 1.366 49.000 8.182
22,11 2424370 1.345 6.385 1.808 40.763 8.585
2582 179974 1.412 5.255 1.994 27.617 7.420
25.82 180402 1.412 5.256 1.994 27.628 7.422
18.40 4200000 1.265 6.623 1.600 43.867 8.377
2211 276290 1.345 5.441 1.808 29.608 7.316
Sumsg 21777 94.321 29.715 562.396 127.863
Average 5 1.361 5.895

bl = -6.87Y Sxy =-0.513 RA2=: 0.554

b0 = 15.258 Sxx =0.075 Sigma = 0.450

n=16 Syy=6.371 t=4.172




Table B.4 Regression analtysis of all test data

Stress Range N log Sr log N Xit2 Yin2 NXiYi
St (% UTS) (X1) (YD)
26.70 50000 1.418 4.699 2.012 22,080 6,003
27.00 104800 1.431 5.020 2049 5,204 7.180
26.20 263700 [.=18 5421 2012 29,388 7.089
25.90 422400 1.413 5.626 1.997 RIS 7951
24.20 76400 1.384 4.883 1.915 23845 6.757
24.20 105000 1.384 5.021 1.915 25212 6 048
25.20 119100 1.401 5.076 1.964 25,768 7.113
24.29 172500 1.384 5.237 1.015 27424 7.247
20.60 301700 1.314 5480 1.726 30.026 7.100
20.00 379300 1.301 5.579 1.693 31125 7.258
21.80 400300 1.338 5.602 1.791 31.387 7.499
22.00 607600 1.342 5.784 1.802 33.450 7.764
16.10 451800 1.207 5.655 1.456 31978 6.825
10.00 4641600 1.000 6.667 1.000 44 444 6.667
15.90 1183300 1.201 6.073 1443 36.882 7.296
9.20 5000000 0.964 6.699 0.929 44.876 6456
21.50 7200000 1.332 6.857 1.775 47.023 9.137
26.33 661100 1.420 5.820 2018 33.876 8.207
26.33 284400 1.420 5454 2.018 29.745 7.747
26.33 180500 1.420 5.256 2.018 27.631 7.467
21.50 6942000 1.332 6.841 1.775 46.806 v.116
23.92 810400 1.379 5.909 1.901 34913 B.147
23.92 1345600 1.379 6.129 1.901 37.564 8450
28.67 178600 1.457 5.252 2,124 27.582 7.654
22.11 226600 1.345 5.355 1.808 28.679 7.201
2211 306100 1.345 5.486 1.808 30.095 7.376
14.77 10000000 1.169 7.000 1.367 49.000 8.186
22,11 2424400 1.345 6.385 1.808 40.763 4.5985
25.82 180000 1412 5.255 1.994 27.61R 7.420)
25.82 180500 1.412 5256 1.994 27.631 7.422
18.40 4183000 1.265 6.621 1.600 43.844 8.375
2211 276290 1.345 5.441 1.808 29.608 7.316
41.10 17460 1.614 4.242 2.604 17.995 6.840
41.10 20400 1.614 4310 2.604 18.573 6.955
30.70 37500 1.487 4.574 2212 20.922 6.802
30.70 42660 1.487 4.630 2.212 21.437 6.885
23.40 115000 1.369 5.061 1.875 25.011 0.929
2340 221300 1.369 5.345 1.875 28.569 7.318
20.50 170000 1.312 5.230 1.721 27.358 6.%61
20.50 347000 1.312 5.540 1.721 30.695 7.268

tw
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15.00 724000 1176 5860 1.3%3 31.337 6.892
1030 3030000 1.013 6483 1.026 12078 6.566
1070 GI00000 1.029 6839 1.060 36.770 7.040
T0.60 BOTOH00 1.025 6.904 1.051 37650 7.078
79.00 386200 1.462 5.580 2139 31.137 8160 |
2500 531000 1447 5.725 2.004 32777 8285 |
1010 RRI0000 1.004 6.045 1.009 48.233 6.973
20.00 660000 1.301 5820 1693 33.867 7571
72.00 667000 1.342 5.824 1.802 33.920 7818
3350 1050000 1.389 6.021 1.930 36.255 8364
[5.00 TT10000 1.176 6.043 1383 36.546 7110
18.00 2450000 1.255 6339 1.576 10821 8.020
10).50 1 1800000 1.021 7.072 1.043 50.012 7.222 i
Sum = 698861125 303.279298 933460817 1762.63355 39335307
Average = 1.3186059  5.7222509
bl = -3.8135707 Sxy = 4.5528 R2= 0.63848139
ho= 10.7508477 Sxx = 1.19384177 Sigma= 0.43904729

n

53 Syy =

27.1933133

t= 9.49060462




Appendix C

Experimental Data from Literature



Table C.1 Fatigue test data from Tilly (Ref. 89)

Stress Range Ratio

Stress Range

Number of Cycles

(% UTS) (MPa)
26.2 327.50 50 000
27.0 337.50 104 800
26.2 327.50 263 700
259 323.75 422 400
24.2 302.50 76 400
242 302.50 105 000
25.2 315.00 119 100
242 302.50 172 500
20.6 257.50 301700
20.0 250.00 379 300
21.8 272.50 400 300
22.0 275.00 607 600
16.1 201.25 431 800
10.0 125.00 4 641 600
15.9 198.75 1 183 300
9.2 115.00 5000 000




3.9
24.2
242
25.2
242
20.6
20.0
21.8
22.0
16.1
10.0
15.9
9.2

LI T
302.50
302.50
315.00
302.50
257.50
250.00
272.50
275.00
201.25
125.00
198.75
115.00

Y
76 400
105 000
119 100
172 500
301700
379 300
400 300
607 600
431 800

4 641 600

1 183 300

5000 000




3.9
24.2
242
25.2
242
20.6
20.0
21.8
22.0
16.1
10.0
15.9
9.2

LI T
302.50
302.50
315.00
302.50
257.50
250.00
272.50
275.00
201.25
125.00
198.75
115.00

Y
76 400
105 000
119 100
172 500
301700
379 300
400 300
607 600
431 800

4 641 600

1 183 300

5000 000




