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Modeling Sudden Ice Shedding from
Conductor Bundles

Laszl6 E. Kollar, and Masoud Farzan€&k]low, IEEE

by load-dropping tests and observed the resultaidecjump.

Abstract—Sudden ice shedding from conductor bundles was Ice shedding from a two-span section was modeled

modeled numerically and experimentally by improving the

approaches proposed formerly for a single cable. Th
experimental study was carried out on a small-scal@&aboratory

model of one span of a twin bundle. A numerical maal of the
experimental set-up was developed using the comméat finite

element software ADINA. This model was validated bgimulating

(i) the vertical cable vibration during load sheddng tests on a
full-scale line of single conductors [1]; (ii) thebundle rotation on a
full-scale twin bundle during static torsional tess [2]; and (iii) the

vertical cable vibration and bundle rotation at mid-span during

the present load shedding tests on a small-scaleitwbundle. The
coincidence of calculated and measured tendenciessjified the

applicability of the numerical model to simulate thke vibration

following ice shedding from bundled conductors in rost cases.
The model was finally applied to simulate sudden & shedding
from a full-scale span with a twin bundle. Simulaton results
showed that the application of spacers reduces theable jump

height during this vibration; however, a higher nunber of spacers
in the same span does not decrease the angle of tlenrotation.

Index Terms—bundle rotation, cable vibration, ice shedding,
numerical modeling, small-scale experiment.

|. INTRODUCTION

HEDDING of the ice accreted on transmission linbles

is a recurrent problem in cold regions. The fallafdarge
ice chunks results in high-amplitude vibration bé tde-iced
cable giving rise to important dynamic forces agton the
transmission line. When a subconductor in a muiiieator
bundle sheds, the rotation of the bundle may also
significant, leading to bundle collapse in extreroases.
Bundle collapse occurs when the bundle rotatioreeds a
critical angle so that the bundle loses its stgbdind does not
untwist itself after load removal [2], [3]. A revieof ice-
related dynamic problems on overhead lines, inolydice
shedding and bundle rolling is provided in [4].

Research efforts to understand and simulate therdign
effects of ice shedding have been carried on forerse
decades. Reference [1] modeled ice shedding expetaity
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numerically in [5] using the commercial finite-elent analysis
software ADINA [6], and model predictions were dalied on
a small-scale laboratory model. Reference [7] suidihe
effects of ice thickness, partial shedding, andedint line
parameters on the dynamic response of ice shedding
transmission lines by a similar numerical appro&nductor
vibration following ice shedding from one subconiudn a
bundle was simulated numerically by [8]. A differemodeling
approach was applied in [9] to examine the dyndueicavior
of a spacer damper located at mid-span in twipletand quad
bundles after ice shedding.

The present study aims to simulate both numericatig
experimentally ice shedding from conductor bundks to
predict how cable jump and bundle rotation dependthe
number of spacers in one span. The finite elemeutetof [8]
is improved so as to (i) predict transverse cabdgion, and
consequently bundle rotation, (ii) simulate sheddiof
concentrated loads as it occurs in experimentalativogl of ice
shedding, and (iii) consider cable damping in dedi#nt way
providing more realistic results. The experimersiahulation
is implemented by load shedding tests on a smalkesc
laboratory model based on ideas proposed in [1][&hdand
extending them to bundled conductors. Numerical ehod
predictions are validated by comparing them to ola®ns
obtained during these experiments as well as duionger
full-scale tests. Finally, the model is applied $onulate
gudden ice shedding from a subconductor in a @alestwin
bundle.

Il. EXPERIMENTAL SET-UP

The experimental set-up was constructed for mogedime
span of a twin bundle with spacers in the horiziopiane. The
distance between the cables was 5 cm. Two idenfimaguard
7x19 construction stainless steel cables were atedeat each
end to aluminum plates hinged to the suspensioaisle€ with
two different diameters were used in different sedheir
parameters are provided in Table 1. The span length
limited to 6.4 m, because of the laboratory chansizs. In the
set-up, simple bars acted as spacers, satisfgctoodeling
the spacers’ role of maintaining a constant digabetween
the subconductors. However, the bars could notlaieauhe
damping effects of the spacers. Experiments wenéedaout
with up to five spacers. Although sub-span lengitesusually



TABLE |
PARAMETERS OFVANGUARD 7X19 CONSTRUCTIONSTAINLESS STEEL CABLES

Vanguard Vanguard

Parameter Unit 1/8" 3/16"
Cable diameter (mm) 3.2 4.8
Cross-sectional area of the
cable (sum of strand cross- ( mm?) 5.50 12.33
sections)
Mass per unit length of the (kg/m) 0.043 0.097
cable
Sag of unloaded cable (m) 0.290 0.309

unequal in practice, equal sub-span lengths weptiegapin
these tests for the sake of simplicity. A spaces Wiged at
mid-span when there was an odd number of spaceng dhe
span (one, three or five), whereas there was ncespz mid-
span with an even number of spacers (two or four).

The stress-strain curves of the cables were deternin
tensile tests carried out according to the ASTM IA&
Standard [10] by using an MTS material test machiftee
elongation of the sample was measured by an extertso
fixed to the cable. Fig. 1 illustrates the set-ttha beginning
of a tensile test. The deformation rate was kef@a0* 1/s,
which meant a displacement rate of approximatetyné/min
with 200-mm long samples. Measurements were regesith
two to three samples of the same diameter, andsssteain
curves were approximated by piecewise linear wahatiips.
These relationships are shown in Fig. 2, and tleeyesl as
input when defining cable material properties ia ttumerical
model.

The ice load was modeled by weights attached tcdbhées
via electromagnets manufactured by AEC MagnetidghtE
weights of 0.812 kg each were attached to bothesablith
approximately constant distances in between, repieg a
load of 8 times 0.812 kg in 6.4 m, i.e. 1.015 kgifthe current
in the electromagnets was switched on before thghtgewere
attached, meaning that switching off the curreteased the
weights thereby simulating ice shedding from
corresponding area of the cable. When simulatindden
shedding from the whole span, the eight weightseither
cable were released at the same time. The maireatsrof the
experimental set-up are shown in Fig. 3.

The time history of vertical displacement of cable

following load shedding was observed at mid-spaffidigg a
scale behind the cables and recording cable moviehera
Panasonic digital video camcorder (model no. PV-@§4
The distance between the cable and the scale gaificntly
less than that between the cable and the camenss, The
error in the cable position as viewed by the canvega less
than the measurement error, i.e. the discrepantyelea the
displacement peaks as obtained in two measuremedés the
same conditions. The angle of bundle rotation wio a
determined at mid-span by using the horizontal eedical
coordinates of the spacer attachment points. Inerord
achieve this goal, a scale was placed horizontigve the
cables, another scale was fixed vertically neactides, and

the
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Fig. 1. Setup for cable tensile tests
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l;ig. 3. Part of the experimental setup showingniaén elements

the vibration was recorded by the same camera.dlwes of
the spacer attachment points were given by the piuabers
in the video recording, and the scales were usechlibrate
the pixel size. The highest jump was occurring &-span
when there was no spacer there, so that a vevilmation was
observed in the configurations without spacers. (i@gle
cable), and with two and four spacers. Howeveesioundle
rotation was measured at mid-span by using the espac
attachment points, bundle
applying one, three or five spacers, one of theratted at mid-
span.

The model scale factor can be determined fromakie of
the dynamic elasticity of a real conductor to ththe model

rotation was observed nwhe



conductor [11]. According to this definition, thease factor of
the present model is quite small (around 7), wimdans that
the span length of
(approximately 45 m) is significantly shorter thainse used in
practice. Therefore, the numerical model preseiteBection
Il will also be applied to a full-scale line with longer span
length in order to observe tendencies as to hoviecimp

height and bundle rotation vary with the numbesjgdcers in
the span, or in other words, with sub-span length.

In this section, the model for a single span of died
conductors is presented. This model was developed) uhe
finite-element analysis software ADINA [6]. The ¢almodel
is based on [5] and [7]; whereas the model of ceblaping is
the one proposed in [12]. A simple model for susjpam is
developed in this section. The present authorsadyre
proposed spacer models in previous research [3],[13].
However, a simplified version of these models issidered
here, which satisfactorily simulates the behavibthe rigid
spacers used in the experiments. In the preseetiexgnts, as
in those of [1], ice shedding is modeled by loa€ddsting. The
numerical model simulating this process is preskatehe end
of this section.

A. Cable

NUMERICAL MODELING

the corresponding full-scalee lirelement

each cable attachment with a simplification of gsometry
obtained by defining a uniform area of cross sectidhis
is associated with elastic isotropic maleri
representing aluminum. Rotation around the trarsevexis is
allowed at the points where the cable is attachedhe
aluminum element, and where the latter is hingedtht®
suspension.

C. Spacer

A simple spacer model was proposed in [13], andrlat
improved in [8] by including a more complex georgetas
well as the flexibility and damping properties dietspacer
damper. A further improvement occurred in [9] whéehe
spacer damper properties were determined moresetgan
material tests. When modeling the present smalesca
experiments and the torsional tests of [2], a siioption is
applied, since rigid spacers were used in most hefse
experiments. In one case, a friction spacer wad,uskich is
an in house design, and the data needed for dewmglois
more sophisticated model were not reported in [Phis
simplified model is summarized briefly as follows.

Spacers for a twin bundle are considered as singis
clamped to a conductor at each end [8]. They argefed by
two-node truss elements in the load shedding tasts by
beam elements in the torsional tests, and are iagsdavith an
isotropic linear elastic material. In the dynanoad shedding

The cable is modeled by two-node isoparametricstrusts, the structural damping of spacers is coreidéy a

elements with large kinematics. A constant inifae-strain
corresponding to the installation conditions isspgrébed as an
initial condition for all cable elements [5], [7This initial

strain may be obtained once the horizontal tengiostatic

equilibrium of the catenary and cable geometrical enaterial
properties are known [14]. The material propertiethe cable
are accounted for by a nonlinear elastic materiatleh not
allowing compression and defining a piecewise lingtaess-
strain curve. This stress-strain relationship iseldlaon tensile
tests when modeling the experimental set-up, antherdata
provided in literature when modeling full-scale risanission

nonlinear spring element with exponent 1 and withaenping
constant calculated from

C, =2z E;,Am,

where z, is the spacer damping ratio (which was set at
0.005 when simulating the small-scale experiment) is the
Young's modulus, andA, and m, are the cross section and
mass per unit length of the spacer element, reispéct

D. Ice Load and Ice Shedding

Ice usually appears on transmission line cablesaas

lines. The mesh contains 100 cable elements in edtigtributed load. Since distributed loads cannoapplied on
subconductor. truss elements, Reference [7] proposed a modeltdlo&t the
Cable damping is modeled by Rayleigh damping folhgw ice load into account by increasing the cable dgnsi
the proposition of [12]. In this case the Rayleighmping Proportionally with the ice load weight in the staanalysis.
parameters were obtained from the natural cirduégyuencies Then, the density of the ice-shedding subcondustas
and damping ratios in two different vibration mod#s]. The decreased in the dynamic analysis; and this alr@hge in
natural circular frequencies were determined fréwa linear density, and correspondingly in the mass matrinutated the

theory of free vibration of suspended cables [1Bhe
damping ratios were calculated from the
decrement which was obtained following the obséowabf
the decay of vertical cable vibration. The dampriago of
Vanguard cables used in the laboratory experimevids
obtained as 0.02.

B. Suspension

The subconductors in the experimental set-up aneexied
to an aluminum element which is hinged to the suosioa.
This aluminum element is modeled by one truss etraé

effects of sudden ice shedding.

logarithmic This study considers ice load and shedding in tereifit

manner that better approximates the load sheddéss t
presented in Section Il and those reported inThg attached
discs apply concentrated loads on the cable, sahtsamodel
considers the load resulting from several pointifoalong the
cable. If these concentrated loads are attachedhtty points
of the cable, they provide a satisfactory approxiomaof the
distributed ice load. Thus, in the static analysisicentrated
loads are applied along the span at constant dissasimilarly
to the experiments. Then, these loads are rematetthe



beginning of the dynamic analysis simulating sudstesdding.
This model is applied to simulate uniformly distried ice
along the conductor with the same initial ice masseach
subconductor. However, it can easily be adaptedirtmlate
non-uniform ice accumulation and different ice nessen the
subconductors by varying the concentrated loads.

IV. VALIDATION OF NUMERICAL MODEL

A. Sudden Load Shedding on a Full-Scale Line afl&i
Conductors

The numerical model is first validated by compansdo
full-scale observations. Due to the lack of datasodden ice
shedding tests or field observations on full-scadaductor
bundles, the numerical model was applied to sireuiat
shedding tests on a full-scale line of single caolits as well
as static torsional tests on a full-scale span tfia bundle.
These tests had already been carried out and thétsere
available in [1] and in [2], respectively.

The numerical model is applied to simulate verticable
vibration following the sudden release of loadsaofull-scale
five-span section of single conductors. The measwaed
computed sags of the loaded span in static equiliband the
conductor jump heights are compared. The resultghef
original load shedding tests were reported in Thle five-span
section is located on an inclined surface where atitude

TABLE Il
PARAMETERS OFCOPPEREQUIVALENT STEEL-COREDALUMINUM , 795
MCM ACSR26x7 AND BERSFORTACSR CONDUCTORS

Copper- 795 MCM Bersfort
Parameter Unit  eq. steel- ACSR ACSR

cored A (26 x7)
Cable diamett (mm) 19.€ 28.2 35.€
Cross-sectional area of
the cable (sum of strand ( mm?) 227.6 460 747.1
cros«sections
Mass per unit length of
the cable (kg/m) 0.85 1.628 2.37
Sag of unloaded cable (m) 5.18 3.34 6.0
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Fig. 4. Simulation of load shedding tests on ag$alle five-span section with

single conductors; experimental results were regoi [1]; (a) static sag of
the loaded span, (b) conductor jump height aboaddd position

transmission lines. The only considerable overeston of the
model, by 22%, appears for the jump height aftersthedding

differences between the suspension points of egmn sof the 1.49 kg/m load. In all other cases, the estmation
beginning from the leftmost span are 5, 16, 28.ah8 8 m. was in the range of 3-6%. The period of vibraticasweported
The corresponding span lengths are 283, 387, 243,add at 4.12 — 4.16 s in [1], whereas it occurred ats4f@ the 1.49
309 m, respectively. Reference [1] worked with ¢hdifferent kg/m load and then reduced to 3.6 s for higherdaaztording
suspension arrangements and carried out severaldisige to numerical calculations. Since the original expents were
scenarios, of which four were repeated numerictly the carried out with single conductors, these compasstannot
present comparison: suspension with standard ssigpenvalidate how the model predicts bundle rotatiom ifull-scale

string and full shedding from the middle span witads of
1.49, 2.98, 4.47 and 5.96 kg/m (1, 2, 3 and 4)lbIfhe loads
were attached at every 6.1 m (20 ft) in the expenits One
span was divided into 100 elements in the numenruadiel,
and concentrated loads were applied at every sepoimds,
i.e. at every 4.94 m. Thus, the distance betweem piwnint
loads were not exactly the same as in the expetjrbeih the
total load was the same. The conductors were miadepper-
equivalent steel-cored aluminum whose data areigedvin
Table 2. Its stress-strain curve was consideredatinfor
positive strains with Young’'s modulus of 91.8 GRad no

line during vibration.

B. Torsional Tests on a Full-Scale Span with anTBandle

In order to evaluate the model concerning bundiatian in
full-scale transmission lines, some of the statisibnal tests
of [2], were also simulated numerically. They apgdlia torque
on twin and quad bundles until the bundle collapsEaey
varied the span length, the subconductor spadiegntimber,
location and type of spacers, and the conduct@idan Two
of these tests were repeated numerically: Test2Mand No.
58 in [2], because the complete moment-rotatiovesiwere

compression was allowed. Dead ends were assumeie atPresented for these cases. These tests were ceddonta

extreme suspensions, whereas at the other suspstis@oonly
free degree of freedom was the rotation arounchtirezontal
axis perpendicular to the plane determined by tlepension
and the connecting cables. One time history of icadrt
conductor oscillation was shown in [1], which wased to
approximate the logarithmic decrement and to estinthe
damping ratio of the cable as= 0.03.

The sags of the loaded span in the static equiliband the
conductor jumps above the loaded position aftedding are
shown in Figs. 4a and 4b, respectively. These dguwupport
the reliability of the model for dynamic analysisfull-scale

horizontal arrangement of a twin bundle with onacgy at
mid-span, and with three spacers at ¥, ¥ and 3aeokpan.
The span length was 244 m, and the subconductoimgpavas
0.457 m. The conductor type was 795 MCM ACSR (2B) x
whose data are provided in Table 2. The stressisttave of

conductors in the model was considered linear fositive

strains with a Young’s modulus value of 75.1 GPed ao

compression was allowed. The moment was appliechidt

span. Rotation around the axis perpendicular tovémtical

plane of the conductor in static equilibrium waswkd at the
suspension, and further degrees of freedom weeel fix
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T 60 T T 138 T —— COMPARISON OF NUMERICAL AND EXPERIMENTAL RESULTS OBAINED DURING
Z ig ’ = 80 e VIBRATION FOLLOWING SHEDDING FROM EITHER CABLE WHENTHE OTHER ONE
E 20 /7 E 60 s IS LOADED (CABLE WITH DIAMETER OF 3.2 MM), (A) JUMP HEIGHT OF SHEDDING
5 20 ,/' _*_‘e“:“e’rylge]m . § w0 // f_iﬁgﬂm o CABLE AT MID-SPAN ABOVE LOADED POSITION (B) RATIO OF JUMP HEIGHT OF
z 0 4 e ]l 2 20 —— numerical model |+ SHEDDING CABLE IN TWIN BUNDLE(JH) AND JUMP HEIGHT OF SHEDDING
0 \ ‘ \ \ 0 f ‘ ‘ ! SINGLE CABLE (JHsicte), (C) MAXIMUM ANGLE OF BUNDLE ROTATION
0 20 40 60 80 100 0 50 100 150 200
Angle (deg) Angle (deg) - -
Jump height of shedding cable
@ () Number of P g
spacers Small-scale Small-scale  Full-scale
Fig. 5. Simulation of static torsional tests onrnwiundles; experimental experiment (cm)  model (cm)  model (M)
results were reported and theory was proposed]jn(d2 one spacer at mid- 0 (single cable) 18.9/214 16.1 4.085
span, (b) three spacers at %4, ¥ and % span g ’ ' ' '
2 13.3/14. 11.€ 2.8¢
The moment-bundle rotation relationships are shiomFig. 4 9.0/9.7 8.2 2.09
5. When one spacer is applied (Fig. 5a), the model 1 4.8/52 4.8 1.23
overestimates the measured moments, and consegquibetl 3 5.5/55 5.0 1.76
collapse moment by about 20%. The theory preseintgd] 5 5.4/5¢ 5.C 1.7¢
underestimates the measured moments to a simitantexup @)
to 45, then the two curves approach each other, and the
collapse moment and collapse angle are overestimdtee Number of JH /I e (%)
numerical model provides a significantly closeriraation of spacers Small-scale Small-scale  Full-scale
the collapse angle than this theory. The discrepémtween experiment model model
the experimentally and numerically obtained curiagsthree 2 67-70 72 71
spacers (Fig. 5b) is different from that for onasgr (Fig. 5a), 4 45-48 51 51
which may be due to the different methods as h@antbment 1,3,¢ 24-29 30-31 30-43

was applied in the experiments or due to the diffeispacer (b)
types used in the experiments. The estimationehtimerical

Maximum angle of rotation (deg)

model is excellent, the two curves coincide, ugb. Then, Number of

the numerical model overestimates the measured mtofoe spacers i%i';;cjrlf Sn:r?g('feﬁale Flr’:(;ff:l“e
angles greater thaB0 including the collapse moment, and it 1 62/ 6¢ 72 91
underestimates the collapse angle. The theory estierates 88/ 11( 86 102
the measured moments up to abol®0, and then it 5 88 /106 77 104
overestimates the collapse moment and collapse atighay (c)

be concluded from Fig. 5 that the numerical modekliable ] ) )
when the angle of bundle rotation is a sharp anble cable while the other cable remains loaded. Eadddihg

improvement is needed in the range of obtuse ant‘]’jesscenario was repeated twice with alternation ofctidde which
loads shed from, so that two numbers appear inctth@mn

“experiments” of Table 3. The cases when a spacattached
at mid-span (odd number of spacers along the spad)when
there is no spacer at mid-span (even number ofespamust
be discussed separately. The reason for this tsthieajump

height is significantly lower in the proximity of spacer; and
the highest jump usually appears in the middlehefdub-span

consider a faster increase of angle with the agptiement.

C. Small-Scale Experiments

The numerical model was validated by comparisorfsito
scale observations in the preceding two sectioosveer, the
load shedding tests were carried out on a singks livhereas
the bundle rotation was obtained during staticsteBherefore,

the numerical model was also validated by simuiatioad
shedding tests on the small-scale experimental twindle
presented in Section Il, and comparing the caledlaand

which is closest to mid-span. This position fall&ltspan for
even number of spacers. However, the jump at measp
considerably reduced for odd number of spacergh&umnore,

measured static sags of the loaded cable, the cakrtbundle rotation was observed at mid-span by rengrdhe
components of cable vibration after the load slema one of movement of spacer attachment points; consequéntiyle
the cables, and the angles of bundle rotation. Exe&ts rotation is not measured for even number of spawdmsn
were carried out with the two Vanguard cables whogeere is no spacer attached at that position.

properties are listed in Table 1. The static saghefcables  Table 3 compares experimental and numerical results
with diameters of 3.2 mm and 4.8 mm is increase®.@ycm namely the cable jump at mid-span above the logsition
and 1.5 cm, respectively, after attaching the lodd® same and the maximum angle of bundle rotation duringvibeation
increments in the sag are 3.3 cm and 1.5 cm acupidi the following shedding from either cable when the otoee is
numerical model. In Table 3, the results of the afgit loaded. It may be observed clearly that the jumpghie
analysis implemented by the model are compared decreases by adding an even number of spacerghanthis
experimental observations. These results were mdddor the jump height when there is a spacer at mid-spaneiiy
cable of 3.2-mm diameter when loads shed suddemty bne  independent from the number of spacers along the.sphe



magnitude of jump height is underestimated by 20c% by
the model (see Table 3a). The tendencies accorinipe
number of spacers are approximated closely by timeenical
model. So, although the ratio of jump height of #iedding
cable in the twin bundle to the jump height of agk
shedding cable is overestimated by up to 20 %, the
discrepancy is below 10% in most cases (see Tab)e IB
should be noted that when the other cable is ueldathe
reduction in the severity of vertical vibration dieeadditional
spacers is less considerable, because the masdaamuing
effect of the other cable in the bundle is sigmifitty lower. It
should also be noted that these ratios depend ber ot VR )
parameters, such as the shedding load weight, wieca kept (a)
constant in the experiments. B g o gt A \
\ & -oxpoiwne )

© & aewpetinetd A \
& -oxporanet
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Snodel - ineteased densl

Table 3 also shows the maximum angle during bundle
rotation, which appears to be arou® for one spacer.
However, it may approach or even exceed 90° fazettand
five spacers. Thus, increasing the number of sgasél not
reduce bundle rotation; contrarily, further conimts between
the cables in the bundle may help the sheddingedabinove
above the other one everywhere along the spanpfdiEble
explanation of this result lies in the fact thae thelative
motion of the two cables is non-uniform along tipars The
greatest transverse and vertical displacementseoghedding
cable appear close to the middle of the sub-spaighws far
from the spacer where the angle is measured. Howeden o (b) _
the number of spacers is increased. this relatiatiom Fig. 6. Vertical vibration of shedding cable whére tother one is loaded;

p_ ! ) experiment 1 and experiment 2: experimental reswite shedding from
becomes more uniform and the several connectiomtfoicable 1 and cable 2, respectively, model — poiaido ice load considered by
(spacers) between the two cables contribute teeasing the point loads, model —increased density: ice loatsitiered by increased cable
angle of rotation at mid-span. According to Sectitvi.B and 9est [7]: (&) two spacers, (b) four spacers
IV.C, the model behavior is similar concerning blenttation \\0\\ \ . —
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in small-scale and in full-scale lines. Since theximum angle | © O\ s\ o7
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experiments, the model provided a close predictiom, it .\ « .\ j , s
underestimated the bundle rotation by 10-20% foegrand |\ ©« % \\
five spacers when the bundle rotation approachezkceeded ‘ 2 04 06 0B -
a right angle.

In Fig. 6, typical time histories of vertical disgement are
compared with the results of the numerical modetlie cases
of even numbers of spacers when one cable is ghgddid \ ‘
the other one is loaded. Also, an ice-load modehbyeasing ,‘1\

"W (@

(b)

\ @ HPOTITHET \
-0 experitnen

< Aarnence) kel

the cable density proportionally with the ice-loagight as \r/ ‘/" x
proposed by [7] was applied to these cases. It wgasl to . ‘ Y
verify whether the shedding of distributed loads dae Vi () Vi (s

simulated by the shedding of 8 point loads attached @ _ @
tricall | th Th It itoratii Fig. 7. Vertical displacement of shedding cable amgle of rotation of
symmetrically along e Span. e resufling vi IS bundle with one spacer at mid-span following sheddirom either cable

slightly more severe with the point-loads modelwdger, the when other one is loaded; (a) vertical displacemeable with diameter of
difference is not significant, e.g. the discrepabegween the 3.2 mm, (b) vertical displacement, cable with ditenef 4.8 mm, (c) rotation
jump heights is less than 5%. Considering that lami (a)lfngl;, rcr:]ar::)le with diameter of 3.2 mm, (d) rotatémmgle, cable with diameter
discrepancy also appears even between the two isqreal

results obtained under the same conditions, theoappation underestimated cable jump could also be explaingdar
of distributed loads by point loads is satisfactoodel overestimated value for cable damping. The latk@tamation
predictions underestimate the jump height obtaingsl not probable, however, because the decay oftihr is
experimentally by 10 to 20%, which is in accordand the closely predicted by the model. The period of tlmenuhant
results listed in Table 3a. The reason for thidfedénce vibration mode is 0.33 s when two spacers are egpli
probably lies in the simplification of suspensiondeling. The although the second peak is delayed in the expesjdre. the



time between the first and second peaks exceeds (péaks
at about 0.12 s and 0.55 s), whereas the time batwlee
second and third peaks is less than 0.3 s (peaksoat 0.55 s
and 0.8 s). Higher vibration modes are also pretssd the
smaller peaks in Fig. 6). Their amplitude is grealigring the
experiments. This is particularly the case wherr fepacers
are applied along the span so that a single dorminbration

mode cannot be distinguished.

Fig. 7 presents typical time histories of the \cati
displacement and rotation of bundle in the caserofodd
number of spacers during the vibration followingedting
from one cable while the other one is loaded. Figompares
the results of experimental measurements to thbseroerical
simulations. Furthermore, the effects of differectble
diameters are also presented in this figure, becthes same
shedding scenarios were simulated using cables twith
different diameters. Thus, according to Fig. 7, thedel
approximates closely the jump height of the shegldiable
and the maximum angle of bundle rotation for th2-rBm
diameter cable. The discrepancy between the comhparne
measured values is 15% or less. However,
overestimates the jump height and the maximum diogléhe

the model

ice whose density is 90&g/m®. The damping ratio of the
spacer was set &, = 0.2 in correspondence with [17].

Tendencies similar to those obtained for the sswdle
model were observed concerning the effects of tiraber of
spacers on jump height and on the maximum angleunélle
rotation following ice shedding. The reduction hetratio of
jump height of the shedding cable in the twin bentll the
jump height of a single shedding cable due to auftht
spacers was similar to that observed in the smalkstests
(see Tables 3a and 3b). It should be kept in niimdyever,
that when the ice load is lower, the reduction he jump
height due to additional spacers is less consiteerdlable 3c
shows that after the shedding of high ice loacckiiess of 50
mm) the maximum angle of rotation exceeded 90°,ckwhi
increases significantly the risk of bundle collapsehe
maximum angle of bundle rotation was greater foe¢hand
five spacers than for one spacer, which also cporeds to the
tendency observed in the small-scale experiments.

VI.
Cable vibration and bundle rotation following suddee

CONCLUSIONS

4.8-mm diameter cable. Possible explanations sfphoblem shedding from either subconductor of a twin buriilee been
are (i) the measurement error of the cable stieaiscurve, Simulated numerically and experimentally. The nuoar
as the model is specially sensitive for the initaaigent of that model was validated by full-scale and small-scajgeeiments,
curve, or (i) the underestimation of the cable garg. Further and was applied to a full-scale span with a twindie. The
differences between the measured and calculateck tifdll scale tests involved (i) load shedding fromsmgle
histories, as presented in Fig. 7, are that the emogonductor where the conductor jump was studied(@nstatic
underestimates the extent of drop after the fiestkp so that torsional tests on twin bundles where the bundtatian was
the peaks following this drop are predicted abofit©earlier observed. The small scale tests simulated diffedead
as observed in the experiments for the 3.2-mm dianuable. shedding scenarios with up to five spacers alorgsfian. The
The comparison of Figs. 7a and 7b, as well as Figand 7d, vertical component of cable vibration and the benditation
shows the great extent with which the increase ablec at mid-span were recorded and calculated. Simganarios
diameter reduces the jump height and maximum aofjle were simulated, and the same parameters were deégfm

bundle rotation. It should be clear, however, thhe
application of cables with greater diameters insesahe load
due to dead weight with the third power of cablenaiter.

V. APPLICATION FOR AFULL-SCALE SPAN WITH A TWIN
BUNDLE

The present model was used to simulate sudden
shedding from the full-scale span of Bersfort castdrs
presented in [8], so that in addition to verticable vibration,
bundle rotation was also simulated. The model c®nsione
span with length of 200 m, including Bersfort cootdus
whose geometrical data are provided in Table 2stitess-
strain curve is considered linear for positive isgsawith
Young’s modulus of 67.6 GPa, and no compressiafiagsved.
Dead ends are assumed at the suspensions wheselyheee
degree of freedom is the rotation around the asipgndicular
to the plane of structure. Each cable was simulaied 00
elements, and concentrated loads were appliedeay éourth
points. It was verified that increasing the numioérloads
along the span caused negligible differences indkelts. The
applied load corresponded to a load due to 50-nick-tilaze

when the model was applied to a full-scale twindianThe
following conclusions are drawn from the resultsheT
tendency of reduction in the cable jump height @&bole
loaded position due to an increasing number of exsaalong
the span was predicted within 10 % by the modéhoalgh it
approached 20% in some cases. The same discrepaverie
erved between the numerically and experimentaiigined
values for jump height. The maximum angle of bundkation
was estimated satisfactorily for sharp angles. Hewe
improvement to the model is needed by considering t
configuration of the vibrating span more preciskly severe
vibrations when the bundle rotation exceeds righgle
Increasing the number of spacers by up to four geslthe
cable jump height significantly as compared tojthep height
of the single cable. The application of a spacemat-span
may lead to a further decrease in the cable juritpough in
this case a greater jump may appear elsewhere. \owe
bundle rotation cannot be reduced by increasingtimber of
spacers. The presented scenarios considered exteses
when one subconductor sheds suddenly and fullgethesults
being useful to predict extreme dynamic effectsweleer,
further tests and the corresponding modification tbé



numerical model are recommended for future reseiaronder [14] H. M. Irvine, Cable StructuresMIT Press: Cambridge, MA, USA,

; : ; ; 1981.
to simulate more representative propagating sheddin [15] K.-J. Bathe,Finite Element ProceduresPrentice-Hall: Upper Saddle

River, NJ, 1996.
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