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1 Uvop 1 INTRODUCTION

Lané sa ako nosné prvky pouzivaji Ropes are wused as structural
vroznych  mechanickych  sustavach. members in different mechanic systems.
Typickymi pripadmi sa lanové dréahy, Typical examples are cableways, cranes,
Zeriavy, stoZiare a mosty. V porovnani towers and bridges. In comparison with
socelovymi  alebo  Zelezobetonovymi steel or reinforced concrete members,
prvkami maji land vy38iu poddajnost’, ropes have higher flexibility that can
ktora moze vyrazne ovplyvnit dynamicku significantly  influence the dynamic
odozvu sustavy. response of the system.
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Pohybovii rovnicu sustavy poddajnych
telies, ktord sa vo vypoétoch modeluje ako

Equation of motion of a system of
deformable bodies modeled in

sistava  koneénych  prvkov  mozno computations as the system of finite

symbolicky zapisat’ v tvare [1], [2] ). elements can be written in the form ([1],
[2D).

Md+Cd+Pld,d)=F(d,) (1)

kde d(r), d(r) a d(r) st Gasovo premenné
vektory  zovSeobecnenych  uzlovych
posunuti, rychlosti a zrychleni, M je
matica hmotnosti, C je matica tlmenia,
P(d.d) je vektor vnatornych uzlovych sil a
F(d.r) je vektor vonkajsich uzlovych sil.
Suvisiace  pociatoéné podmienky  sG
d(r=0)=d, a d(r=0)=d,. Pri numerickom
rieSeni pohybovej rovnice (1) sa vyzaduje
jej splnenie v kone¢nom po&te &asovych
okamihov t,=t,+Atf, n=1,2,3 .....

Lana prenaSaju len tahové sily, preto ich
materialovy model musi vykazovat’ nulovi
tuhost’ v tlaku. Pracovny diagram materialu
linearne pruzného v tahovej oblasti je na
Obr. 1. Uvedeny materidlovy model vnasa
do vypoltu nelinearity. V ststavach
snosnymi lanami sa dalej vyskytujd
geometrické nelinearity dané vyraznymi
pretvoreniami lan a moZu sa vyskytovat’ aj
nelinearity  hrani¢né,  predstavované
védzbami zévislymi od pretvorenia ststavy.
V désledku uvedenych nelinearit je ststava
diferencialnych rovnic (1) neline4rna.

2  METODY RIESENIA

Numerické metody rieSenia rovnice
(1) moZno rozdelit na dve skupiny —
explicitné metédy a implicitné metddy.
Spoloénym znakom oboch metéd je, Ze sa
derivacie uzlovych posunuti nahradzuju
diferenciami.
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where d(f), d(r) and d(r) are time
dependent vectors of generalized nodal
displacements, velocities and accelerations
respectively, M is mass matrix, C is
damping matrix, Pld.d) is vector of
internal nodal forces and F(d,?) is vector of
external nodal forces. Related initial
conditions d(r=0)=d, and d(r=0)=d,.
Numerical solution of equation (1) requires
to satisfy it for conclusive number of
discrete time instances f,.=t, + Af, n=1,
2,3...

Ropes are able to carry tension forces only;
hence their material model has to consider
zero stiffness in compression. An idealized
stress-strain  diagram of rope material
characterized by linear elastic behavior in
tension and zero stress in compression is in
Fig. 1. Such material models involve
material nonlinearities into solution.
Furthermore, the influence of significant
deflections of ropes on system internal
forces distribution can not usually be

neglected, therefore the geometric
nonlinear theory has to be used.
Additionally, boundary  nonlinearities

represented by displacement dependent
supports can be present as well.
Consequence  of the nonlinearities
mentioned is that system of simultaneous
differential ~ equations (1)  becomes
nonlinear.

2  METHOD OF SOLUTIONS

Numerical methods of solution of equation
(I) can be divided into two groups —
explicit methods and implicit methods.
Generic attribute for both methods consists
n substitution of
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Najviac pouzivané implicitné metody derivatives of nodal displacements by
patria do tzv. Newmarkovej rodiny [3]. Ich differences.

spoloénym znakom je zovSeobecnenie The most common implicit methods
metody linearneho zrychlenia, pri ktorej sa belong to the so called Newmark family
predpokladd linearny priebeh zrychlenia [3]. Their common base is generalization
v kazdom c¢asovom kroku. Rovnice pre of the linear acceleration method that
uzlové posunutia a uzlové rychlosti maja considers linear course of acceleration at
tvar every time step. Equations for nodal

displacements and velocities have the form

d.=d +d,,At+%[(l—2,8)d'" +2,H&,,+,]A12 2)
d,..=d,+[i-/)d, +d,,] ar 3)
kde f a y su parametre, ktoré riadia where £ and y are parameters controlling
presnost’ integracie a numerickd stabilitu the accuracy of integration and numerical
rieSenia. Pre rozne hodnoty B a y sa stability of the solution. For different
dostava cela séria integracnych metod. values of S and y series of integration
Spravidla sa voli #=0,25 a y=0,5, ¢im sa methods are obtained. Generally, f= 0,25
zaisti nepodmiene¢na stabilita metody pri and y= 0,5 are selected in order to provide
rieSeni linearnych duloh. Ak je £=0 unconditional stability of the method. For
a y=0,5, zNewmarkovej metddy sa stane values of #=0 and y=0,5, Newmark
podmiene¢ne stabilnd explicitnd metdda method becomes conditionally stable
centralnych diferencii. explicit method of central differences.
Po dosadeni zrovnic (2) a (3) do rovnice After substitution from equations (2) and
(1) (3) into equation (1)

md,, +P,, (dnmdm): Foldeit) (4)
aUprave sa ziska sustava rovnic pre and after rearrangement an equation for
vypocet uzlovych posunuti d,,, v ase #,+;. nodal displacements d,,, at time f, is
Pri vypocte implicitnou metédou je pre received.
kazdy Casovy krok nutné rieSit’ ststavu Computations by implicit method require
nelinearnych algebraickych rovnic, ¢o solution of set of nonlinear algebraic
zvySuje naroky na vypoltovy ¢as equations for every time step. This
a predstavuje nevyhodu metddy pri rieSeni represents itself a disadvantage of the
rozsiahlych ststav. method as computational time demands

Klasickym pripadom explicitnych increase for large systems.
integracnych metod je metdda centralnych Classical representative of explicit
diferencii [2]. Pri nej sa uzlové rychlosti integration methods is method of central
a zrychlenia  aproximuji  centrdlnymi differences [2]. The method approximates
diferenciami nodal velocities and accelerations by

central differences

. dn+l _d

n-l d

L3 dn+l = 2dn g3 dn—l 5
: 2At . AP ©)
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Po dosadeni z rovnic (5) do rovnice (1) a
Gprave sa ziska rovnica

Mdml

At

pre uzlové posunutia d,:; v Case ¢+ At
V pripade diagondlnej matice hmotnosti sa
sustava (6) stava sustavou nezavislych
rovnic, zktorych sa posunutia urcia
priamo. Skuto¢nost, Ze odpada c¢asovo
naroéné rieSenie sUstavy rovnic, je
nespornou vyhodou explicitnych metod.
Nevyhodou je ich podmiene¢na stabilita.
Nestabilita rieSenia nastane ak je Casovy
prirastok vd¢si ako kriticka hodnota.
Konzervativny odhad kritického ¢asového
kroku je spravidla dany €asom prechodu
pruznej viny najmen$im  kone¢nym
prvkom.
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After substituting from equation (5) into
equation (1) and rearrangement, the
equation

+Pn =Fn’ (6)

for nodal displacements d,.; at time 7,+ At
is obtained. In a case of diagonal mass
matrix equations (6) become independent
and displacements can be determined
directly. The fact that time demanding
solution of equations is avoided is the
undisputed advantage of explicit methods.
Their common disadvantage is their
conditional stability of solution. Instability
of solution occurs if time increment is
grater than its critical value. A
conservative estimation of the critical time
increment is generally given by time of
transition of elastic wave through the
smallest finite element.

0 0,005 0,01

=)

Obr. 1 Pracovny diagram ocelového lana
Fig. 1 Stress - strain diagram of a steel rope

Volba vhodnej metdédy rieSenia je
z praktického hTladiska mimoriadne
dolezita. Napriek tomu, Ze problematike
bolo venované mnozstvo prac (prehlad
mozno najst’ napr. v [1] a [2]), jednoduchy
navod neexistuje, pretoze vhodny postup
zavisi vzdy od konkrétnej tlohy. Pri volbe
metddy je tiez nutné uvazit mozZnosti
konkrétneho programu MKP.

V zasade mozno konstatovat’, ze implicitna
metoda je vhodna pre dlhSie trvajice
dynamické javy kde by rieSenie explicitnou
metodou bolo, vzhl'adom na nevyhnutnost’
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From the practical point of view, the
selection of appropriate method 1is
considerably important. In spite of the fact,
that the problem is marked in large amount
of works (overview can be found e.g. in [1]
and [2]) no simple directory exists, because
the adequate procedure depends on the
particular task. The method selection has to
consider the facilities of FE program all at
once.

Essentially, it can be observed, that the
implicit method should be employed for
dynamic phenomenon being of long
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pouzitia casovych krokov menSich ako
kritickd hodnota, problematické.
U lanovych sustav, ktoré sa v prevaznej
miere modeluju pratovymi a nosnikovymi
kone¢nymi prvkami, je pocet rovnic maly
a vyhody implicitnej metddy prevazuju. Je
potrebné poznamenat’, Ze nepodmienena
stabilita rieSenia implicitnou metodou je
zaistend  len  ulinedrnych  sustav.
U nelinearnych ststav mdze volba prilis
velkych ¢&asovych prirastkov spdsobit’
zlyhanie vypoctu, alebo zniZenie presnosti.

3 PRIKLAD UPLATNENIA
IMPLICITNEJ METODY

Predmetom dynamickej simulaénej
analyzy bola lanovéd drdha urCend pre
§portovo rekrealné ucely. Na Obr.2 su

schematicky znézornené zakladné
parametre  drahy  pred  zataZenim
bremenom pohybujicim sa G¢inkom

vlastnej tiaZe z miesta B do miesta A.

TN v N——

duration, where application of explicit
method would be more doubtful because of
the necessity of disposal of time steps
values less than the critical value. For rope
systems, which are mostly modeled by
truss and beam finite elements, the number
of equation is small, so that the advantages
of implicit method predominate. It has to
be noticed, that the unconditioned stability
of implicit method is ensured only for
linear systems. The selection of
excessively large time increments can
cause the failure of computation, or
decrease of accuracy.

3 AN EXAMPLE OF IMPLICIT
METHOD APPLICATION

The cableway designed for the
sport and leisure activities was the subject
of dynamic simulation analysis. The basic
parameters of cableway are in the Fig. 2.
Loading is induced by a weight moving
from position B to position A due to its
self-weight.

>
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Obr. 2 Parametre lanovej drahy
Fig. 2 Parameters of the cableway

Zékladné parametre sa: L =226,5m,
h=623m ah=154m. Simuldcia
vlastnosti lanovej drahy bola vykonana
eSte pred realizdciou prevadzkovych
skiSok vzmysle platnych EN apred
uvedenim drahy do prevadzky.

Vypoétovy model pozostéaval
z dvojuzlovych prutovych prvkov
pouzitych na  modelovanie  lana,
zrovinnych  $tvoruholnikovych prvkov
pouzitych na modelovanie transportného
vozika, z jednouzlovych kontaktnych
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Basic parameters are: L =226,5m,
h =623 m and A, = 15,4 m. Simulations
of the cableway characteristics were
accomplished before serviceability tests in
accordance with EN standards and before
putting the cableway in the operation.

Computational model consisted of 2-node
truss elements used for model of the rope,
quadrilateral plane stress elements used for
modeling of the transport carriage, one
node gap elements for modeling of contact
between carriage pulleys and the rope and
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prvkov pre definovanie kontaktu kladiek
vozika slanom a jednouzlovych prvkov
pre modelovanie sustredenych hmotnosti
reprezentujicich ~ pohyblivé  bremeno
v bodoch dotyku vozika s lanom.

Pri vypoéte sa uvazovalo Rayleighovo
timenie v tvare

one node concentrated mass elements
representing movable weight at points of
carriage and rope contact.

Rayleigh damping in the form

C=aK+pM (7

kde Kje matica tuhosti. Hodnoty
koeficientov sa uvazovali tak, aby bol
vypodet konzervativny, na strane vicSej
bezpecnosti.

Detail vypoctového modelu je na Obr. 3
kde s znazornené jednotlivé typy
konetnych prvkov pouZitého programu
COSMOSM [4]. Prvky PLANE2D pre
rieSenie rovinnej napitosti boli pouzité
jednak na modelovanie transportného
vozika 1, jednak na modelovanie
kontaktného povrchu lana 4. Tuhost
prvkov pouzitych pre kontaktny povrch
lana sa zvolila tak, aby jednak
neovplyvnila vysledky, jednak nevnasala
do vypoc¢tov numerické nestability. Za
najvhodnejsie sa ukazalo volitt modul
pruznosti  a hustotu  materidlu  tychto
prvkov tak, aby vykazovali rovnaki
rychlost’ Sirenia napitovych vin ako prvky
pouzité na modelovanie lana. Vlastné lano
3 bolo modelované pratovymi prvkami
TRUSS2D. Bremeno bholo unvazované
rozlozené do kladiek 2 a bolo modelované
jednouzlovymi  prvkami  MASS.  Pri
vypoctoch sa simuloval pohyb
transportného vozika po lane uc¢inkom
gravitacie.

where K is stiffness matrix was considered
in computations. Values of coefficients
were considered to make the computation
conservative obtaining higher safety factor
of structure.

The detail of computational model together
with types of elements used in FE analysis
by COSMOSM FEM program [4] is shown
in the Fig. 3. Plane stress finite elements
PLANE2D were used for model of the
carriage | and for model of the rope
contact surface 4 as well. Stiffness of
elements used for rope contact surfaces
had to be selected to minimize its influence
on results but to avoid numerical
instabilities of computations at the same
time. The most appropriate way was to
select modulus of elasticity and density of
material for these elements to achieve the
same stress wave speed as for other
elements modeling the rope. The rope 3
was modeled by truss elements TRUSS2D.
The load was decomposed into pulleys 2
and was modeled using one-node elements
MASS. In computations, movement of
transport carriage along the rope due to
gravitation was simulated.

St

Obr. 3 Model lana a transportného vozika
Fig. 3 Model of the rope and the transport carriage
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Predpitie lana sa urcilo na zéklade
zmeraného previsu lana, Obr. 2, iteracnou
metddou. Zo suradnic bodov A, B a C bola
definovana rovnica parabolickej
retazovky, ktoré sa pouzila pri modelovani
pociato¢nej konfigurdcie lana. Predpitie
priutovych prvkov bolo v iteratnom
procese postupne upravované dovtedy, aZ
kym odchylky deformovaného tvaru lana
od tvaru ret'azovky boli zanedbatel'né.
Dynamické analyzy uvedeného modelu

umoziiuja  ziskat  vSetky  doblezité
informéacie o budicom  sprdvani sa

systému. S to predovSetkym informacie
o maximalnom namahani lana, velkosti
kotviacich sil, maximéalnom statickom
a dynamickom priehybe lana.

Nasledujlice obrazky dokumentuji ¢asovy
priebeh kotviacich sil v hornom zévese pri
jazde smerom dole apri nulove
potiatotnej rychlosti. Na Obr.4 je
znazorneny priebeh kotviacich sil pre nové
lano (modul pruznosti £ =68 700 MPa) a
pre lano dlhodobejSie prevadzkované
(modul pruznosti E =98 000 MPa).
Z priebehov bola identifikovana
maximélna kotevna sila v zavese lana.
Tato silu  je mozné  porovnavat
s minimalnou nosnostou lana a takto
nasledne mozno definovat skuto¢ny, nie
staticky, koeficient bezpe¢nosti lana.
Vplyv tlmenia na priebeh sily v hornom
zavese lana ilustruje Obr. 5. Pri hodnotach
a<0,001 sa vypocet staval nestabilnym.
Prili§ velké tlmenie zavadzalo do vypoltu
timiace sily, ktoré brzdili pohyb bremena.
Redlnej situacii danej Casom prechodu
bremena po lane sa najviac blizili vysledky
s timenim = 0,01.

4 ZAVER
Pri  volbe metodiky a  vytvarani
vypoftového modelu sa  vychadzalo

predovietkym zo skusenosti ziskanych pri
rieSeni inych, bezpecnostnych lanovych
systtmov [5], =zvlastnych poznatkov
ziskanych  pri  merani  tuhostnych
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Prestressing  of  rope was
determined on the base of measured
slackness Fig. 2 by iterations. Using
coordinates of points A, B and C the
equation of parabolic catenary was firstly
defined and used as the initial
configuration of rope in the model.
Prestressing of truss elements was then
modified in successive steps until the
deviations of deformed shape of rope from
the catenary curve became unimportant.
Dynamic analyses of the model presented
allowed obtaining all important
information about future behavior of the
system. They were especially information
about maximum loading of the rope, values
of rope anchoring forces and maximal
static and dynamic slackness.

Time course of the forces at upper rope
suspension during carriage movement from
zero initial velocity downward s
documented by following figures. In Fig. 4
is displayed time course for new rope
(modulus elasticity £ =68 700 MPa) and
for a rope longer-range operated (modulus
elasticity £ =98 000 MPa). The maximum
anchoring force could be indicated from
the courses. The force can be compared
with minimal load capacity of the rope and
more realistic safety factor in comparison
with that, obtained from the static analysis
only, can be determined.

Influence of damping on course of the
upper suspension force is illustrated by
Fig.5. Values of @<0,001 -caused
instabilities of computations while too high
damping induced damping forces slowing
down load movement in computations. The
results computed for a= 0,01 approached
the actual condition given by transfer time
of load.

4 CONCLUSIONS

The selection of methodology and creation
of computational model were based mainly
on the experiences of authors received by
solving another, safety rope systems [5],
on the own knowledge obtained during
measuring of stiffness charakteristik lan a
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realizovanych funkénych skusok tychto
systémov, vramci ktorych boli vysledky
simuldcii konfrontované s nameranymi
parametrami lanovych systémov pri ich
skuSobnom zatazovani. Zo skusenosti
vyplyva vhodnost’ implicitnych metod pre
analyzy sustav s nosnymi lanami. Analyzy
je nutné vykondvat ako nelinearne
s uvazenim materidlovych, geometrickych
a hrani¢nych nelinearit.

Je dolezité upozornit, Ze presnost’ a tym aj
ddoveryhodnost’ analyz vo vyraznej miere
zavisi od zakladnych parametrov, najmi
modulov pruznosti lan a vhodnom popise
timenia.
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characteristics of ropes and finally, on the
realized behavior tests of ropes systems
compared with numerical simulations.
Following the experience, the implicit
method for analyses of structural rope
systems should be beneficially employed.
The analyses should be undertaken as
nonlinear taking into account material,
geometric and boundary nonlinearities as
well.

It is important to notice, that accuracy and
credibility of results significantly depends
on basic parameters in particular on
modules of elasticity and on the
appropriate structural damping definition.
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Obr. 4 Casovy priebeh sil v hornom zdvese
Fig. 4 Time courses of forces in upper suspension
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Obr. 5 Casovy priebeh sil v hornom zdvese v zavislosti od tlmenia
Fig. 5 Time courses of forces in upper suspension in dependence of damping
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