.., CTpoHTe/IbHbIe KOHCTPYKINH

: RPATKI/IE BI)IBOI[BI

1. HpHMeHeHHe GaJIO‘{HO-BaHTOBOH CPICTCMIJI IIIIH ycrmemm ACPEBAHHBIX 6anor< qepnaqﬂoro IIEPEKPbITUA
MO3BOJUNIO IIPH MI/IHI/IMEUIBHBIX 3anaTax HOBBICHTB 1704 riecymyro CHOCOOHOCTB 60J1€e YEM B UCTHIpE pasa,
yro obecneunBaeT nocraroqr{ylo HX Halle)KHOCTB npu CHI/DKGHPII/I pa6011ero nonepeqnoro CEUCHHHA I10 BbI-
‘cOTe U mHpuHe Ha 35+40%. = e

2. Ocobo cne,uyer OTMCTIIT}: HpOCTOTY 1 \ron'rama DHCMCH’I‘OB IIpO"T},aHCTBCHHOFO OflOKa llOl\pblTlriH H (i)yH
HI’IOH&HBHVK) VBH’%I\V Hecvnmx Knm"rnvmrng r"rnnnunkunu r'nr“'rmum e nl‘[!{cauur\u o uee Banouuo-
BaHTOBOH LI/IUI‘CMOII }’CI/IJICHH}I IIepeBHHHbIX 6a1101< Hepnaquro llprKpLITI/I}] .

3. CTOMMOCTE yCHIIEHHOTO 4epAaTHoOro IleperBITHH cumvceﬂa 6onee ueM Ha 45% B CpaBHeHHH €O CTOHMO-
CTBIO 3AMEHEI HOBBIM KOHCprKTPlBHLIM PELICHUEM. - ) :

4, KOHCprKTHBHaH cxema HpOCTpaHCTBeHHOI‘O 6nor<a HOI(pI:ITHﬂ c OaJIO‘IHO-BaHTOBOH CHCT&MOH YCHTICHUA
BHenpeHa B IIpOGKT KaHPITaJ'IBHOI‘O peMOHTa KpOBJIPI uexa 3’1‘0 HO3BOJ’IPUIO HO.lIy‘IPITB HaTypHyro MOJEb
;.IUI}I nporaenerm;r 3KCHepPIMCHTaJILHBIX HCCHCJIOBaHHPI Pesyns"rarm 5THX PICCJ‘IGIIOBEIHPIPI 6ynyT HCIIONb30-
.BaHbI Tipu pa3pa60Txe per(omennaunn o BQJQJGKTHBHOMy l'lpl/lMeHeHI/I}O 6an0‘1H0-BaHTOBI:IX CUCTEM 14
‘ycpmeHmr Hecymnx KOHCprKIII/II/I ‘{ep,ua'IHBIX Hepﬂ(pLITI/II/I : Lo

s ‘ CI[I/ICOK I/ICIIOJIBSOBAHHOI/I JII/IT EPATYPBI

1. Vnacesud B H I[e(bopMannommm pacteT i HCCIEOBAHUE Hanpamem{o-ucqgopMHpoBanubrx 'COCTOSIHHIL TMONOTHX
OJIHOTIOSICHEIX PACIOPHBIX CHCTEM. Anroperp nuccepT. — M. HHUHCK um. quepem(o 1984.-24¢c.

2, Ynacem{q B.IL, Kocnorc O:B. Jle(hopMaunor{Hbm pacyer rHGKnx 6anotmo -BaHTOBBIX CHCTEM: METOLOM KOHEYHBIX
3MEMEHTOB B cpene MathCAD //BecTHuk BFTY No 1(25) Crporrrem,crao H apxmexrypa = 2(]04 C. 111-117.

Norkus Arnoldas, Juozapaztts Algtrdas

EVALUATION‘OF SUSPENSION CABLE NONLINEAR DISPLACEMENTS

: ABSTRACT

Many complex engmeermg structures contain specrﬁc behavror load bearmg members — cables, very -
effectwe to ‘resist' tensile* forces. Specific behavior is descrlbed by the’ small cable : resrstance capability to
bending and compression, which ‘actually approaches to zero. Therefore the cable responses to loadmg in

o nonlmear way,: adaptmg to new equlhbrrurn form for each loadmg mcrement (change) One ‘can group all

reason, are named as kmematlcal ones. The 1nvest1gatron is a551gned to k1nemat1cal dlsplacement evaluatlon‘ =
methods. The srmphﬁed (standard) drsplacement evaluation methods, applied currently in engineering prac-
tice are not sufficient dccurate. The more exact methods in terms.of analytrcal relations to identify cable kin-
ematical displacements of the suspension’ cable are under consrderatlon An’ analy51s of kinematical dis--

-placements estimated- by standard (engmeermg) and proposed method, mcludmg the obtained errors causah-

ties is provided. The possible’ engmeermg ‘tools to reduce kinematical d1splacements and to stablhze suspen-
sion cable shape are presented on the basrs of proposed d1splacement evaluatron method b o :

STREY LTS R H e L 1 INTRODUCTION RSP r |
Many engmeermg complex structures, employed to cover large span drstances or’ areas usually con- |
tam cables (cable networks) Br1dges ‘roofing ‘systems of: stadlums, masts, other prevrously and recently
erected structures contain:thé main loading bearing element — flexible cable or system of flexible cables [1-
-12]. The exceptional. pecul1ar1ty of the member is the large dlsplacements caused by: asymmetnc loading [2-
4,6,10-11]. The large displacements are conditioned by kinematic dlsplacements, resulted by cable’ adapta-
tion process to.new equilibrium form, induced by complementary loading in terms of: asymmetrlcally distrib-
uted and/or concentrated- loads. Recently the identification of kmematlca ,dlsplacements is’ wrdely investi-
gated [2,4,6,10-12].; But 'one. must note that most researchers’ apphed the 51mp11ﬁed englneenng methods to
identify kinematical. dlsplacements in order to calculate the total dlsplacements The latter methods are based-
on.superposition principle, when splitting the actual‘loads to symmetrlc and asymmetrlc loads The suspen-

- sion.cables: are the elements of dominantly" geometrically’ nonlinear: behavior. Thus, one must prov1de the

exact analysis of relatlon of kmematlcal displacements versus subjected loadmg in order to ensure reliable




evaluatlon of mternal forces and dlsplacement fields.iSuch the analysis should enable not only to fix the ap-
: pllcatron bounds of srmplrﬁed engineering methods but also should serve as.a good basis to find the effec-
= txve tools when stablhzmg prlmary form of cable or. cable network
- - The current. 1nvest1gat1on is devoted to creatron of 1mproved (more accurate vs engmeermg) method to
) 1dent1fy cable kmemat1c dlsplacements both for vertical and horrzontal its’ components The error, resulted
“from applrcatron of engineering methods; analysrs is to'be’ provrded and’ ev ‘ntual engmeermg tools to stabr-
\hze the cable prlmary equ1llbr1um form are to be presented bt P
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'2 SUSPENSION CABLE VERTICAL DISPLACEMENT EVALUATION
The parabola primary shape cable (corresponding to uniformly distributed e.g. of cable self weight
loading) is subjected by asymmetrically. complementary- loadmg (see Fig. 1) The relation of vertical dis-
vplacement vs complementary loading is under 1nvest1gatlon ST
: The pure kinematic dlsplacements from total ‘ones are separated by absolutely reducmg the strammg
caused (elastic) dlsplacements via takmg the cable axial stlffness to be EA— . Then the elastic displace-
 ments are equal to zero (w,, =0) and the total drsplacements comcrde .with the kmematw ones. .

The shape of the cable, subjeoted to the, umformly dlstrlbuted load 4 satisfi ies the quadratlc parabola

L law:
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where f; is the cable sag

.The, cable subJected to. asymmetrlc load D, changes ltS prlmary shape (see dashed lme in F1g 1) D1-

@
forxsl/z,and ,‘
3
for l/2<x<l EEREE SHE SR e : :

The above formulae contam the followmg values : STARERE S SRR UST I
v = p/q-is the ratio of symmetrical and symmetrical loads.intensities;. f) = fo +Afk is the vertlcal dlsplace-
ment of loaded cable at mrddle span X = l/2 Af v is: the kmematlcal verttcal drsplacement of loaded cable at

middle span x =1/2;

‘The maximal deflection . z(x) zmax(x*) one can ﬁnd only after when its coordmate x=x" (see Fig.1.)
is ﬁxed The requrred coordmate is obtamed by equatmg the cable left part expressron (2) ﬁrst derlvatlve to
zero. After some transformatmns one can find S :

PR T S S
PR AE (RN
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fﬂ;coordmate x* changes m51gn1ﬁcantly, varymg m bounds X . 0 437l 0 3861 Thus, one can ﬁnd that the
maximal cable deflection position zmax(x*) devxatxon is small enough from the cable: mlddle span::.

-Engineering design process requires to check the stiffness requirements in terms of displacement limi-
tations. Therefore one must possess the relatlons of vertlcal kmematxcal dlsplacements The latter can by cal-
uculated by .. L femis L et ’ :

%

(x ) can be obtamed havmg fixed its

The max:mal kmematlcal verttcal dlsplacement (D, (x) 'a)lmaxf

'posmon

L e e X . [OV/2+Af (2+3y/2)] ' o
vormn et Lol il e = [ 0y/2+Af (l'l"Y)] ‘ _,1,';:;.. IEE T e
Analyzing the equatlon (6), one can ﬁnd the maxxmal kinematical deﬂecnon point t to be outs1de of the

first cable span quarter (0 <! X" <1/4). 1ts pos1t10n depends on the loads intensities ratio v and ‘the middle
span kinematical deflection Afk magmtude The latter value magnltude can be 1dent1ﬁed havmg determined
the suspension cable extensxon S mduced by the asymmetrxc loadmg p : ' '

©

5=S, +S, ~1+05J'[z )P dx+05j ]2dx o 7).
. ’ P ]/2 ’ :
Solution of the above equatlon taklng into account relations (2) and (3) results

2 2 .
e 14 8f [l+y+y /4 o o

,,,,,

| ['Af -f(\/_ 1) T ©)

‘where parameter s ls‘obtained by : s

A | 1 ¥y /4 ,
_ +Y Y / (10)

- The analys1s of the relatlon (10), shows that the ¥ <10 results the negatlve Afk magmtude Thus, the ;

'm1dd1e span pomt of cable, sub_]ected by’ asymmetr1c load1ng, 1s llfted up, proportlonally to the rat10 'y For
instance, when v=0,5 ,. Afi=- 0,005 fo; when y=2, Afk— 20.03 fo 3 "when' v=3, Afk—— : 0.042 for
' ' The vertical kmematxcal dxsplacements of the ]oaded cable. part are determined by ‘

e - (12)
' The formula (1 l) is convement for apphcatlon as: kmematlcal dlsplacements are: expressed only via
“cable primary max1mal coordmate fy and ratm 'y It is obwous that at pomt x=1/2 kmematlcal vertxcal dis-
;placement is @, (X) = Af v T A L G
Transformmg equatlon (6) oné can obtain:" = }7'; AT L o ;
oot ey ‘ H ’x"_l(z.{.gy/z_zg) IR Tia (13)

" e 4 14y =E)

The formula (13) 1s snmpler!than. formula (6), as maXImal vertlcal dtsplacement relatlon ‘

one can fmd the maxxmal kmematlcal dtsplacement locatlon pomt of the loaded left part w111 be always in-
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dle span drsplacement - I LR SR N
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‘CrpouTelibnbie iéOHch'yléunn

srde of the first cable span- quarter e x™M< l/ 4 Versus as is’ adopted by engmeermg method .authors
[2,6,7,10,11; 13]: Furthermore ‘this’ dlsplacement locatron pomt always w1ll be back’ away from the left sup-
port by the' d1stance belng less thanil/4 ThlS dlstance'decreases by mcreasmg the rano b When the ratio of

'S —09341/4 and

asy metrrc and

when'y 3 X" —09211/4

“ Aiming to obtain’the’ maxrmal kmematrcal dlsplacements of the cable left part loaded to asymmetrrcal
load p, provide transformatrons of relatlon ( 1 l) taklng mto account relatlon (13) After certam transforma-‘

tions it reads: , ; : .
T ST o AR lif}{ N ,Y %Ei*.'j i bl { SERURTE :
o =f | Ru—u] ==1|+=Bu-2u}|, . . ... . (14

',metr1c loads‘r en _t1e

o e 15‘
:.?2. ot ]l ‘$,+’Y ,,,,,, ',:'?T‘I’_};i-sv::t NS S N S L ( )

The expressmn (14) is-more:convenient as: 1t does not; requlres to rdentrfy the maxtmal klnematlcal
drsplacement posmon deﬁned by formula (13) el e teann s vl e i

Ny

.‘"SUSPENSION CABLE HORIZONTAL DISPLACEMENT EVALUATION«, - ' o
' Honzontal kmematrc dlsplacement is the component of the total kmematlc dlsplacement The horrzon— r

- tal kinematic drsplacement mduced by complementary loadmg are drrected to the loaded part of the cable o

Analyzmg 'the * horrzontal kmematrcal ‘displacements: D1v1de the ¢able’ to the leﬁ part loaded by;

- asymmetrically distributed léad p; and the right part; free of loading:::+ . %0+ ¢t B

_.Combining, the express1ons (l) (2) and (7);:0ng can derlve the rela‘non for the ]eft part horlzontal mld-

;Ah"?’—- 4{f (1+5Y/4+7Y /16) .fOl'
1 IR | B ) B

. TN ; g 1;~.\1!§\-; RN -flfz'i.?_;,
Analyzing. the formula ( 16), one can.find the horizontal kmematrcal dlsplacement to: be An. dtrect pro-

portron on the loads. 1nten51t1es ratio vy and the: cable sag .. The. hor1zontal kmematlcal dlsplacements are of

- the same order as the vertical: drsplacement magnitude in the middle span Af

The left cable part horlzontal kmematlcal dlsplacement is' determmed by the relatlon

‘f. . 2 ¥
Sk ety | (1+y/2)

One must- note that kmematrcal horrzontal dlsplacements are absolutely 1dentlcal magmtudes 1e

-

The horrzontal dxsplacements of the other cable pomts can be determrned analogously, having com-

pared the cable lengths before loadlng and after loadmg by asymmetrrc loadmg

Analyzing expressrons “of vertical .and. horlzontal kmematrcal ‘expressions, oneican ﬁnd them to be re-
lated ones. Thus, aiming to reduce- vert1cal d1splacements, one ‘mst” constrain the cable ability to deform

horizontally. When constraining the cable horizontal drsplacements via the horlzontal link, introduced in the
- middle span, the magnitudes of vertrcal dlsplacements approach to zero This constructional tool (realized
- e.g. by connecting the cable with stiffness beam) is apphed in suspension cable bridges i in order to stabilize

its primary equilibrium form [7]. The analogous constructronal demsrons are applred for various suspensmn

cable and complex structures [2,5; 13] A
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..3. NUMERICAL SIMULATIONS T e T S
".iTo 1Ilustrate the proposed method of kmematrcal dlsplacement evaluatron and to provrde error,. ob-

: tamed when applymg the approxrmate engmeermg methods the numerlcal srmulatlons are provided.

"The 100 meters span flexible suspension cable was subjected by’ symmetrlcally and asymmetrrcally
dlstrrbuted loads'q and p, respectxvely (see Frg 1). The dlsplacement analysrs is provrded in respect of the
sag fy and the ratio of symmetrrc and asymmetric loads intensities 7 variations. i

Analyzing vertical kinematical drsplacements Numerlcal simulation. cleared that the sag fo magnltude
has drrect mﬂuence to the cable vertrcal and - horrzontal drsplacements (mcrements of- sag cause adequate
increments of kinematic drsplacement components)

Taking the ratio y=1 and the primary coordmate to be f,i=1/ 10 10m , the induced vertlcal kin-

."\r',

ematical drsplacement is O frax =0 721m The vertxcal dlsplacement of thé cable, loaded under conditions
v= l and f, l/5 20rn “doubled the drsplacement comparmg w1th the prev1ous magmtude and was
cul max = LA42m., One can conclude that aiming to reduce kmematlcal drsplacements magmtudes under the

constant loads mtensrtres rtio. ¥, one must reduce the’ prrmary ‘maximal coordinate’ 'fy: The performed numeri-
cal experiment cleared that kinematical drsplacement values of loaded' (left) part’ of the cable'in absolute
magnitudes of are less when’ compared with the remammg (rlght) part of the cable. ThlS, lookmg to be para-

doxical result is condltroned by the negatrve magmtude of the ddle span d1splacement Af The analogous
dlstnbutlon of krnematlcal drsplacements was analyzed brreﬂy m mvestrgatlon tl3] The mlddle span kin-
ematrcal dlsplacement Af also 1ncreases When one mcreases the 'ymagmtude One obtalned that varying y
=245 for constant f l/10 10m the Af varred respectlvely inthe bounds = 0 136:m +0; 769-m. For
constant 'f.=1/5 = 20m fand varxable v=1 +10, the middle span vertrcal kmematrcal displacement magni-
tudes varied by - 0, 272 m=+-1, 538 m. P

The relation analysrs of the ratro y versus max1mal vertlcal klnematrcal dlsplacement O ax ShOWs it

to be the nonlinear one. Varying y by 1+10 (m case of f 115 = 20m ), the vertrcal drsplacement increments -

asymptotically reduce (see the Table)::The latter result means that the suspensron ‘cable is ‘sensitive to asym- |
metric loadmg per loadmg hlstory ‘Analyzing the loading history :in:respect of the" analogous increments of
y .In prevrous stages of loadmg the cable responded:by. the relatively largerxvertrcal d1splacements but the
further increments of Y resulted to the respectively smaller dlsplacement magmtudes e il o ,
. Having performed numer1cal srmulatrons, it was found that engineering desrgn methods based on su-
perposition prmcrple lead to the errors-when estlmatmg magnrtudes of vertical dlsplacements The errors do
not depend on primary maxrmal coordmate magnitudes, but are’ sen51t1ve to the ratio. Y magmtude When y=

1, the error approxrmately equals 15:5%, when.y= 5; the error is 42%, and when v=10; the error is 52% (see ‘

- Error(%) ©
o3:88&g8

: 'Flgure 2 Vertlcal krnematrc drsplacement vs y
Itis obvrous that almmg to estimate suspensron cable kmematrca] and in general total drsplaccments

more accurately, onie can. apply the engineering methods only in case when y <1 [2 6,10,11]. It is proved,

that varying x** the maximal kmematrcal dlsplacement m’tgmtude w, max varratlon i8 small Assuming the

maximal vertical dlsplacement to be approxrmately x™ =1/4, the kmematrcal drsp]acements, calculated by
(11) and (12), result 1ns1gn1ﬂcant errors up to 2% for whole ¥ varratlon range under mvestrgatron
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e : , 4, CONCLUSIONS - . S

L The performed numerrcal srmulatlons applymg the proposed analytlcal method resulted the followmg

«..-conclusions: . -

2. The loaded cable part vert1ca1 drsplacements are’ less the oties of unloaded part (in absolute magnitudes);
3.- An increase of the loads intensities ratio:y. results the:nonlinear increase (reduce) of the maxrmal verttcal

kinematical dtsplacement D) rax +

'Table 1- Verttcal maxunal kinematic d1splacements il "»‘if‘i”.g‘f* e L i
Loads ratlo R Dtsplace'n'ients by expressmn Dlsplacements by engmeerlng

y . (8 o, nm methods O ax i1

1 ey B Tk T B e ST

1 T AR ot e h 1,766 g e
2 1998 T T T 00 e
3 2258 oo 3,000
4 024160 G it e e 0 3334

,5 . , i i 2.518 L e s ‘ I 3.572‘ RO

6 2588 - . A v | T enoT Tggsge o
s FEUG40 s e e T g @R s
8 f 12,680 ¢ S e e QT e e

( “‘the cable to restrlct cable horlzontal dlsplacements
- 5. The’ provxded numertcal snnulatlons cleared that’ the‘error, _obt_amed when calculatmg klnematrcal dlS-‘
‘ placements by engmeermg methods m case of 7> ures. 16% Thus, the engmeermg methods

- \of dtsplacement a_luatlon apphcatron is restrtcted for Ioadmg cases, when 7 <1

b
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