
КРАТКИЕ ВЫВОДЫ
1. Применение балочно-вантовой системы для усиления деревянных балок чердачного перекрытия

позволило при Минимальных затратах повысить их несущую способность более чем в четыре раза, 
что обеспечивает достаточную их надежность при снижении рабочего поперечного сечения по вы
соте и ширине на 35^-40%. \

2. Особо следует отмстить простоту монтажа элементов пространственного блока покрытия и функ
циональную увязку Hecvimrx .конструкций стропильной системы с вписанной в нее балочно- 
вантовой системой усиления деревянных балок чердачного перекрытия.

3. Стоимость усиленного чердачного перекрытия снижена более чем на 45% в сравнении со стоимо
стью замены новым конструктивным решением.

4. Конструктивная схема пространственного блока покрытия с балочно-вантовой системой усиления 
внедрена в проект капитального ремонта кровли цеха. Это позволило получить натурную модель 
для проведения; экспериментальных исследований. Результаты этих исследований будут использо
ваны при разработке рекомендации по эффективному применению -балочно-вантовых систем для 
усиления несущих конструкций чердачных перекрытий.
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E V A L U A T IO N  OF SUSPENSION C A B LE  N O N L IN E A R  D ISP LAC EM EN TS

ABSTRACT
Many complex engineering structures contain speciflc behavior load bearing members -  cables, very 

effective to resist terisile forces/ Specific behavior is described by the smali'cable iresistance capability to 
bending and compression, which actually approaches to zero. Thercfore the cable responses to loading in 
rionlinear way,!adaptirig to new eąuilibrium form for each loadirig incremęnt (change). :Óne can group all 
nonlinearities met in cable analysis in reśpećt of two aspects: those,' caused by straining, and those caused by 
stńicture adaptation to new eąuilibrium form. The diśplacemenf components, indiiced by the second aspect 
reason, are named as kinematical ones. The investigation is assigned to kinematical diśplacement evaluation 
methods. The simplified (standard) diśplacement evaluation methods, applied currently in engineering prac- 
tice are not sufficient ąccurate. The morę exact methods in terms.of analytical relations to identify cable kin
ematical displacements of the śuspensioii cable are under ćonsideration. An artalysis of kinematical dis- 
placements estimated by standard (engineering) and proposed method, including the obtained errors causali- 
ties is provided. The possible engineering tools to reduce kinematical displacements and to stabilize suspen- 
sion cable shape are presented on the basis of proposed diśplacement evaluation method.

l.TNTRODUGTION
Many engineering complex structures, employed to cover large span distariceś or areas, usually con

tain cables (cable ńetworks). Bridges, roofing systems o f  stadiums, masts, other previously and recently 
erected structures contain; the main loading bearing element -  flexible cable or system od flekible cables [Г- 
12]. The exceptional peculiarity of the member is the large displacements caused by asymmetric loading [2- 

4,6,10-11]. The large displacements are cbnditioried by kinematic displacements^ resulted by cable adapta
tion process to.new eąuilibrium form, induced by complementary loading in termą o f asymmetrically distrib- 
uted and/or concentrated-loads. Recently the identificatiori o f .kmemąticąl•;displąberńents ,is1 .widely. mvęsti- 
gated [2,4,6,10-12].; But one^must notę that most researchers applied the simplified engineering methods to 
identify kinematical displacements in order to calculate the total displacements. The latter methods are based 
onsuperpositionprinciple, when splitting the actual; loads to symmetric and asymmetric loads. The suspen- 
sion cables are the elements of dominantly geometrically nonlinear behavior. Thus, one must provide the 
exaćt analysis of relation of:kinematical displacements versus subjected loading in order to ensure reliable
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evaluation of internal forces and displaccmeiit fields.Such the analysis should enable not only to fix the ap- 
plication bounds of simplified engineering methods, but also should serve as a good basis to fmd the effec- 
tive tools when stabilizing primary form of cable or cable network. .

The current mvestigatioh is dev'oted to creatión of improved (morę accurate vs engineering) method to 
identify cable kinematic displacements, both for vertical and horizontal its componentsfThe error, resulted 
from application of engineering methods, analysis is tó be provided and eventual engineering tools to stabi- 
lize the cable primary equilibrium'form are to be presented. - ' ■

2. SUSPENSION CABLE VERTICAL DISPLACEMENT EVALUATIO N
The parabola primary shape cable (corresponding to uniformly distributed e.g. of cable self weight 

loading) is subjected by asymmetrically complementary loading (see Fig.l). The relation of vertical dis- 
placement vs complementary loading is under investigation. ... r < ; , , ,

The pure kinematic displacements Trom toki ones are separated by absolutely reducing the straining 
caused (elastic) displacements via taking the cable axial stiffness to be EA ccT hen  the elastic displace
ments are equal to zero (tuel = 0) and the total displacements coincide;with the kinematic ones.

The shape of the cable, subjected to the uniformly distributed load q, satisfieś the ;quadratic parabola
;law: . .. , ■' • -....... .. •

У Y Y Y >Yr:Y 'T :''-Y

\P

Y- T- Y Y Y Y Y Y
'r,;-

Figurę 1 —: Deformed shape o f cable, subjected by complementary asymmetric loading

Z(X) = f t
V 4x> f 4 x 2Y]

l  1 J U 2 JJ
where f0 is the cable sag. • , > 1
The cable, subjected to asymmetric load p, changes its primary shape (see dashed linę in Fig. 1). Di- 

vide the cable to the part (left), subjected by asymmetric loading and the part free of loading. Then the ax- 
ial cable curvature equatións for left and r i ^ f  parts are as fóilbw; i

^6x 6 x 2^

fora: <1/2,  and

i(x ) = f i

SrW  =  f,

r 4x  4xM  
1 Y

+ 1  
2 1 l2

j  4x 4x2^ (2x  ̂- - 2 4 Г y\ 1+4-LI 1 ■ zd , 2k.-l,. . J l  ■U 2

(2)

(3)

for l / 2<x <l .  : • . ■! ■:>' 'ur-,+ ■}:. ky.-HW-r » ■ ’ •
The above fofmulae contain the following values: ; f ; ; ,

7 = p/q is the ratio of symmetrical and symmetrical loads,intensities;r■/, = ,/0 tA/^jis thb yertical displace- 
ment of loaded cable at middle span x = 1/2; is theikinematical verticaldisplacement of loaded cable at 
middle span x = 1/2. : r .  i

The maximal deflection z(x) = Zmax(x*) one.cąn find only. after. when its coordinate. x = x* (see Fig.l.) 
is fixed. The requiręd coordinate is obtained by equating the cable left part expression (2) first derivative to 
zero.ATter śome transformations one cah find - ,u
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■ ‘ ."" : ' ’ • . .  4 .... (l-ł-y) , . ......... , . . . _ . . . .  . . ; ,,
One must notę, that the maxitnal deflection z(x).=. żaafo-*) locatiori point depends on ratio, y, and its 

magnitude is in direct projsortionality to maximal middle span..deflectioni fj. .̂ When y.yanes from 1 to 10, the
;coordinate x*. changes insignificantly, yarying in.bounds x ' , =  0 .4371;* .0 .3861..Thus, one can find, that the 
maximal cable deflection position zmax(x*) deviation is smali enough from the cable middle span. ,

Ęngineering design process reąuires to check the stiffness reąuirem ents in term s o f  displacement limi- 
tations. Therefore one must possess the relations o f yertical kinematical displacements. The latter can by cal- 
culated.by ... r ;  r ;
; , s co!( x ) = z IJ( x ) - z 10(x ) . • . , -  (5)

The maximal kinematical yertical displacement to,' (x) = to, :(x**) can be obtained, having fixed its 
position ,,-.' . , •. : ■ , ,

■ . l f e T /2  +  A f>( 2 ł 3 y / 2 ) i ' , ; I- ' ■

: M ,:. ,̂ ■ :  ; , ' 4 : [f„ r/2 +'Afk (l‘+V)] | Ц  ' ' / : ̂  ' '
Analyzing the eąuation (6), one can find the maximal kinematical deflection point to  be outside o f the 

first cable span ąuarter (0  <;x*ł <  1/ 4 ) . Its position depends on the loadś intensitieś ratio у  and the middle 
span kinematical deflection Afk m agnitude The latter value m agnitude ćan be identified, having determined 
the suspension cable extensión S, induced by the asymmetric loading jp: ;

' * ..... 1/z > . l i -  л ; i •'
S = S, + Sr = 1 + 0,5 J[zj (x )]2dx + 0,5 J[z' (x )]2 dx.

; i ' Г1 " ' 0 1/2 i i

Solution of the above eąuation taking into account relations (2) and (3) results ;
8 f 2 [l -ł- у -H у2/4 ]  -----
3 1 [l 4-у + 5y2/1 б] *

(6)

S, = 1  + -

(7)

(8)

By em ploying the S, expression, one can obtain the eąuation for m iddle span deflection Afi<:

Afk = f0( - \ f t '- 1)> :
where parametertf/is obtained by '! • , 1 ' ; i i.

l  +  y +  y 2/ 4  '
¥  = ■

(9)

( 10)
1 +  y +  5y2/ l 6  ’ . -■ ' Л

' ' ' - The artalysis o f  the relation (10 ),shów s th a t the У  <1.0 results the negative Aft. magnitude.'Thus, the 
middle span point o f  cable, śubjected by  asym m ętric loadirig, iś lif ted u p , proportionally to the ratio y. For 
mstance, when y =  Ó.5 , A fkr - 0,005 fo ; when y =  2,'Afk= - 0.03 foi; w hen;y=  3, 'Aifk= - 0.Ó42 f0.

The yertical kinem atical displacem ents o f  the loaded cable part are determined by

% M  = f 0
4x
1

4x 2iV

l2
Г

1
Л у /  6x

+ —
Л 2^

6x 2 \

1 n
OD

- ■o-,- • ; ( л ; ^ ^ ^ у . + 5 у 2/ 1б:; , : ; . ; я ; od
The form ula (Ц )  is convenient: for application as kinematical displaicementsIare• bxpressed only yia 

cable primary m axim al coordinate f0 and ratio y. It is obvious that at; point "x = 1/2  kinematical yertical dis
placement is С О ^хУ ^.А ^. v

• Transfóirming eąuation (6) one can obtain: • ■ ■ ' .............................

" ' х - а Й ± М Ь 2 1 ) .  ; : ■ ; . _  ' (13,
■; 4 (l + y - ą )  _ - .7 ; .  ■  ̂ '■';".v

j J  5 The formula: :;(T3) is ;,s im p le r th a n : forniula (6),' ‘as 'm axim al lyertical ':'^displacement' relation 

!'C0j'(x)"=tójmax(x**)7 excludes th e !cable middle spari deflection Af^ item; Analyzing the expręssion (13), 

one can find the maximal kinem atical displacement location point o f the loaded left; part will be always in-
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side of the first cable span-quarter, i.e. x ,ł < 1 /4 , versus as is adópted by engineering method authors 
[2,6,7,10,11 jl3]v Furtliermore,‘this displacement loćation point always will be back away from the left sup- 
port by the distance/being less than 1/4. This distance decreaśes by increasing the ratio y. WKen the ratio óf 
asymmetric 'and śymmetric loads intensities .7 = 4, X*’ = 0,9571 / 4 ; when 7 = 2,. x ** = 0,9341 / 4.;; and 
when 7=3 , X** = 0,9211/4. г .

Aiming to obtain the maxiraal kinematical displacements of the cable left part, loaded to asymmętrical 
load p, provide transformations of relation (T;l)htekmg' into' accbiint relation (13):'After certaih transforma- 
tions itreads: *■ v

col,max , ■1 + r ( 3 u - 2 u 2) (14)

! ; .. H f .. ..................• ...... : J .  .,.1 (15)

The expression (14) iś morę convenient as it does not. reąuires to identify the maximal kinematical 
displacernent position, defrned by formula (13). .

3. SUSPENSION CABLE HORIZOiNTAL DISPLACEMENT EVAEUATION ;
Horizontal kinematic displacernent is the.component of the total kinematic displacernent. The horizon- 

tal kinematic displacernent,’ iiiduced by cómplementary lbadifig are directed to the loaded part of the cable!
Analyzing th e : horizontal kinematical; displacements. Divide: the ' cable 'to th ef left part, loaded ’ by 

asymmetrically distributed load p, and the right part, free of loading. ! . - 0; - ;5 A ! ■ , r
.... Combining the expressions (1), (2) and (7): one can derive the relation for the left part horizontal. mid- 

dlc span displacernent: , ... . , .

A h | "

, 3 l[  (1 + У/2)2 ■
Analyzing.the formula (16), one can-find,the horizontal kinematical displacernent to be in.direct pro- 

portion on the loads intensities ratio .7 and the cable.sag f0. The horizontal kinematical displacements are of 
the same order as the verticaf displacernent magnitude in the middle span -A fk . ' - ' ; . : > ! *

The left cable: part horizontal kinematical displacement is detenhined by the relation: 1

(16)

Ahr = ASkl =
3r

1+ + 3y2
- f (17)

Ah

'■(l + y /2 )2
One must notę that kinematical horizontal displacements are absolutely; identical magnitudes; i.e! 
= Ahr . : r  ■; ■■■/•!'
The horizontal displacements of the other cable points can be determined analogously, having com- 

pared the cable lengths before loading and after loading by asymmetric loading.
Analyzing expressions of vertical and horizontal kinematięal;expressipns, onejcan jfind them to be re- 

lated ones. Thus, aiming to ;reduce vertical displacements, one must constfain the 'cable ability to deform 
horizontally. When eonstrairiing the cable horizontal displacementś!via the horizontal link, introduced in the 
middle span, the magnitudes o f yertical displacements approach to zero. This constructional tool (realized 
e.g. by connecting the cable with stiffness beam) is applied iri suspension cable bridges in order to stabilize 
its primary eąuilibrium form [7]. The analogous constmctional decisions are applied for yarious suspension 
cable and complex structures'[2,5,13]. ' ■■ 7 ' - '

;■ ■ -;

■Ь '■■Г' i, . 4: i'r; , .
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;.3.-,̂ JMEMCAL SpyiULATip^S., • ,
, Tó iilustrąte 'the proposed method o f  kinematical displacemeriteyaluatipn and to proyide, error, ob- 

. tained wKen applying thó approkimate engineering methods, the numerical simulations are proyided.
The 100 meters span flexible suspension cable was subjected by symmetrically and asymmetrically 

distributed lóads q and p, respectłvćly (sec Fig. 1). The displacemerit arialysis is provided in reśpect of the 
sag f0 and the ratio of symmetric and asymmetric loads intensities ywariations. - 4  ^  '

•. Analyzing yertieal kinematical displacements. Numerical simulation cleared that the sag f0 magnitude 
has direct influence to the cable yertieal and _ horizontal ,displacements (inerements of sag cause adequate 
inerements of kinematic displacement components).

Taking the ratio у = 1 and the primary coordinate to be f0 ;= 1/10 = 10m , the induced yertieal kin

ematical displacement is Q, bax = Q721m ; The yertieal displacemerit of the cable, loaded under conditions 

у = 1 and f0 = 1 /5  = 2 0 m , doubled the displacement, comparing with the previous magnitude, and was 

co, max = l,442m  . One can conclude, that ajming to reduce kinemątical displacements magnitudes under the
constant loads intenśities ratio y, one must reduce the primary maximal coordinate;f0; The'perfórmed numeri
cal experiment cleared that kinematical displacement values óf loaded (left) part of the cable in absolute 
magnitudes of are less when compared with the remaining (right) part of the cable. This, looking to be para- 
doxical result is conditioned by the negative magnitude of the rńiddle: span displacemerit Afk . The, analogous 
distribution of kinematical displacements was analyzed briefly in ihyestigation [13]. The middle span kin
ematical displacement Afk also inereases when one inereases the у  magnitude. One obtained, that varying у 
= 2 ч- 5 for constant /  = //1.0 = Юти,'the- Afk; varied respectiyely in the bounds - 0>136:m * 0,769 m. For 
coristant /= 7 /5  = 20 ЙТ and yariable y -  1 -r 10, the middle span-yertieal kineniatickl displacement magni
tudes varied by - 0,272 m 1,538 m.

. , The relation arialysis df the ratio у yersus maximal yertieal kinematical displacement cOj max shows it 

to be the nonlinear one. Varying у by 1 10 (in case of /  = 1/5 = 20m )', the yertieal displacement inerements
asymptotically reduce (see the Table). The latter result means that the suspension'cable is sensitive to asym- 
metric loading per loading history. Analyzing the loading history ;in respect of the analogous inerements of 
у . In previous stages of loading.the cable responded by the relatively larger yertieal displacements, but the 
further inerements of у resultjed to the respectivelysmaller displacement magnitudes. ;; ;  - : ,;y

Having performed nuiherical simulations, it was found, that engineering desigri methods, based on su- 
perposition principle, lead to the errors when estimating magnitudes óf yertieal displacements. The errors do 
not depend on primary maxirtial coordinate magnitudes, but are sensitiye to the ratio у magnitude. When y=" 
1, the error approximately equals 15:5%, when.y = 5; the error is 42%; and when y.= 10, the error is 52% (see

Figurę 2 -  Vertical kinematic displacement vs у

It is obvious, that aiming to estimate suspension cable kinematical and, in generał, total displacements 
morę accurately, one can apply the engineering methods only in cas;e when у й 1 [2,6,10,11]. It is proved,
that yarying , the maximal kinematical displacement magnitude col nax yariationds srpall. Assumingthe

maximal yertieal displacement to be approximately x** =1/4,  the kinematical displacements, calculated by 
(11) and (12), result insignificant errors up to 2% for whole у yariatión rangę under ihyestigation.



V 4. CONCLUSIONS
1. The performed numerical simulations applying the proposed analytical method resulted the followińg 

conclusions:
2. The loaded cable part yerticąl displacements are less the ories of unloaded part (in absolute magnitudes);
3 . An increase of the loads intensities ratio. y results the nonlinear increase (ręduce) of the maximal yerticąl 

kinematical displacement: 6»/>max .

Строительные конструкции

Table 1 -  Vertical maximal kinematic disp lacements
Loads ratio Displacements by expression • Displacements by engineering

\  /  у : "  . ( 14) Ю1,тах>П т methods collim in m ;
. . . . . , i  ■ . . .  2 . ' • 3

.: l i . .• • 1.442 1.766 ' • г
2 . 1.998 : 2.500; •
3 i ' 2.258 3.000
4 2.416 3.334

! ■ 2.518 • 3.572
6 ' ■■■ ; 2.588 ■■ -• 3.750

■7 ' > 2.640 ' 3.888 ’ * '
8 2.680 . 4.000
9 ; 2.710 4.090 '
10 2.736 4Л66 4 t

4. yerticąl kinematic displacement handling possibilities can be realized via the followińg means: a reduc-
tion of the cable sag; ari ,increase of the symmetric load magnitude; by introducing artificial constraints of 
the cable to restrict cable IionzbńtaTdiśplacements.' ' T , , .

5. The provided numerical simulations cleared that the error, obtained when calculating kinematical dis
placements by engineering mcthodś/in case of у >1, out measures?16%; Thuś, the engineering methods 
of displacement eyaluątion application is restricted for loading cases, when у <1. .

r e f e r e n c e s
1. Szabo, L.Kolar, M,Pavlovic. iStruętural Design of Cable-Suspended Roofs. Budapest: Akademia Kiado, 1984. 243 p.
2. Moska!e‘vN.S. Suspension re-covering structures. M: Stroiizdat, 1981.T27 p. (in Russian).. ..
3. Móskalev N.S., Pópova R.A. Steel Stmctureyof Tight- Weight Buildigs.;h4oskya: ACB, 2003.216 p. (in Russian)., ■
4. KirsanovN. M. Susperision: śtructures. M: Stróiiżdat1981. 158p. (inRussiań). I
5. Kirsanóv N.M. Suspension śtructures for induśtrial buildings. M: Stroiizdat, 1990. 127 p. (in Russian).
6. BeleniaN;N. ŚteefStructiires. Special course. MrStroiizdat, 1990. 687 p. (m Russian);
7. Gimsing Ni»Ji Cable Suported1 Bridges -  Concept and Design. Sccond edition. John Wiiey & Sons, Chichester,

1997.470р. " • :■ v7
8. R. Walter.,Cable Stayed Bridges. Tomas Telford, London, 1988. 198 p. • • - v
9. Manuał of Bridges engineering. Editedby M.J. Ryall, G.A.R. Parkę and J.E. Harding. Tomas Telford. 2000. 1007 рд-.л
10. Irvine H. M. BehaViour Of Cables. Constructional Steel Design, London and New. York, 1992. Pp. 277- 306. Л: .
1L Recommendations: for susperision śtructures design. Moskva:.CNIISK. 1973. 175 p. ( i n | R u s s i a n ) . ,  ; , . •*
12. Steel śtructures. Design Guide. Editor MelnikovN.P.,M: Stroiizdat, 1980. 776 p.:(in Russian). :
13. Katchuriny.K. Statić Design of Cable Śtructures. Leningrad.: Stroiizdat,. 1969. 1:39 p. (in Russian)..
14. A.* Jenningśi; Deflećtion Iheóry analyśis of differenf cable profiles for susperision bridges.' Eng. Śtructures, 1987,

Vol. 9. Pp. 84-94. ‘ ‘7
15. J.T.* Katsikadelis, N.A. Apostolopoulos. Finite analysis of cables by the analog eąuation method. Steel Strrictures-

Eurosteel?95, Rotterdam, Bąlkema, 1995. Pp. 355-360. ’ •' : .
16. R. Karoumi. Sonie modeling aspects in the nonlinear finite element analysis of cable supported bridges. Computers

and Śtructures 71,jl'999. Pp.:397-412. • ’ - ! •
17. Hiroshi Tanaka. Aeroelastic Stability of Suspension Bridges during Erection. Śtructures Engineering International; 

1998, Yolume 8, Ńumber 2.;P p .ll8 -123.

157


