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Abstract. The current article discusses a single-span composite steel pedestrian bridge, the load-bearing
structure of which is comprised of a stress-ribbon with extended tendons. The analysis is focused on the be-
haviour of such structure under symmetric loads. The article reviews the general displacement thrust force
of load-bearing suspension structures of such bridge as well as presents calculation analysis values of such
displacements and the thrust force. In addition, it provides results of the numerical experiment and com-
parative analysis of the stress-ribbon structure with extended tendons.
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Introduction concrete or stone rafts, which are attached to load-bear-

. . . . ing steel strips using regular joints. The choice of such
The stress-ribbon bridge is considered one of the most 8 ] P g gular) ) )
; . . heavy raft is determined by the wish to reduce displace-
elegant and lightest pedestrian bridge structures. The ) ) o )
’ . ments of the kinematic origin. The maximum sag of
main advantage of the suspension structure over the . . . X
. bbon bridee is that due fo its stati dd steel strips is set considering the exploitation require-
stress-ribbon bridge is that due to its static an na- o )
8 Y ments, so that the incline does not exceed 8% (Schlaich

et al. 2005). The foundations of this flexible structure
have to be built to withstand high tensile strains. There-

mic behaviour peculiarities, stress-ribbon structures
are used for pedestrians and cyclists rather than ve-
hicle or railroad traffic (Strasky 2005; Schlaich, Ber-
german 1992; Atanasovski, Markovski 2002). Stressed
ribbon structures tend to have fixed cross-section, low

initial sag ( fo :(1/ 30+1/ 60)L) and shape similar to ability under asymmetric and local loads (Kulbach
that of a square parabola. Span length L and the initi- 1999; Katchurin 1969; Caetano, Cunha 2004; Troyano
al sag f, are the main parameters of the stress-ribbon 2003; Schlaich et al. 1999; Redfield, Strasky 2002).
system. The rational choice of these parameters deter- Recently, different construction solutions have
mines behaviour of the structure under symmetricand  peen applied to reduce deformability of stress ribbon
asymmetric loads (Schlaich ef al. 2005; Strasky 2005)  structures, among which suspension combined ribbon

It must be noted that stress-ribbon using steel  structures can be distinguished (Sandovi¢, Juozapaitis
bands bridge decks can be constructed from reinforced  2012). It has to be noted that lately, in order to increase

fore, the massive foundations also determine the price
of the stress-ribbon bridge. One of the main drawbacks
of such suspension structures is their high deform-
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efficiency of such systems, stress-ribbon structures
with external tendons have been introduced.

The novel solution employed in stress-ribbon
structures with external tendons allows reducing ten-
sile (thrust) forces, thus reducing mass of such load-
bearing structures, including cable foundations (Oga-
wa et al. 2006).

It should be noted that flexible cable is a curvilin-
ear freely suspended pole without compressive strain,
which is attached to the deck on both sides. Flexible
cable is a theoretical concept, as any component has a
certain cross-section height; therefore, it has a bending
strain of a finite element (not equal to zero) (Moskalev
1981; Gimsing 1997; Furst et al. 2003; Juozapaitis et al.
2002, 2013; Kala 2012). It has to be noted that flexibly
based elements are recommended for the design of the
abovementioned suspension structures (Juozapaitis
et al. 2006; Grigorjeva et al. 2004; Juozapaitis, Norkus
2004; Kulbach 2007). It is necessary to note that design
and behaviour of stress-ribbon bridges with external
tendons have not been properly researched so far.

The current article discusses a single span stress-
ribbon with external tendons pedestrian steel bridge
structure. It analyses the behaviour of such suspension
structure under symmetric loads. In addition, it pre-
sents the engineering methodology for estimating the
total displacement and the thrust force of supporting
structures of such bridge. Besides, the article presents
the numerical experiment results.

1. Engineering calculation of the stress-ribbon
bridge with external tendons under
the symmetric load

The main supporting element of the stress-ribbon pe-
destrian bridge with external tendons is calculated as
a structure of geometrically nonlinear behaviour. The
fact that general (total) cable displacements consist of
kinematic and elastic displacements shall be taken into
consideration (Tarvydaité, Juozapaitis 2010).

Stress-ribbon with external tendons structure is
a single span with different initial sags, two suspen-
sion cables attached to posts. A post is a straight steel
joint with a solid cross-section area with EI =0. The
diagram of the stress-ribbon structure with external
tendons is presented in Fig. 1.

Elastic cable is a kind of cable without bending
stiffness EI. The flexible cable assumes square-parabo-
la-like shape under the self-weight.
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Fig. 1. Calculation diagram of the stress-ribbon
with external tendons

Engineering (approximate) calculation method-
ology was developed for a stress-ribbon bridge with
external tendons, using a flexible cable. The following
calculation assumptions were assumed:

1. the shape of the stress-ribbon structure with

external tendons is a square parabola;

2. posts are not affected by deformation; thus, the
vertical displacement of both cables at any gi-
ven layer of the structure are equal Af, = Af,.

An established deformations sustainability equa-
tion (Sandovi¢ et al. 2011) was employed for deter-
mining the total displacements, when the length of the
upper cable after elastic deformation s, equals:

2
51=L+8 (fO,v+Afv) i (1)
3-L
where: f, , - initial sag of the upper cable; Af, - ver-
tical displacement of the upper cable in the middle of
the span; L - span.

Algebraic calculations resulted in the expression

for determining total upper cable displacements in the

middle of the span:
3.-H, -I?
AfE+2f, , - Af, ——2—=0, 2
fv fO,v fv 8'E'AV ( )
where the upper cable thrust force is:
* .LZ
pV (3)

H=——D2=
! 8'(f0,v+Afv)

where: H, - upper cable thrust force; A, - upper cable
cross-section area; p - upper cable load.

Having inserted Equation (3) into (2), a solution
for the vertical displacement of the upper cable square
equation was received:

/ 3.L4.P*
Af, =— + 2 ALy 4
fv fO,V fO,v 64'EV‘AV ( )
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where: f, , - initial sag of the lower cable; A, - lower
cable cross-section area; Af, - vertical displacement
of the lower cable in the middle of the span.

Analogically, an equation for estimating the verti-
cal displacement of the lower cable is received:

3.L4.p*
Af, =—f,  + / Jop——a
fa fO,a fO,a 64'Ea'Aa

Constant and periodic loadings affecting the
stress-ribbon structure with external tendons are dis-
tributed between the upper and lower cables through
the posts:

(5)

g+p:(gv+pv)+(ga+Pa); (6)

8+P=py+Pa (7)

where: g - constant loading; g - periodic loading; p; -
loading of the lower cable.

The parity of the upper and the lower cables’ total
displacements in the middle of the span, Af, =Af,,
allows determining the load on the upper and lower

cables:
B ()
B (ot ALY HEA, (o)
o DB (o +f, ) o
B a8 ) A (fo )
p,, was expressed from expression (7):
Pa=8+P=Py (10)
The thrust force of the lower cable is:
pa-l? (1

H=——————-

’ 8'(f0,a +Afa)

The calculations are carried out by means of

approximation (iterations). In the first iteration, in

Equations (8) and (9), Af, =Af, =0. As vertical dis-

placements of the upper and lower cables are equal

(Af, = Af,), only the vertical displacement of the up-

per cable Af, is estimated. The share of loading on the
upper cable equals:

2
*_ (g+p)'EvAv'(f0,v+Afv) (12)

EaAa (fO,a +Afv )2 +EVAV (fO,v +Afv )2

The iteration calculations are carried out until

v

the vertical displacements received in the final itera-
tion suffice the selected accuracy condition.

The obtained calculation results were presented
in Figs 2-4.
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2. Comparative analysis

The comparative analysis of the stress-ribbon structure
with external tendon calculations based on the engi-
neering (approximate) methodology was carried out.
The span of the structure is 40 m, initial sag of the
upper cable f, , =0.8 m, initial sag of the lower cable
fO,a =4 m.

The cables with initial sag are described accord-
ing to the square parabola. Three variants of the sus-
pended stress-ribbon structure with external tendons
were considered: 1) when cross-section area of the up-
per and lower cables is equal, i.e. A, =A, =30 cm?;
2) when cross-section area of the upper cable is twice
as big as that of the lower cable, i.e. A, =40 cm?, and
A, =20 cm?; 3) when the cross-section area of the
lower cable is twice as big as that of the upper cable
ie A, =20 cm? and A, =40 cm?. Finite element soft-
ware Cosmos/M was employed for the numerical anal-
ysis. The diagram of the stress-ribbon structure with
external tendons is presented in Fig. 2. The calculation
results were presented in Figs 3-5.

Fig. 2. Calculation diagram of the stress-ribbon structure
with external tendons
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Fig. 3. Percentage difference of the upper cable vertical
displacement calculations in the middle of the stress-ribbon
structure with external tendon span
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As indicated in Fig. 3, the difference between the
vertical displacements received using FEM program
Cosmos/M and according to engineering formulas does
not exceed 6%. The highest errors were obtained when
the cross-section area of the lower cable of the stress-
ribbon structure with external tendons was twice big-
ger than that of the upper cable, i.e. A, =20 cm?, and
A, =40 cm?. It has to be noted that with the growth
of symmetric load, the errors decrease.

The differences of the upper and lower cable thrust
force in the stress-ribbon with external tendons, differ-
ences between values established using FEM program
Cosmo/M and estimated using engineering formulas
are presented in Figs 4 and 5. Accordingly, thrust force
values determined using FEM program Cosmos/M and
estimated according to engineering formulas prac-
tically coincide. The highest errors (about 2%) were

0 —= T
1@0 b)) 24,_____\26
-1

—~—

H,, difference, %
=)

-3

Load, kN/m

Fig. 4. The difference between thrust force calculations of the
upper cable in the middle of the stress-ribbon structure with
external tendon span in percent
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Fig. 5. The difference between thrust force calculations of the
lower cable in the middle of the stress-ribbon structure with
external tendon span in percent

G. Sandovic, A. Juozapaitis. Behaviour analysis and engineering calculation of the stress-ribbon bridge ...

obtained when calculating thrust force values of the
upper cable.

The comparative analysis of calculations revealed
sufficient accuracy of the presented engineering meth-
odology.

3. Comparative behaviour analysis of the
stress-ribbon bridge with external tendons

The comparative behaviour analysis of the stress-rib-
bon and stress-ribbon with external tendons under
symmetric loading (Fig. 1) was carried out (Fig. 6).

Each bearing cable of the span consisted of linear
finite elements. Evenly distributed load was replaced
with added concentrated force in points (nods). In or-
der to maintain the same initial rise of the deck, the
initial upper cable sag of the stress-ribbon bridge with
external tendons was considered equal to the initial
sag of the stress-ribbon, i.e. f,, = f; =0.8 m, whereas
sag of the lower cable equalled f; , =4.0 m. Posts were
deployed every 2 m. The overall cross-section area of
the stress-ribbon bridge with external tendons is equal
to the stress-ribbon using steel bands cross-section
area, ie. A, +A, =A=60cm? - the same weight of
the structures is maintained.

The obtained calculation results were presented in
Figs 7 and 8.

As indicated in Fig. 7, vertical displacements of
the stress-ribbon bridge with external tendons are ap-
proximately four times lower when the cross-section
area of the upper and lower cables is the same. It has
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Fig. 6. Calculation diagram of the suspension structure:
a) stress-ribbon using steel bands; b) stress-ribbon with
external tendons
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Fig. 7. The difference of the vertical displacement (in times)
in the middle of the stress-ribbon structure and stress-ribbon
structure with external tendon span
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Fig. 8. The difference of the thrust force of the stress-ribbon
structure and stress-ribbon structure with external tendons
(in times)

to be noted that with the increase in symmetric load-
ing, the efficiency of the stress-ribbon structure with
external tendons is insignificantly reduced.

While conducting comparative thrust force analy-
sis of the stress-ribbon bridge using steel bands and
stress-ribbon bridge with external tendons, the sum
of upper and lower cable thrust force of the stress-
ribbon bridge with external tendons is considered, i.e.
H,+H,. Fig. 8 reveals that the thrust force of stress-
ribbon structures with external tendons is twice lower
than stress-ribbon using steel bands.

Conclusions

1. The conducted behaviour analysis of stress-ribbons
using steel bands and stress-ribbons with external
tendons revealed that the thrust force in the stress-
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ribbon with external tendons is twice lower than
in stress-ribbons using steel bands. The total verti-
cal displacement in the middle of the span is three
times lower in the stress-ribbons with external ten-
dons than in the stress-ribbons using steel bands.

2. The comparative analysis of the engineering calcula-
tion methodology revealed that accuracy of the en-
gineering calculation methodology is sufficient.
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DVIJUOSCIO LANKSTAUS KABAMOJO PLIENO TILTO ELGSENOS ANALIZE

IR INZINERINIS SKAICIAVIMAS

G. Sandovi¢, A. Juozapaitis

Santrauka. Straipsnyje aptariama vieno tarpatramio pésc¢iyjy kombinuoty tilty lanksti dvijuosté kabamoji konstrukcija.
Analizuojama tokios konstrukcijos elgsena veikiant simetrinéms apkrovoms. Apzvelgiami tokiy tilty laikanciyjy kabamuyjy
konstrukeijy bendrieji poslinkiai ir skétimo jégos, pateikiamos tokiy poslinkiy ir skétimo jégy skai¢iavimo analizinés
i8raiskos. Pateikiami skaitinio eksperimento rezultatai, bei vienajuostés ir dvijuostés kabamujy konstrukcijy lyginamoji
analizeé.

Reik$miniai ZodZiai: tiltai, kabamosios konstrukcijos, vertikalis poslinkiai, lankstus lynas, lyginamoji analizé.
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