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Anoranisa. HesBnuailHuil BaHTOBUIL MICT, Y SIKOMY BaHTU PO3TAIIOBAHi ITi/{ HACTIJIOM MOCTA i MalOTh BHACJII-
JIOK 3MiHU JOBKWHU CTOSKIB TOJITOHATbHE KOMIIOHYBAHHS, HA3UBAETHCS SIK 3BOPOTHUI BAHTOBUH MiCT
(3BM). Taxi mocTH, SIK TTPaBUIIO, MAIOTh YiTKO BUPa)keHYy HEeMTiHIWHICTh TOBEIHKY Yepe3 IPUE/HAHHS BaHTiB-
3aTSKOK /10 GAKY KOPCTKOCTI. L1sT HETiHIITHICTD TOJOBHUM YHHOM 3aJI€KUTH BiZl 6€3pO3MipPHOTO TTapamMeTpa
rHyukocti Ganku. HaBeleHo npoekTyBaHHs NepeaHanpyskeHoi Bantamu 3BM KOHCTPYKILT 3 6ibll MOBHUM
BUKOPUCTAHHSM IIOTIEPEYHOTO TIepepidy. ¥ CTaTTi HaflaHi HOBI MOJKJIMBOCTI PETYJIIOBAHHS 3yCUJb 3 BUKOPH-
CTAHHSM I103aIlEHTPOBOTO TIPUEAHAHHS BaHTIB-3aTsKOK. Ha mpukiazii 4ncaeHHoro eKclepuMenTy II0Kasa-
Ha e(eKTUBHICTD 3aMPONOHOBAaHOI MeToAnKN. KpiM Toro, MpoBe/ieHO MOPiBHAIBHMI aHasi3 JMiHIHHOI i He-
ainiitHOI moBesinku 3BM korcTpyxkmii. Ha ocHOBI mopiBHAIBPHOTO aHami3y /esSKi BUCHOBKH CTOCYIOTHCS
Ha/IIHOCTI 1 TOUHOCTI BU3HAUEHHS HETiHINHOI MOBEMIHKM KOHCTPYKIIii, 30KpeMa 3 ypaxyBaHHSIM yCiX IO-
YaTKOBUX HEJOCKOHATIOCTE.

KnouoBi cioBa: 3BoporHuii BantoBuilt Mict (OBM), HesiHiitHMIT aHasi3, HEJOCKOHAJIOCTI, PETYJIIOBAHHS
3YCHJIb, PAIliOHATFHIH eKI[eHTPUCUTET, pallioHaTbHII MOMEHT, 3aTalbHUI (GaKTOp HEAOCKOHAJOCTeH,
OJTHOIIPOJIbOTHA CHCTEMA, CTUCHYTO-3ITHYyTHH €JIeMEHT.
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AnHoranus. HeoObYHbIA BAaHTOBBIII MOCT, B KOTOPOM BaHTBI PACIIOJIOKEHBI TTOJl HACTHUJIOM MOCTa U UMEIOT
BCJIE/ICTBUE M3MEHEHUS UTUHBI CTOEK MOJUTOHAIbLHYIO KOMIIOHOBKY, IMEHYETCST KaK 0OpaTHbBIA BaHTOBbIN
mMoct (OBM). Takre MOCTBI, Kak MTPaBHJIO, 00JAIAI0T SIBHO BBIPAKEHHON HEJMHENHOCTBIO TIOBEECHUST U3-3a
MPUCOEIMHEHUST BAHTOB-3aTsDKEK K Gajike KEeCTKOCTH. DTa HEJMHEHHOCTh TJIaBHBIM 0OPa3oM 3aBUCHUT OT
6e3pasMepHOTO TapaMeTpa rmOKocTr Gaaku. [IpUBOAMTCS MPOEKTUPOBAHME TIPEIHANPSIKEHHON BaHTaMU
OBM koHCTpyKIHK ¢ 60Jiee TOJHBIM UCIIOIb30BaHUEM TOTIEPEYHOTO ceveHrst. B cTaThe MmpencTaBasioTcst
HOBbIe BO3MOKHOCTU PETyJIMPOBAHUST YCUJIUHN C MCHOTH30BAHUEM BHEIEHTPEHHOTO TIPUCOENHEHNST BAHTOB-
3aTskek. Ha mpuMepe umciieHHOTO sKcieprMeHTa ToKa3aHa 3P GeKTUBHOCTD Tpe/IaraeMoil MeTOIMKH.
Kpowme Toro, poBejieH cpaBHUTEIbHBIN aHATN3 JUHEHHOTO U HeauHeliHoro noBegenust OBM koHCTpPYyK-
un. Ha ocHOBe cpaBHUTENBLHOTO aHAIN3a HEKOTOPBIE BBIBOJIBI OTHOCSITCS K HAEKHOCTH U TOYHOCTHU OIIpe-
JleJIeHVsT HEJTUHEHOTO TIOBe/IEHUsT KOHCTPYKIINU, B YACTHOCTH C YYETOM BCeX HAuaJTbHBIX HECOBEPIIEHCTB.
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KioueBbie caoBa: obparHbiii BanToBbiii MocT (OBM), HeluHelHbIN aHANINE, HECOBEPIIIEHCTBA,
PEryIMpoBaHKs YCUINH, PalliOHAIbHBII 9KIEHTPUCUTET, PAMOHAABHBIN MOMEHT, 00mMiA (pakTop
HECOBEPLICHCTB, OAHOTIPOJIETHASI CUCTEMA, CKATO-U3TUOAEMBIIl DJIEMEHT.
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Abstract. An unusual cable-stayed bridgewiththe cable stays placed below the deck and having polygonal
layout due to deviation by means of struts is named under-deck cable-stayed (UDCS) bridge. UDCS bridges
usually have significant nonlinear behaviour due to direct anchoring of cable-staying system into the deck.
These nonlinearities mostly depend on dimensionless slenderness parameter. Designing UDCS structures
for the better cross-sections utilization the prestressing of cable stays is widely used. This paper presents a
new perspective for structural response control by means of eccentric anchoring of cable-staying system.
Numerical examples emphasises the efficiency of the proposed computational technique. Moreover, the
comparison analysis carried out considering structural behaviour of the UDCS structure both as linear and
nonlinear. On the basis of such comparative studies, several conclusions are drawn concerning the safety
and accuracy of the structural behaviour estimates yielded by nonlinear analysis and, in particular, when

accounting for all initial imperfections.

Keywords: UDCS bridge, nonlinear analysis, imperfections, structural response control, rational
eccentricity, rational moment, generalized imperfections factor, simple-span system, beam-column.

1. Introduction

Under-deck cable-stayed (UDCS) bridge isa result
of developments in form-finding and refers to a
relatively new form of the cable-stayed bridge. The
proposal of this new bridge type arose in Fritz
Leonhardt's mind as a consequence of trying to
solve a complex engineering problem [1]. In
UDCS bridge, intermediate pylons are replaced by
supporting system of cable stays and struts. Direct
anchoring of under cable stays evokes axial
response in the main girder of the bridge and when
load is applied it behaves under interaction of
bending and compression. Due to previous notice,
this study considers the deck of the bridges as
longitudinal girder by means of steel beam-column
element. Issues addressed to the structural
behavior of the UDCS structures concern mostly
the externally prestressed concrete slabs or beams
[2—-5] (Menn and Gauvreau 1987, Virlogeux et al.
1994, Harajli et al. 1999, Aravinthan et al. 2005,
Fiirst and Marti 1999, Lou et al. 2012). The par-

ticular case of steel UDCS structures was mostly
considered with the approach of roof beam-string
structures [6—9]. There are several studies spread
in literature conducted on the structural behaviour
of the combined structures [10—13]. Moreover, a
great attention has been paid for the steel
structures optimization by performing design and
structural behaviour analysis [ 14—16].

This paper presents a new point of view to the
possibility to control structural response of the
main steel girder of the UDCS bridge by means of
eccentric anchoring of the cable-staying system.
In particular, this study aims at providing a con-
tribution to a better understanding of structural
behavior and a more efficient analysis of UDCS
bridges.

2. Proposed method

Very few studies have been conducted on an
attempt to control structural response of the
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UDCS structures. A new approach on the flexural
response control of the simple-span bridges was
proposed by Juozapaitis et al. [17]. The study was
performed on the case of UDCS bridge reco-
nstruction with no suspension during exploitation.
The simple-span UDCS bridge with mono cable-
staying system was considered as shown in Figu-
re 1. Proposed technique relies on the approach of
the eccentrically anchored cable-staying system,
thus arousing the bending moments at the support
sections of the main girder. For the simplified linear
analysis of the bridge calculation model is made
considering individual member of the main girder
as shown in Figure 1. Due to direct anchoring of
the cable-staying system and applied distributed
transverse load the considering simply supported
structural element refers to beam-column and
simultaneous action of bending and compression
must be considered.
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Figure 1. Calculation model of UDCS bridge: a) whole
structure; b) individual member.

When the height of the cross-section of the
girder is constant and assuming [17]:

M@=0)=|p(z=11). 1)

The rational eccentricity may be obtained as

[17]:
en=Tin @)

and rational bending moment is equal to:

2
Mrac :ql& ° (3)

Numerical evaluation

On the basis of previously presented study the
numerical evaluation was performed to present the
efficiency of the proposed technique. Figure 2
shows that with adopting rational eccentricity for
thelinear analysis of simple-span UDCS structure
with mono cable-staying system the efficient
distribution of bending moments can be achieved.
By introducing hogging moments at the support
sections of the girder the extreme values of the
bending moments decrease twice compare to
structure without structural response control. This
advantage refers to increases in economy due to
effective cross-section utilization.

a) [T 20 v
HEA 240

HEA 240

!mmlll il I 7D

202 kNm
9000

9000

Figure 2. Bending moments diagram: a) without
structural response control; b) with structural response
control.

Moreover, the computer-aided analysis was
performed using nonlinear solver ANSYS for
structural behaviour analysis of the UDCS bridge.
Analysis was carried out by varying slenderness
parameter kI which expressesaxial compression-
flexural rigidity relationship:

kl=1 N%Z. (4)

The axial response in UDCS bridge appro-
ximately may be accounted as:

_ql’
N ®)

where L is span of the bridge and [, is the length of
the strutas shown in Figure 1.

Table 1 shows that UDCS bridges have signi-
ficant nonlinear behaviour which increases by
increasing slenderness parameter k/. Thus the
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Table 1. Results of the numerical analysis of the structural behaviour of the UDCS bridge

ki q, Vlinear» Vnonlinear» Vlinear/ I\:[max. N[lr-nax, Mmax.linear/ Mmax. nonlinear
. 0 near, nonlinear, 0
kN/m mm mm Voonlinear 70 KNm KNm %
1,64 20 117,1 174,1 48,61 % 202 279 28 %
1,07 20 54,0 62,0 14,87 % 203 230 12 %
0,95 20 47,2 52,1 10,31 % 202 223 9 %
0,79 20 32,1 37,2 16,20 % 203 216 6 %
0,60 20 21,2 21,9 3,42 % 202 210 4%

attempt to adopt rational eccentricities obtained
by Eq. 1 for the nonlinear analysis gives major
disagreements as presented in Table 2. Last column
of the Table 1 shows that linear analysis for the
UDCS bridges can be reasonable for the values of
the slenderness parameter less than one.

Table 2. Linear evaluation of the structural response
control

Linear  Non-linear
g, Mmax/
ki KN/ Cracs Mmin: Mmaxo// Mmin:
m mm A (]
1,64 20 188 —0,6 % 30,1 %
1,07 20 188 —0,5% 10,9 %
0,95 20 188 -0,5% 7,8 %
0,79 20 188 -0,5% 5,1 %
0,60 20 188 -0,6% 2,6 %

3. Nonlinear modelling

For accurate contemplation of UDCS structures
the formula for the rational eccentricity derived
accounting for the initial imperfections and con-

sidering the equilibrium of beam-column element
shown in Figure 3 by approach of moderately large
displacement theory. On the basis of previous
mentioned theory, the structure is in its deformed
state thus the second order effects are accounted.

When considering simultaneous action of ben-
ding and compression, the deflection at zis incre-
ased by deflection and the differential equation of
bending becomes:

—Elv(2)" =N, ("(2)+v,(2)) +N,e+q=0. (6)

Adopting a sinusoidal function for an initial
geometrical imperfection:

vy (2)=V,505in 2/ )
and introducing;
N
k*="¢ T €©))
The Eq. 6 may be rewritten as:
o=) 487 (1) 0, (o) e} 9,=0. @)
The arbitrary solution of the Eq. 3 is:
v(z)C,sinkz+C, coskz+C,z+C,+v ,,, =0 .(10)

e

Vo(z)

JM “EI =const.

R ——— S

] z

z=0
v(z=0)=0 and
Mz=0)=k%

e
z=]

v(z=0)=0 and
Mz=l)=k%

Figure 3. Calculation model of individual member of the girder.
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When the transverse distributed load is assumed
to be constant the particular solution can be
written as:

b VoSinz/l qz’
T T T Y- ERN ALY

For the sake of simplification introduce:

”=%n2/(k1)2—1)- (12)

By combining Eq. 10 with the boundary condi-
tions shown in Figure 2, the bending moment at
any point of the girder may be obtained as:

g’/ _Ele(kl)’
M@= oI

x(tan’%sinkzﬂoskz)—

? 2 .
—q%dy#f/QElnvmosmﬂ%. (13)

Assuming the condition written by the Eq. 1 the
rational eccentricity for the nonlinear modelling is:

~ ﬂzEInvacos]% - ql* (+cos]%)

(k) (+eoskl)] [El(kl)4(1+cos%)]'(14)

rac

Thus, the rational bending moment:

*El
M =w—q(cosk%—l)+

rac l 2

e, (kD)?
12 COSk% . (15)

For the accounting of all initial imperfections the
concept of generalized imperfections factor
applied. The generalized imperfection factor
incorporates into account all the effects of initial

imperfections can be found in a real element for
flexural buckling such as: lack of straightness,
eccentricity of applied loads and residual stresses.

If consider the equivalent initial deflection
associated to the generalized imperfection factor
model prepared by Maquoi-Ronald for EC3, the
magnitude of the initial deformed configuration is:

v, =a(/_1—0,2)l/%’ (16)

where is imperfection factor referring to column
strength curves; A is dimensionless slenderness;
Wand A are section modulus and cross-section area
respectively.

For the case of small deflection analysis and
accounting for initial imperfections the Egs. 2 and 3
have to be extended such as:

2
eruc:ql 16N‘+075vm0 (17)
and
M —q’7+05 N (18)
rac 16 Vo lVe -

4. Numerical analysis

Considering UDCS bridge of the span 18,0 m
shown in Figure 1 which is subjected to an axial
force by direct anchoring of cable-staying system
into the main girder of the bridge. The estimates
of the structural response are carried out with the
variation of the slenderness parameter for both
linear and non-linear modelling. The transverse
distributed load is assumed to be constant with
the numerical value of 20 kN/m.

Table 3 presents the results of the numerical
evaluation of the proposed structural response
technique.

Table 3. Linear and nonlinear evaluation of the structural response technique

Linear Non— Linear Non— Linear Non— Linear Non-
linear linear linear linear
Mmax/

kl q7 eraca eraca mm mm Mraca Mraca M . MmaX/M

Voo N/m mm mm v, v, KNm  kNm (;“"’ mins %0

()

1,64 24,8 20 200 224 47,0 51,8 108 121 00% -1,1%
1,07 23,4 20 199 209 24,1 24.8 108 113 0,0 % 0,0 %
0,95 12,3 20 194 201 22,9 23,6 105 109 00% -02%
0,79 11,5 20 193 198 18,5 18,9 104 107 00% -0,6%
0,60 12,5 20 194 197 11,6 11,7 105 106 0,0 % 0,0 %
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It is obvious that by increasing slenderness
parameter, for this particular case decreasing
flexural rigidity of the main girder, increases the
nonlinearities in structural behaviour of the bridge.
Table 3 shows that with adopting appropriate
rational eccentricity obtained either by linear or
nonlinear approach the effective distribution of
bending moments can be achieved.

5. Conclusions

This paper details the effective method for the
structural response control of the unconventional
cable-stayed bridges with an emphasis on their
significant nonlinear behaviour. Proposed method
based on the eccentric anchoring of cable-staying
system rather than application of pretension of
cable stays as usually.

First, the methodology of the proposed method
is discussed for the linear assessment of simple-span
UNDSC bridge. The base assumption for the
structural response control has been developed and
equations for the rational eccentricity and bending
moment derived.

Secondly, an example is provided that
illustrates the efficiency of the proposed method.
Relevant achievements in bending moment's
distribution can be obtained by adopting rational
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eccentricity. The eccentric anchoring of cable-
staying system evokes hogging moments at the
support sections of the girder and by base
assumption of the equalization of the extreme
values of bending moments significant impro-
vements on the cross-sections utilization may be
achieved.

Thirdly, direct anchoring of cable-staying
system into the main girder evokes axial forces
and when transverse distributed load is applied
the UDCS bridge has be considered under si-
multaneous action of bending and compression.
Axial response of the main girder refers to the
possibility of nonlinearities, thus the numerical
analysis under variation of the slenderness
parameter has been performed. The results
showed that with the values of slenderness
parametergreater than one considering structure
performs in the significant nonlinear behaviour
and application of rational eccentricity obtained
by linear modelling is inappropriate.

Lastly, the paper presents a basic extension of
the proposed structural response control method
by nonlinear modelling that accounts for all initial
imperfections. This improvement lets to achieve
proficient utilization of cross-sections and effi-
cient distribution of bending moments by appli-
cation of accurate and appropriate technique.
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Micionaiite €Ba — MaricTp iHxeHepii, aCUCTEHT, TOCHiAHUK; Kadeapa MOCTIB i crieliaabHuX crnopyz BibHIOCHKOTO
TexHIYHOTO yHiBepcuteTy iMm. lemiminaca. Haykosi inTepecu: ctazeBi KOHCTPYKIlii, BAHTOBI i BUCSIYi MOCTH, IITIPEH-
TeJIbHI KOHCTPYKIIii, HEeTIHIHWH aHasi3 i CTIHKICTb.

IOo3anaiitic Anbripaac — K.T.H., ipodecop, fekan GyaiBeabHOro (akyabrery; Kadenapa MOCTIB i ClelliaJbHUX CIIO-
pyxa BimpHIOChKOTO TexHiuHOTO yHiBepcuTeTy iMm. leniminaca. HaykoBi iHTepecu: iHHOBaTMBHI KOHCTPYKIIiIiHI cucTe-
MW CTQJIEBUX MOCTIB i CHEIiabHUX CIOPYJ, TeOMETPUYHO HEMIHIHHUI aHaJi3 i CTifiKiCTh cTaleBUX KOHCTPYKIIiH,
peTyJIIOBAaHHS 3yCHJIb CTAJIEBUX MOCTIB i CIIEI[ialbHUX CHOPY.

Mepkegiutoc Tomac — cTyAeHT MaricTpaHTypu, GakaiaBp iHxkeHepii OyAiBHUITBA; Kadeapa MOCTIB i CIeliaibHuX
cropyZ BinbHIOChKOTO TexHiIYHOTO yHiBepcuTeTy iM. lemiminaca. HaykoBi iHTepecn: crameBi BUCSUi MOCTH, TeOMeT-
PUYHO HEJIHINHNN aHami3.

Mucionaiite EBa — MarvucTp MHKXEHEPUU, aCCUCTEHT, UCCJIENOBATEJIb; Kad)e/:[pa MOCTOB U CII€IIMaJIbHBIX coopy){(eHHﬁ
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TOBbI€ U BUCAYNE€ MOCTBI, HIIIPEHI€JIbHbIE KOHCTPYKINH, HeJIMHENHBI aHAJIu3 1 YCTOI‘/,I‘{I/IBOCTB.
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U YCTOHYUBOCTH CTAIbHBIX KOHCTPYKIIUI, PEryJIMPOBAHKUE YCUJIUI CTAJIBHBIX MOCTOB ¥ CIIEIIMAIBHBIX COOPYKEHUI.

MCpKCBI/I‘HOC Tomac — CTYyAEHT MaruCTpaHTyphbl, 6aKaJIaBp NHXEHEPUU CTPOUTENbCTBA; Ka(be/:[pa MOCTOB U CII€IIH-
AJIbHBIX COOpy)KeHI/Iﬁ BuiabHIOCCKOTO TEXHUYECKOTO YHUBEPCUTETA M. re[[I/IMI/IHa(Ia. Hay‘IHbIe MHTEPECHI: CTaJIbHbIE
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