VILNIUS
' TECH
< Vilniaus Gedimino
technikos universitetas
4 3 %, 2

Povilas DABRILA

STRUCTURAL ANALYSIS
OF INNOVATIVE STEEL .;
CABLE-STAYED-STRING BRIDGE

DOCTORAL DISSERTATION

TECHNOLOGICAL SCIENCES
CIVIL ENGINEERING (T 002)

Vilnius, 2025 2025-026-M







VILNIUS GEDIMINAS TECHNICAL UNIVERSITY

Povilas DABRILA

STRUCTURAL ANALYSIS OF INNOVATIVE
STEEL CABLE-STAYED-STRING BRIDGE

DOCTORAL DISSERTATION

TECHNOLOGICAL SCIENCES
CIVIL ENGINEERING (T 002)

Vilnius, 2025



The doctoral dissertation was prepared at Vilnius Gediminas Technical University in
2020-2025.
Supervisor
Prof. Dr Algirdas JUOZAPAITIS (Vilnius Gediminas Technical University,
Civil Engineering — T 002).
The Dissertation Defence Council of the Scientific Field of Civil Engineering of
Vilnius Gediminas Technical University:

Chairman

Prof. Dr Darius BACINSKAS (Vilnius Gediminas Technical University, Civil
Engineering — T 002).

Members:
Assoc. Prof. Dr Tomas GECYS (Vilnius Gediminas Technical University, Civil
Engineering — T 002),
Dr Virginijus MARCINKEVICIUS (Vilnius University, Informatics
Engineering — T 007),
Prof. Dr Habil. Hartmut PASTERNAK (Brandenburg University of Technology,
Germany, Civil Engineering — T 002),
Prof. Dr Antanas SAPALAS (Vilnius Gediminas Technical University, Civil
Engineering — T 002).

The dissertation will be defended at the public meeting of the Dissertation Defence

Council of the Scientific Field of Civil Engineering in the Aula Doctoralis Meeting Hall
of Vilnius Gediminas Technical University at 9 a.m. on 6 June 2025.

Address: Saulétekio al. 11, LT-10223 Vilnius, Lithuania.
Tel.: +370 5 274 4956; fax +370 5 270 0112; e-mail: doktor@vilniustech.lt

A notification on the intended defence of the dissertation was sent on 5 May 2025.
A copy of the doctoral dissertation is available for review at Vilnius Gediminas Technical
University repository https://etalpykla.vilniustech.It and the Library of Vilnius Gediminas
Technical University (Saulétekio al. 14, LT-10223 Vilnius, Lithuania).

Vilnius Gediminas Technical University book No 2025-026-M

https://doi.org/10.20334/2025-026-M

© Vilnius Gediminas Technical University, 2025
© Povilas Dabrila, 2025
povilas.dabrila@yvilniustech.lt


https://etalpykla.vilniustech.lt/

VILNIAUS GEDIMINO TECHNIKOS UNIVERSITETAS

Povilas DABRILA

INOVATYVAUS VANTINIO-STYGINIO
PLIENO TILTO KONSTRUKCIJY ANALIZE

DAKTARO DISERTACIJA

TECHNOLOGIJOS MOKSLAI,
STATYBOS INZINERIJA (T 002)

Vilnius, 2025



Disertacija rengta 2020-2025 metais Vilniaus Gedimino technikos universitete.
Vadovas

prof. dr. Algirdas JUOZAPAITIS (Vilniaus Gedimino technikos universitetas,
Statybos inzinerija — T 002).

Vilniaus Gedimino technikos universiteto Statybos inZinerijos mokslo krypties
disertacijos gynimo taryba:

Pirmininkas

prof. dr. Darius BACINSKAS (Vilniaus Gedimino technikos universitetas,
Statybos inZinerija — T 002).

Nariai:
doc. dr. Tomas GECYS (Vilniaus Gedimino technikos universitetas, Statybos
inzinerija — T 002),
dr. Virginijus MARCINKEVICIUS (Vilniaus universitetas, Informatikos
inzinerija — T 007),
prof. habil. dr. Hartmut PASTERNAK (Brandenburgo technologijos
universitetas, Vokietija, Statybos inzinerija — T 002),
prof. dr. Antanas SAPALAS (Vilniaus Gedimino technikos universitetas,
Statybos inZinerija — T 002).

Disertacija bus ginama vieSame Statybos inzinerijos mokslo krypties disertacijos
gynimo tarybos posédyje 2025 m. birzelio 6 d. 9 val. Vilniaus Gedimino technikos
universiteto Aula Doctoralis posédziy saléje.

Adresas: Saulétekio al. 11, LT-10223 Vilnius, Lietuva.
Tel.: (0 5) 274 4956; faksas (0 5) 270 0112; el. pastas doktor@vilniustech.It
Pranesimai apie numatoma ginti disertacijg i$siysti 2025 m. geguzés 5 d.

Disertacijg galima perzitiréti Vilniaus Gedimino technikos universiteto talpykloje
https://etalpykla.vilniustech.It ir Vilniaus Gedimino technikos universiteto
bibliotekoje (Saulétekio al. 14, LT-10223 Vilnius, Lietuva).


https://etalpykla.vilniustech.lt/

Abstract

Cable-stayed bridges are a type of bridge structure with a rich history spanning a
couple of centuries. They are known for their distinctive architectural expression
and ability to span some of the longest distances in the world. It is essential to
recognise that beneath the elegant aesthetics of cable-stayed bridges lies a com-
plex interaction of forces that can lead to undesirable behavioural issues. Engi-
neers and scientists actively seek new solutions, design innovative forms of these
bridges, and develop methodologies to evaluate them. One such example is the
application of pedestrian bridges with intersecting cable-stays. Although these
structural solutions show promise, they remain relatively new. It is noted that de-
tailed analysis of bridge behaviour and calculation methodologies are lacking.

This dissertation examines a novel structural system for a cable-stayed-string
steel bridge with intersecting cables and intermediate pylons. Its behaviour is in-
vestigated through experimental model studies and numerical and analytical anal-
ysis. The work aims to develop an innovative pedestrian bridge design with
crossed cables and create a calculation methodology for its analysis.

The First Chapter provides a brief history of cable-stayed pedestrian bridges,
the current research outlook, and a literature review of their structures and load-
bearing elements. It also discusses methods for calculating cable-stayed bridges
and inclined cables.

The Second Chapter introduces the calculation methodology for two types of
bridge constructions: one with a stiffening beam and another with a string. The
composition of the hybrid cable-stayed-string bridge is performed, and rational
parameters are identified. The rational heights and arrangements of pylons are
provided. A proposed assembly sequence for construction is provided.

The Third Chapter analyses the behaviour of the intersecting cable system
using experimental model studies and numerical analysis. It presents the stresses
and displacements of symmetrically and asymmetrically loaded bridge systems
and compares the results of physical experiments and numerical analyses. The
influence of pretensioning in the string and intersecting cable-stays on the bridge
structure’s behaviour is demonstrated.

The dissertation findings have been published in two scientific articles in
peer-reviewed journals, and the results of the research conducted in the disserta-
tion have been presented at two scientific conferences.



Reziumeé

Vantiniai tiltai — tilty konstrukcijos tipas, turintis turtinga, pora Simtmeciy
besitesiancia istorija bei garséjantis iSskirtine architekttirine iSraiska ir gebéjimu
jveikti vienus ilgiausiy atstumy pasaulyje. Taciau po elegantiSka vantiniy tilty
estetika slypi sudétinga jégy saveika, kuri gali sukelti nepageidaujamy problemy.
Inzinieriai ir mokslininkai aktyviai iesko naujy sprendimy, kuria naujas §io tipo
tilto formas ir metodikas Sioms formoms vertinti. Toks naujas sprendinys yra
kryzminiy vanty pésCiyjy tiltai. Nors tokie konstrukciniai sprendiniai yra
perspektyviis, jie vis dar yra ganétinai nauji. Pastebima, kad triiksta detalesnés
tilty elgsenos analizés ir skai¢iavimo metodiky.

Disertacijoje aptariama nauja vantinio-styginio plieninio tilto konstrukciné
sistema su kryzminiais vantais ir tarpiniais pilonais. Tilto elgesena nagrinéjama
atliekant eksperimentinio modelio tyrima, skaiting ir analiting analizg. Darbo
tikslas — sukurti inovatyvig kryZzminiy vanty pésC¢iyjy tilto konstrukcijg bei
parengti jos inzinering skai¢iavimo metodika.

Pirmame skyriuje pateikiama trumpa vantiniy pésciyjy tilty istorija, dabartiné
tyrimy kryptis bei jy konstrukceijy ir laikanciyjy elementy literatiiros apzvalga.
Apzvelgiamos vantiniy tilty, pasvirusiy lyny skai¢iavimo metodikos.

Antrame skyriuje pristatoma dviejy tipy tilto konstrukeijy — su standumo sija
ir su styga — inZineriné skaic¢iavimo metodika. Atlickamas vantinio-styginio tilto
komponavimas ir parenkami racionallis parametrai. Pateikti racionaliis pilono
auksciai ir galimas jy iSdéstymas.

Trec¢iame skyriuje analizuojama kryZminiy vanty sistemos elgesena vykdant
modelio eksperimentg ir skaiting analize. Pateikiamos simetriSkai ir asimetriskai
apkrautos tilto sistemos jrazos ir poslinkiai, palyginami fizinio eksperimento ir
skaitinés analizés rezultatai. Parodyta stygy ir kryzminiy vanty iSankstinio
itempimo jtaka tilto konstrukcijos elgsenai.

Disertacijos medziaga paskelbta dviejuose moksliniuose straipsniuose, kurie
yra recenzuojamuose mokslo zurnaluose, o disertacijoje atlikty tyrimy rezultatai —
dviejose mokslinése konferencijose.
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Notations

Symbols

a, 3,y — the angle between the pylon and cable (liet. kampas tarp pilony ir vanty);

A,; — cable cross-section area (liet. vanty skerspjiivio plotas);

Afy; — cable initial sag (liet. vanto pradinis jsviris);

A,; —beam deflection caused by external force (liet. iSorinés jégos sukeltas sijos jlinkis);

6.; — beam deflection caused by cable support reactions (liet. palaikanciyjy jegy
sukeltas sijos jlinkis);

Af,,; — cable sag (liet. vanto jsviris);

Af — middle cable/string displacement (liet. stygos / vanto vidurio jlinkis);

Al; — elongation of a cable (liet. vanto pailgéjimas),

E,,; — cable elastic modulus (liet. tamprumo modulis);

Fsupport — support reaction at the cable-stay connection point (liet. vanty palaikancioji
Jjéga jy jungimo vietoje);

F,; — supportive reaction at the cable’s end in the z-axis (liet. vanto galy palaikancioji
jéga z asyje);

H — tension force (liet. asiné jéga);

M; — internal moment (liet. lenkimo momentas);

Npimin — minimal axial prestress force (liet. minimalus iSankstinis jtempimas);

N; —axial cable-stay force (liet. asiné vanto jéga);

Ny,; — prestress force (liet. iSankstinio jtempimo jéga);

p; — cable own weight (liet. vanto svoris);
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P — girder axial force (liet. asiné sijos jéga);
4z, g, — cable own weight load in the z and x-axis (liet. vanto soris z ir x asyse);
Sm — combined distributed load (liet. suminé iSskirstytoji apkrova),

w;, M; — deflections and bending moments obtained with linear calculation (liet. tiesiskai
apskaiciuoti jlinkiai ir lenkimo momentai),

Wy, M,, — deflections and bending moments, considering nonlinear effects (liet.
netiesiskai apskaiciuoti jlinkiai ir lenkimo momentai).

Abbreviations

FEM - finite element method (liet. baigtiniy elementy metodas);

L-BFGS - limited memory variant of BFGS (liet. Broyden—Fletcher—Goldfarb—Shanno
metodas ribotos atminties sistemoms);

BFGS — Broyden—Fletcher—Goldfarb—Shanno method (liet. Broyden—Fletcher—Gold-
farb—Shanno metodas).
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Introduction

Problem formulation

Cable-stayed bridges with intersecting cable-stays are relatively new and marked
with geometrically nonlinear behaviour. The literature overview of previously
published works on the discussed structure did not present a design methodology
or detailed design guidelines. Furthermore, coupled with a prestressed string, its
behaviour becomes even more complex and less studied. Currently, the following
questions about the intersecting cable-stayed bridge system remain:

— Rational shape parameters of the system are unknown: the number of in-
ternodes (pylons), the shape of the pylon outline, etc.;

— A methodology to determine displacements and stresses in the system is
lacking;

— The behaviour of this bridge structure at asymmetrical pedestrian loading
has not been thoroughly researched;

— Geometrical nonlinear behaviour during symmetrical and asymmetrical
loading has not been researched.
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Relevance of the dissertation

With growing populations worldwide, there is a rising need for sustainable infra-
structure. Minimising the depletion of natural resources, carbon footprint, and
considerations about the well-being of communities using this infrastructure be-
come inseparable from built environment development. These goals demand ef-
fective solutions throughout the process, including bridges.

Cable-stayed bridges hold a unique position in construction due to their effi-
cient design and striking architectural presence. They are also effectively em-
ployed in pedestrian bridges with shorter spans. Nevertheless, these bridges come
with certain limitations. First, they are susceptible to displacements under asym-
metrical loads and require relatively hefty stiffening girders. Second, the effec-
tiveness of cable-stayed bridges is constrained by the minimum angle at which the
cables can be inclined. Furthermore, constraints posed by urban or economic fac-
tors may restrict the height of pylons, thereby limiting the system’s adaptability.

Amidst these challenges, innovative solutions such as replacing the stiffening
girder with a string and implementing the configuration of the intersecting cable
stays (sometimes referred to as an inverted fink truss) offer mitigations of these
challenges. In particular, the intersecting cable solution helps maintain the
bridge’s initial shape during asymmetrical loading by efficiently distributing
loads, reducing material usage, and improving resistance to dynamic loads. Alt-
hough this structure shows promise, it remains relatively unexplored, with only a
handful of examples constructed so far. Despite its potential, there is a notable
absence of established calculation methodologies for this type of structure. De-
signing such bridges with rational parameter solutions is challenging without cal-
culation methods or experimental data.

Research object

The dissertation’s research object is the stresses and deformations of a pedestrian
cable-stayed-string bridge structural system with intersecting cable stays and
load-bearing elements.

Aim of the dissertation

The dissertation aims to create a new cable-stayed-string bridge with intersecting
cable stays and analyse this structure’s stress and deformation state.
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Tasks of the dissertation

The following tasks have to be solved to achieve the aim of the dissertation:

1. To compose the structural system of the new cable-stayed bridge and an-
alyse its behaviour.

2. To develop a calculation methodology for stresses and deflections of the
load-bearing elements of a cable-stayed bridge with (1) a stiffening girder
and (2) a cable.

3. To perform a numerical analysis of the behaviour of the new cable-stayed
bridge structure under static symmetrical and asymmetrical static pedes-
trian loads.

4. To carry out experimental studies of the model of the steel cable-stayed-
string bridge structure.

5. To compare analysis results with FEM data.

Research methodology

The following research analytical methods were chosen to investigate the object:
static behaviour analysis, which assesses geometrically nonlinear behaviour; nu-
merical modelling (finite element) methods, and physical experimentation.

Scientific novelty of the dissertation

During the preparation of the dissertation, the following new results were obtained
for civil engineering:

1. A novel cable-stayed-string bridge structure was proposed.

2. A calculation methodology for the strains and displacements of the
load-bearing elements of an intersecting cable-stay pedestrian bridge
with a stiffening girder and a string has been prepared.

3. The first experimental study of the new cable-stayed-string steel
bridge structure model was carried out.

Practical value of the research findings
A new cable-stayed bridge with intersecting cables and a string was created. Fur-

thermore, the proposed methodology for designing intersecting cable-stay bridges
provides a systematic approach to determining the geometry and selecting
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appropriate cross-sections for supporting elements. This methodology simplifies
the development of a balanced structural outline, aids in preparing a numerical
model, and shortens the initial design process.

Defended statements

The following statements based on the results of the present investigation may
serve as defended statements:

1. Intersecting cable-stayed pedestrian bridges effectively redistributes
asymmetrical pedestrian loads, reducing displacements and bending mo-
ments in the stiffening beam compared to conventional cable-stayed de-
signs.

2. Proper prestressing of both cross-cables and strings in an intersecting ca-
ble bridge is essential to stabilise its initial shape.

3. The calculation method for cable-stayed and cable-string bridges demon-
strates less than a 4% discrepancy from numerical analyses, allowing for
an accurate assessment of internal stresses and deflections under both
symmetrical and asymmetrical loads.

4. Finite element analyses of cable-stayed bridge prototypes validate exper-
imental measurements with internal forces and displacement values align-
ing within a 9-10% range, thereby underscoring the reliability of the mod-
elling approach.

Approval of the research findings

Five scientific articles in peer-reviewed scientific journals on the topic of the dis-
sertation were published, two of which are in the publications of the Web of Sci-
ence database with a citation index, one article in the publication of other interna-
tional databases, and two articles in conference proceedings. The list of the
author’s publications is given on page 98. The author has made two presentations
at two scientific conferences:

— XIV International Conference on Metal Structures (ICMS, 2021), 2021,
Poznan, Poland.

— TABSE Congress Nanjing 2022 — Bridges and Structures: Connection, In-
tegration, and Harmonisation, 2022, Nanjing, China.



INTRODUCTION 5

Structure of the dissertation

The dissertation consists of an introduction, three chapters, and a summary of the
results. The volume of the work is 121 pages, excluding appendices, 102 num-
bered formulas, 64 figures, and 16 tables used in the text. The dissertation used
108 literature sources.

Acknowledgement

The author expresses his sincere gratitude and acknowledgement to his supervi-
sor, Professor Dr Algirdas Juozapaitis, for his guidance and assistance.

Special thanks are given to “Peikko Lietuva” and IDDO, who provided him with
the materials necessary for the bridge model experiment.

Finally, the author would like to thank his family and friends for their constant
support and encouragement.






Overview of cable-stayed and string
bridge structures

This chapter reviews existing research on cable-stayed bridges, focusing on their
structural analysis methods, design principles, and experimental studies. Special
attention is given to studies addressing cable-stayed systems with intersecting ca-
ble stays. Based on this analysis, the chapter concludes with summarised insights,
formulating the research objectives and tasks of this dissertation. On the topic of
this chapter, 1 scientific publication was published (Dabrila & Juozapaitis,
2024a).

1.1. Literature overview

The cable-stayed bridges are defined by their load-bearing deck, which is sup-
ported by cables anchored in a pylon structure (Strasky, 2005). Cable-stayed foot-
bridges exhibit significant flexibility and are lightweight, leading to vibration-
prone structures (Ferreira, 2019). Various classifications exist for cable-stayed
bridge systems. First, they can be categorised based on the arrangement of the
cable stays (Fig. 1.1). Traditional classifications include Harp and Fan layouts.
Fan-type cables extend from the top of the pylon, each at a distinct angle, while
harp-type cables are consistently inclined with the overlay. Additionally, semi-fan

7



8 1. OVERVIEW OF CABLE-STAYED AND STRING BRIDGE STRUCTURES

systems are common, featuring fan cables distributed along the pylon’s length for
easier installation and connection. However, closely spaced installation points on
the pylon can mimic fan behaviour. The conventional harp system, though, com-
plicates construction efforts while balancing lateral and central spans (Gimsing,

2011).
Fan system
- T L
Semi-fan system

- - -

Harp system

Jr 02-04L ° 02-041 +

— —

+ 0.3-0.45 L I 03-045L+

L

Fig. 1.1. Arrangement of the cable stays (Gimsing, 2012)

Pylon types also distinguish cable-stayed systems, with the pylon’s shape and
mass primarily dictated by the cable arrangement (Fig. 1.2). Due to bending mo-
ments, harp system pylons tend to be bulkier and more rigid than fan-type pylons.
Furthermore, the placement of fan-supporting cables offers structural support.

i O O Wl e

Fig. 1.2. Pylon types (Notkus, 2010)
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The pylon’s shape can vary across the bridge based on traffic volume, static
forces, cable tie points, material selection, anchor requirements, and economic and
architectural considerations (Walther, 1999).

1.1.1. Brief history of cable stay structures

The first designs of the cable-stayed bridge were proposed relatively early. The
idea of such a bridge, whose stiffness beam is supported by links, can be found as
early as in 16th-century literature. The Machine Novae by the Venetian inventor
Fausto Verenzio presents a possible two-pylon bridge with girders supported by
chains (Triplett, 2012). Despite the absence of a physical bridge, this concept re-
veals a surprisingly sophisticated theoretical understanding of bridge-building
even centuries ago (Fig. 1.3).

3 4 i e Lt
34. Pons FErRRVS v AOIIPIEI PSS
. 2 Jril 7

f’:/ e d g
4 {8 &P | /
s Zy /;/://

Py o % ~
" AT
"-',,/’,"4///7’( L5

Fig. 1.3. System proposed by Fausto Verenzio (Gazola, 2015)

The 19th century saw a surge in bridge building, with designs blurring the
lines between suspension and cable-stayed forms. Early suspension bridges, like
the Dryburgh Abbey Bridge (Stevenson, 1821) and the Brooklyn Bridge
(McCullough, 1972), incorporated elements of the cable-stayed method for addi-
tional stability.

Modern cable-stayed bridges emerged around 1950. Their efficient design
and economical construction made them ideal for spanning large distances. This
need became especially pressing after World War II due to two factors: the high
demand for bridges and limited material resources. The Stromsund Bridge in Swe-
den was built in 1955. It is considered the first modern cable-stayed bridge,
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designed by Franz Dischinger and built by AB Skénska Cementgjuteriet (Wai-

Fah, 2000). This bridge has three spans: a main span of 182.6 meters and two side
spans of 74.7 meters each.

wrémsundshron d. 11 okt 1955 Brohalvorna sammanfogas.

Fig. 1.3. Stromsund Bridge (Eriksson, 1955)

Changtai Yangtze River Bridge in Jiangsu, China (Fig. 1.4) currently holds

the record for the longest cable-stayed bridge span, with a central span of 1208
meters. (Guo, 2023).

Fig. 1.4. Changtai Yangtze River Bridge (Yang, 2025)

Steel box girder decks have been used for these very long spans to improve
aerodynamic stability, increase strength, and reduce dead weight (Pedro, 2016;
Wang, 2021). This feat of engineering pushes the boundaries of what is possible,
showcasing the continuous advancements in materials and design principles. This
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coincides with the growing bridge sector and increasing demand for infrastructure
(Chinchane, 2020).

1.1.2. Current research outlook

Renowned for their captivating architectural elegance and efficient structural en-
gineering (Schlaich et al., 2005; Strasky, 2007; Xiaoyu, 2021), cable-stayed
bridges have become iconic landmarks worldwide. However, beyond their grace-
ful appearance lies a complex interplay of forces, posing significant challenges
(Gimsing et al., 2012; Walther, 1999), especially if the structure is asymmetrical
(Jutila, 2021; Malinowski, 2018). Despite their widespread acclaim and functional
application, cable-stayed bridges face structural challenges (Svensson, 2012; Fer-
rera et al., 2019), ranging from susceptibility to asymmetric loads to the intricacies
of their massive components (Cid et al., 2018). Addressing these challenges de-
mands meticulous attention and innovative solutions to ensure longevity and
safety (Innocenzi, 2022; Palheriya, 2018).

Modern cable-stayed bridge construction involves assembling an almost un-
limited variety of deck, pylon, and cable elements in many ways (Kanok-Nukul-
chai, 1992). Furthermore, recent advances in structural analysis techniques and
construction technologies have made it possible to build cable-stayed bridges with
main spans of up to 1000 meters. As the span lengths of these bridges increase,
there is a need for more precise and accurate analysis methods that account for
both material and geometric nonlinearities to predict the realistic behaviour of the
structures (Kulbach, 2006; Wang, 2018). Material nonlinearity arises from the
nonlinear stress-strain behaviour of the materials used. In contrast, geometric non-
linearity is due to effects such as cable sag, the interaction between axial forces
and bending moments in the girder and tower, and large displacements (Thai,
2011). While it is necessary to account for certain material nonlinearities in the
analysis of cable-stayed bridges, most nonlinear responses in steel cable-stayed
bridges primarily arise from geometric factors (Wu, 2015). Due to the nonlinear
elastic behaviour of cable-stayed bridges, which stems from the presence of ca-
bles, optimisation algorithms necessitate frequent nonlinear analyses (Hassan,
2013). Precision is vital for determining the tensile forces in the cables, which
significantly influence the rigidity and strength of the entire bridge. While specific
sources of material nonlinearity, such as layered bearings or specific seismic de-
vices, might need to be accounted for, the primary cause of nonlinear response in
steel cable-stayed bridges is typically geometric. Three primary sources of geo-
metric nonlinearity in cable-stayed bridges include the beam-column effect, large
displacements, and cable-stay sag. Cable-stay sag is often considered the most
significant and must be included in the design of cable-stayed bridges, even in
simplified models and for smaller spans (Bayraktar, 2017).
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The structural safety of a bridge depends, among other things, on the number
of vehicles passing on its deck, their weights, and the distribution of loads to their
axes (Machelski, 2021; Zhou, 2019). Selecting partial factors for permanent loads
and cable preload significantly impacts cost-effectiveness and can influence pro-
ject feasibility. Although various design approaches exist, many designers treat
the uncertainties of these two factors as correlated, leading them to apply the same
partial factor to both actions simultaneously (Kaufmann, 2021).

During the structural analysis of cable-stayed bridges, unique construction
challenges emerge that are not typically encountered with other bridge types
(Atmaca, 2012; Hoffman, 2022). Any slight deviation from the proposed erection
procedure at any stage can significantly alter the final geometry, which, in turn,
can affect properties such as vibration frequencies. Regarding the construction
method, the cantilever method is commonly used for the girder erection of cable-
stayed bridges due to their self-anchored cable systems. This method is incredibly
convenient for constructing large-span cable-stayed bridges (Pipinato, 2011). One
such challenge is determining the optimal sequence for tensing the stay cables.
This unique aspect of cable-stayed bridge design requires a distinct approach, add-
ing a layer of challenge and excitement to the structural engineer’s work (Janjic,
2003). Traditional methods involve bulky hydraulic jacks for collective tension-
ing, making the process intricate. However, technological advancements have in-
troduced remarkably lightweight hydraulic jacks for individual strand tensioning
(Spasojevié-Surdilovi¢, 2014).

Designing large-span cable-stayed bridges requires cable adjustments during
various construction phases and for the completed structure. Various regulatory
approaches exist, such as establishing design geometry (primarily for smaller-
span pedestrian bridges), optimising shear or moment diagrams in the construc-
tion of roadways, and reducing maximum tensile or compressive stresses in struc-
tural elements (Song, 2018). Typically, selecting mechanical and geometric pa-
rameters for the main load-bearing components — cables, stiffness girders, and
pylons — which influence the bridge’s flexibility is an iterative process driven by
structural engineering expertise (Straupe, 2012).

Analysing the initial tension in stay cables is often complex, particularly in
steel cable-stayed bridges. This complexity arises from factors such as the cable
sag effect and the inelastic behaviours that must be considered. These behaviours
include the stress-strain relationship of steel materials and the interaction between
axial forces and bending moments in steel pylons and girders. Additionally, inter-
est has been growing among researchers in optimising stay cable designs in recent
years. This focus aims to minimise the overall costs of the stay cable system while
ensuring the performance of the bridge remains uncompromised (Ha, 2018). The
ability of the stay-cables to perform these tasks entirely depends on the appropri-
ate post-tensioning forces (PTF) applied to the stay-cables. Under the effects of
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dead loads of bridges’ components, the deck’s vertical displacement and the py-
lon’s horizontal displacement must be close to zero. They must be under the limit
values given in national codes under service loads. Using the trial-and-error
method to determine the PTF of stay-cables is a time-consuming procedure, and
most of the time, unable to find the optimum solution. Therefore, obtaining proper
PTF of stay-cables takes cognizance of one of the most significant difficulties at
the design stage of cable-supported bridges (Song, 2023).

Moreover, obtaining the PTF of stay-cables and finding the minimum
cross-sectional area of stay-cables to ensure strength and serviceability re-
quirements together may be challenging (Atmaca, 2021). The increasing spans
of cable-stayed bridges pose fresh challenges for engineers. As the main span
of cable-stayed bridges grows, the cable sag effect is believed to become more
pronounced. Railway bridges typically feature heavier stay cables and a larger
live-to-dead load ratio than their highway counterparts (Wen, 2022). However,
the pylon could be inclined to compensate for dead loads with its weight
(Crusells-Girona, 2016). The examination of construction for cable-stayed
bridges holds significant importance in ensuring the safety of these structures.
This is because the stresses and deflections experienced during construction
may surpass those encountered during service. While certain commercial soft-
ware can simulate these scenarios, they often utilise the stage superposition
principle, making it challenging to analyse intermediate stages independently.
Furthermore, this approach complicates the adjustment of tensioning processes
in response to deviations in cable stresses measured on-site (Farr'e-Checa,
2022; Cho, 2013).

Effective cable arrangement can be crucial to system effectiveness, and
researchers are looking for novel solutions, too (Malwiya, 2017). Among
these, branched cable-stayed bridges were proposed. This design effectively
handles asymmetric loads, which is crucial for minimising bridge element
cross-sections. Additionally, it requires fewer cables, contributing to its effi-
ciency (Stragys, 2018). An alternative solution involves employing crossing
stay cables originating from both neighbouring towers and extending to the
central portion of each span, like the design of the Queensferry Crossing
Bridge (Arellano, 2018). This configuration offers several advantages, notably
in effectively mitigating bending moments in the towers to acceptable levels.
Moreover, it aids in reducing bending moments in the deck through the overlap
of stay cables. As recommended, it is optimal for the crossed cables to extend
approximately 20% of the span length beyond the centre of the span (Cid,
2018).

Another important factor is reliability analysis methods (Bas, 2017). They
can be divided into two main groups: analytical and simulation techniques.
Analytical techniques, such as first-order reliability (FORM) and second-order
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reliability (SORM), enable the estimation of structural reliability using the
means and variances of random variables and the definition of the limit state
function (LSF) at the most probable points (MPP) (Truong, 2017). Current
studies focus on reliability and cable breakage (Mozos, 2011; Park, 2023) and
their dynamic effects (Chen, 2023; Abdelaziz, 2024; Ali, 2020). In the last
decade, dynamic identification and FE model updating have become standard
practices in structural engineering (Briseghella, 2021). In cable-stayed
bridges, parametric excitation is highly likely due to numerous low frequen-
cies within the deck, towers, and stay cables (Wang, 2021). When a local mode
(from the cables) and a global mode (from the entire structure) become cou-
pled, even minimal movement of the deck or tower can lead to dynamic insta-
bility, resulting in significantly large vibration amplitudes in the stay cables
(Ouni, 2012). Wind effects bring the challenge of decreasing critical velocities
for wind-induced flutter, posing significant survival risks for these bridges in
areas with extreme wind conditions (Zheng, 2023).

In recent years, many structural health monitoring (SHM) systems have
been implemented to investigate the dynamic properties of cable-stayed
bridges (Ni, 2021; Xu, 2021). Studies have been undertaken to develop moni-
toring systems for cable-stayed bridges to assess their performance using
measurement data (Nicoletti, 2023; Jana, 2021). However, most of these stud-
ies have relied on extensive measurement data for evaluation and primarily
focused on estimating local responses. To address these constraints, a new ap-
proach called Structural Responses Analysis using a Limited amount of multi-
response data (SRALMR) has been recently introduced and validated using
simple structural models like beams and trusses (Byun, 2022). Measuring ten-
sion and damping of stay cables is standard practice during construction, as
well as regular assessments and long-term health monitoring of bridges. These
measurements offer valuable insights to bridge owners regarding safety, po-
tential damages, structural changes, and deterioration. Various methods have
been employed to determine cable tension, broadly classified into direct and
indirect methods. Direct methods, like the lift-off test, provide consistent ten-
sion values with high accuracy but require substantial equipment, skilled la-
bour, and high costs. In contrast, the indirect method, such as vibration testing,
is widely used for cable force estimation due to its simplicity, non-destructive
nature, and relatively low cost. This makes vibration testing a preferred option
for frequently monitoring cable tension (Le, 2022).

Optimising cable-stayed bridges presents a complex challenge for struc-
tural engineers (Hassan, 2013; Lakshmi Poornima, 2017). Research in this area
began over 40 years ago; interest has surged recently, with more than half of
the relevant studies emerging in the past decade (Ma, 2024). Historically, op-
timisation efforts focused primarily on adjusting cable forces and achieving
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cost-effective designs, accounting for 80% of past research. However, the past
ten years have seen a broadening of focus. Engineers apply optimisation algo-
rithms to various new areas, including designing hybrid reinforced polymeric
decks and cables, monitoring and assessing existing bridges and developing
passive and active control devices to improve earthquake resilience (Martins,
2020). The optimal design of cable-stayed bridges is a complex endeavour.
The vast array of design parameters, stringent constraints dictated by design
codes, significant geometric nonlinearity, and the impactful role of post-ten-
sioning cable forces render traditional design methods inadequate for this task
(Hassan, 2014). In most practical engineering applications, the forces in the
stay cables are optimised to ensure that the bridge’s displacements or internal
forces reach predefined states. These methods include the zero-displacement
method, force equilibrium method, and load method, among others. The zero-
displacement method aims for zero displacements at the anchorage points be-
tween the stay cables and the girder. Initially, the stay cables in the model are
not tensioned, and the vertical displacements of the girder, along with the stay
cable forces, are determined following a gravity analysis. Subsequently, the
stay cables are tensioned using the previously obtained cable forces, and a
second gravity analysis is conducted. This process aims to achieve the desired
configuration of the girder. However, in most instances, the resulting stay ca-
ble forces could be better, and the girder displacements do not reach zero, in-
dicating potential areas for optimisation (Guo, 2023).
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Fig. 1.5. Cable-stayed bridge configurations (Ito, 2005)

Cable-girder anchorage structures in cable-stayed bridges under long-term
service have attracted much attention (Wang, 2021; Chen, 2023). The choice of
supports for longitudinal movement is quite flexible due to the presence of stay
cables and pliant towers. This flexibility along the bridge axis allows for more
extended natural periods of motion, reducing seismic inertia forces (Martinez-
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Rodrigo, 2015; Valdebenito, 2006). However, this reduced constraint on the
girder’s longitudinal movement can lead to significant bending moments in the
towers and greater displacement of the girder itself. The figure shows the common
combinations of support conditions for spans typically found in long-span cable-
stayed bridges (Ito, 2005). Additionally, the impact of temperature changes must
also be considered.

Carbon fibre reinforced polymer (CFRP), an advanced structural material,
has found widespread application in aerospace, aircraft structures, yachts, ve-
hicles, and related industries worldwide. This popularity stems from its excep-
tional mechanical and chemical properties, including lightweight construction,
high strength-to-weight ratio, significant flexibility, robust corrosion re-
sistance, high fatigue resistance, and ease of customisation. Since the late
1980s, Japan and several European countries have pioneered the initial use of
CFRP tendons in various applications, including short-span cable-stayed
bridges, prestressed concrete structures, structural strengthening, and struc-
tural optimisation (Xie, 2016).

1.1.3. Current footbridge research

Early suspension bridges, often used as footbridges, were constructed using cables
from twisted vines or tightly drawn hides to minimise sagging. The ends of these
cables were secured to trees or other stable structures situated along riverbanks or
at the edges of gorges and other natural barriers. The bridge deck, typically made
from roughly cut planks, was placed directly on these cables. This bridge con-
struction method dates to ancient times and was prevalent in regions such as
China, Japan, India, and Tibet. It was also employed by the Aztecs in Mexico, the
Incas in Peru, and indigenous populations in other parts of South America. Such
bridges are still found in some of the world’s more secluded areas (Podolny,
1980).

Footbridges offer a more intimate interaction with their users, as pedes-
trians directly walk on, touch, and observe them closely, unlike road and rail-
road bridges (Svenson, 2012). This direct engagement influences their design
significantly, demanding that they be crafted on a human scale. Unlike road
and railroad bridges, which typically aim to connect two points as directly as
possible, footbridges provide opportunities to break away from this straight-
forward approach. They can incorporate pedestrian “desire lines” into their
design, profoundly affecting their layout. Options such as movable bridges,
curved and cable-supported decks, or intersecting multiple decks can create a
unique spatial experience (Idelberger, 2011). In footbridge design, factors
such as location, length, and elevation are not predetermined but should be
carefully explored by the designer. Bridges also shape future urban or
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environmental developments based on their integration into existing environ-
ments. In these respects, the input from architects can be invaluable (Schlaich,
2005). In this development, footbridges create pathways and can become at-
tractive public spaces (Baus, 2008).

In recent years, footbridges have become a crucial component of urban infra-
structure for ensuring safe pedestrian movement, particularly in densely populated
cities (Hassan, 2020; Chen, 2014). Various types of footbridges, such as beam,
truss, arch, suspension, and cable-stayed, have been constructed worldwide, de-
pending on their superstructure design (Strasky, 2005). Among these, the cable-
stayed footbridge (CSFB) is particularly favoured in modern cities due to its aes-
thetic appeal, visual lightness, cost-effectiveness, and ease of construction. The
primary structural components of a CSFB include the deck, pylon, stay cables,
and foundation. The stay-cables are vital in distributing the deck’s dead and live
loads throughout the bridge structure. They are also instrumental in managing the
vertical and horizontal displacements of the deck and pylon, respectively
(Atmaca, 2021).

However, with the advent of advanced design methods and high-strength
materials, footbridges have become increasingly slender. As a result, these
structures are now more susceptible to dynamic vibrations caused by pedes-
trian traffic, which can compromise their comfort and serviceability (Bassoli,
2017). Pedestrian movement over bridge decks is unpredictable, and in re-
sponse, various scientific and technical studies aim to assist in modelling pe-
destrian dynamic loads. These models support both the structural design and
dynamic testing of footbridges. While international guidelines offer some rec-
ommendations on this topic, it is important to note that the study of pedestrian-
induced vibrations is still an evolving area of research and is far from being
fully resolved (Nicoletti, 2023).

1.1.4. Intersecting cable stays system

Amidst these challenges, innovative approaches such as substituting stiffening
girders with strings (Unitsky, 2019; Pipinato, 2015) and intersecting cable config-
urations offer substantial advantages. Particularly, intersecting cables enhance
structural stability under asymmetric loads, reducing material usage and improv-
ing resistance to dynamic forces (Pearce & Jobson, 2002). Despite promising re-
sults, this approach remains relatively underexplored, with only a few examples
implemented (Table 1.1).

A couple of bridges were more thoroughly described, such as the Royal Vic-
toria Dock Bridge in the United Kingdom (Pearce & Jobson, 2002), the Passerelle
du Grand Large Bridge in Dunkirk (Robin et al., 2014) (Fig. 1.6), and the Taiping
North Road Pedestrian Bridge (Brownie et al., 2008).
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Table 1.1. Intersecting Cable Bridges

comey [ Vo [ Ve
Royal Victoria Dock Pedestrian Bridge Umted 127.5 1998
Kingdom
Forthside Footbridge E?Iitge;om 88.2 2009
Passerelle du Grand Large France 112.5 2014
Frank Gehry Bridge Spain 76.9 2014
Moody Pedestrian Bridge USA 42.4 2015
Zhangjiatang China 55.0 2018
Grand Canal China 150.0 2024
Hickory Riverwalk USA 105.0 2024

= l;m sl

Fig. 1.6. Passerelle du Grand Large (Janberg, 2022)

Nevertheless, the absence of established design methodologies for such
structures is notable (Raci¢, 2006). Designing these bridges with rational param-
eters proves challenging without analytical frameworks, calculation methods, or
experimental data. Engineers typically calculate geometry and cable-stay preten-
sion based on simple laws to avoid compression in the cable stays at the Service
Limit State while permitting relaxation of central cable-stays at the Ultimate Limit
State. This approximation, treating the bridge as two cantilevers, leads to impre-
cise evaluations of deflections and stresses, highlighting the necessity for detailed
research (Robin et al., 2014).
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1.2. Methods of calculation of string and cable-stayed
structures

Although four methodologies were suggested for cable-stayed bridges and their
elements (Gazzola, 2015; Wu, 2019; Costa, 2021; Sharry, 2022; Zhang, 2022), no
abundance exists in the calculation methodology for string structures. Although
examples can be found.

Beivydas and others presented a methodology for calculating the prestressing
force considering the operational requirements (Beivydas, 2023). A flexible and
elastic string may be either prestressed or non-prestressed. A non-prestressed
string acts as a suspended element with its initial length equal to the span length
(5o = 1). It is assumed that any forces and displacements resulting from applied
loads occur without prestressing, meaning the string undergoes no additional ten-
sile force from pre-tensioning.

The equilibrium condition of such a flexible structure, between tension force
H and internal moment M (x), particularly concerning the midpoint of the span,
can be formulated as follows:

M) (1.1)
H = T,
2 2
M(x) = (g +8v)l <4Tx N 4; ) (1.2)
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Fig. 1.7. Symmetrically loaded string (Beivydas, 2023)

Beivydas describes a method for calculating the displacement at the midpoint
of a span in a symmetrically (Fig. 1.7) loaded string:

(1.3)
3 (g+ )2
Af_«, 64EA

Analogously, it is possible to get a direct solution for calculating the tensile
force:
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1.4
o 3(g + v)212EA (1.4)
N 64EA

The equations demonstrate that it is feasible to calculate both the displace-
ment at the mid-span and the tension force of a non-stressed string directly, with-
out iterative methods, provided that the loads on the string, the span length, and
the axial stiffness are known. Once the elastic displacement of the string, denoted
as Af, is established, the tensile force can be calculated accordingly. It is evident
that the string’s tension force depends on the displacement magnitude and will be
significantly higher compared to a cable with similar characteristics but with an
initial sag.

The analysis should also consider an elastic string asymmetrically loaded
with live loads and symmetrically with dead loads (Fig. 1.9). It is important to
highlight that, unlike a cable, the flexible string functions as a suspension element
without any initial sag (f, = 0). As a result, under asymmetric loading, the string
does not experience kinematic displacements. Instead, only elastic displacements
affect the string, and the curve of its deformed axis can be described by the sum
of two elastic displacement curves:

Af s 4x  4x?\ y[6x 6x° l (1.5)
=—22 |—+— |+ (—+— <x<
2(x) 1+0.5y[<l T )\ Tt )| 0= s

N |

The equations reveal that the curve of the deformed axis for the left part,
which is asymmetrically loaded, consists of the sum of two quadratic parabolas.
In contrast, the right part combines a quadratic parabola with a straight line.
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Fig. 1.8. Asymmetrically loaded string (Beivydas, 2023)

The displacement of asymmetrically loaded string at the mid-span and its
tensile force are calculated as follows:
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33g(1 + 0.5y)l* (1.6)
Afas = 64EA
1.7)
g212(1 + 0.57) 5y2 5y2 (
Hos = Jz— (“ r+3g) /(1 gg )|

Asymmetric equations are like their symmetrical counterparts, with the main
difference being that they also assess the influence of the y ratio, which represents
the proportion of asymmetric to symmetric loads on displacements and tensile
forces. Under the same initial conditions, the displacement and tensile force in an
asymmetrically loaded string will be lower than those in a symmetrically loaded
string.

The elastic string may be prestressed to minimise its displacements. The level
of prestressing force is chosen based on operational needs and the loads it will
bear. It is presumed that the string is prestressed before applying the dead load.
Displacements for such a prestressed string at the midpoint of the span are com-
puted like that of a non-stressed string. In this scenario, the elastic elongation is
calculated and considered. N, the prestressing force. However, this calculation
methodology considers only one span without considering deflections or forces
affecting the string in the multi-span case.

Strasky (2006), in his analysis, assumes that a cable with a cross-sectional
area A and modulus of elasticity £ functions as a perfectly flexible member capa-
ble only of withstanding normal forces. Under this assumption, the cable’s re-
sponse to a load is influenced by the application of this load along the cable and a
predefined horizontal force, H. For a specific load ¢(x) and the chosen horizontal
force H, the shape of the cable curve is defined by the coordinates y(x), the sag

f(x), the tangent slope y'(x)=tang(x), and the radius of curvature R(x). These pa-
rameters are calculated based on the general equilibrium conditions of the cable
segment ds. The cable experiences a normal force N(x), which is broken down

into its vertical V(x) and horizontal H(x) components (Fig. 1.9).
When q(x) is constant,

P = = (54l - ax) = 5 (1 - 20 1

p(x) = p°(x) +% = p°(x) + tan f3; (1.14)
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Fig. 1.9. Basic characteristics of a single cable (Strasky, 2006)

In this instance, the length of the cable:
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(1.16)

s l
s=f ds=f\/dx2+dy2.
0 0

Fig. 1.10. Effects of prestress (Walther, 1999)

Additionally, Walther (1999) describes the specific stress-strain relationship
for a cable supported by a series of frictionless supports, preventing deflection
(Fig. 1.10). This relationship is characterised by its modulus of elasticity E, hence-
forth referred to as E,. An idealised modulus of elasticity E; can be calculated:

— g . (1.17)
& t &

E;

By introducing into the equation the moduli Ef and E, such that:

.. _° (1.18)
Ef—Ef, Se—Ee.

Then E; can be expressed like this:
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g o bk __ Ee (1.19)
' Ef+E, 1+E./E

If the ratio of the catenary shape f/s is sufficiently low (less than 1/12), it
should be approximated as a parabola. Based on this assumption, Ernst derived
the modulus Ef.

1203 (1.20)

Ef:W'

Incorporating this value into the previously discussed equation yields the ide-
alised modulus of elasticity for a cable with a horizontal span of [ and a tensile
force 0.

E = E, (1.21)
YT 14 (yD)2E, /1203

The modulus E;, as defined in equation 1.21, applies only to a single value
of stress a. Considering that this stress value can significantly vary with live loads,
an equivalent modulus for a cable that operates between two stress levels is de-
fined. g;,,, and gy,;,. Ernst, therefore, postulated a secant modulus:

o 1203 16p2 (1.22)
T D2 A+ w?

where,

] 1.2

u= OW; Om = (Olow + Uup)/z- (1.23)
Oup

Adding earlier equations, E; can be expressed as:
E = E, (1.24)
L GDZa+p*
1203 16u?

All presented cable-stay calculation methods depend on approximations,
which affect the calculation’s accuracy and do not consider the full effects of cable
behaviour.

Various methods are available for calculating cable-stayed bridge systems.
One such analytical approach is the method proposed by Starossek. This method
involves dividing the entire structure into two parts, which are then connected by
a conceptual bend, referred to as “M”. Cuts labelled Rl and Rt are made at the end
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supports. Conditional hinges are introduced at the ends of the elements (Fig. 1.11).
This method transmits the axial forces acting on the cables directly to the deck
(Starossek, 2002).

TR I, DBy Vlat | Vol 'EE ., RT

Fig. 1.11. Cable-stayed system (Staroseek, 2002)

This method can be used to assess the structure’s general and local deformations
under variable loads, assuming that the structures and supports in the model operate
within an elastic range. In this analysis, the stiffening beam is considered a multi-
supported beam. The subsequent step involves bisecting the structure into two equal
parts, resulting in two elastic systems (L = 1Is + %4 Im), whose endpoints are free to
move in the vertical plane. The pre-tensioning notches for the shingles are chosen to
ensure no bending moments are induced in the stiffness beam.

Deformations for the analysed half of the bridge are calculated by measuring
the deflection around the pylon support point. The system in focus includes a
sheet, a pylon, a stiffening beam, a pylon support, and an edge support, which
functions as an elastic spring (Fig. 1.12). To accurately gauge the local effects, the
pylon and beam are treated as non-deformable, essentially forming a rigid body
capable of rotating about a single point.

S (1

Is Vel

Fig. 1.12. Deflection scheme (Staroseek, 2002)



26 1. OVERVIEW OF CABLE-STAYED AND STRING BRIDGE STRUCTURES

When subjected to a traffic load, the stiffening beam causes the movable sup-
port spring to elongate, resulting in the rotation of the structure. There is a direct
relationship between the moment M? | the operating point “D”, and the displace-
ment angle ¢, of the pylon. The resulting expression is as follows:

_ %

ky =25

(1.25)

After substituting the distributed loads with concentrated loads, it becomes
possible to calculate the stresses in the cable-stays (Fig. 1.1):

Té S gl ;lé ! #A '

Fig. 1.13. Load evaluation: a) point and b) uniformly distributed (Staroseek, 2002)

The maximum load affecting the bridge is expressed as a component of the
self-weight of the structure g, the variable load g and the cable-stay affect p :

Pmax =9 tq 1D (1.26)

Peak load of cable stay depends on cable stay effect and inclination of the
cable-stay:

Pi,max (1.27)
sina

Si,max =
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It is possible to obtain the area of the cable stay from this expression while
knowing its stress limit o

A=

St,max
05 -
p(h? +x2)"° (1.28)
o
o-h

Vertical beam displacement can be expressed as:

3
Pi'(h2+xi2)2_Pi'U'h2+xi2 (1.29)

0(x;) = = ,
( l) Ei 'A(xi) - h? Ei * Pmax

E;, A(x;) — cable stay axial stiffness

Fig. 1.14. Vertical beam displacement (Staroseek, 2002)

Svensson (2015) presents a similar method for the approximate calculation
of the beam bending moments.

The system is approximated as a beam elastically supported at the cable an-
chor points, as shown in Figure 1.15. The cables are initially modelled as springs.
In the subsequent step, these individual springs are approximated as continuous
elastic support, illustrated in Figure 1.16. The key parameter for a beam on elastic
foundations is the elastic length L, which is proportional to the fourth root of the
ratio of beam stiffness to the elastic support, as detailed in Figure 1.17. The bed-
ding factor is calculated by dividing the vertical displacement resulting from a
unit load on the articulated system by the cable distance Aw.

For a concentrated load P, the bending moment of a beam on elastic founda-

tions is given by MP = %PL, shown in Figure 1.16a. For a uniformly distributed
load p, the bending moment is MYPL = 0.161pL?, as depicted in Figure 1.16b.
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These formulas can be used to estimate the governing bending moments along the
length of the bridge.

Fig. 1.15. Beam on elastic foundations (Svensson, 2015)

~ up —
\

1

a) b) | Vam I

Fig. 1.16. Bending moments due to a) concentrated load and b) uniformly distributed
load (Svensson, 2015)

A comparison between the positive moment influence line for a beam on an
elastic foundation and the computer-calculated moment influence line for an ac-
tual bridge generally shows a good match, as illustrated in Figure 1.17. This ap-
proximation tends to be more accurate for slender beams. However, the match is
less accurate for stiff beams like double-deck bridges. Conversely, the negative
moment influence lines demonstrate poor accuracy.

i by hand (n)
Main electronically (n*)

1

i

1
——————————

Fig. 1.17. Comparison of moment influence lines for beam on elastic foundations with
the actual bridge (Svensson, 2015)
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Although both discussed bridge calculation approaches are viable in tradi-
tional cable-stayed bridge systems, they do not include variables found in inter-
secting systems nor consider cross-cable effects on the redistribution of forces in
the system.

1.3. Conclusions of the First Chapter and formulation
of the tasks of the dissertation

1.

Despite the complex behaviour, cable-stayed bridges are widely and suc-
cessfully applied to pedestrian bridges. Scientists are actively exploring
innovative solutions to increase the efficiency of such bridges. An exam-
ple is the application of intersecting cable-stayed pedestrian bridges. The
structural solution of intersecting cable-stays improves the behaviour of
the bridge in case of asymmetric loading, as it effectively redistributes the
asymmetric pedestrian loads, thus reducing the displacements and mo-
ments of the stiffening girder.

Intersecting cable systems are promising but still relatively new. When
evaluating these cable-stayed bridges, it is necessary to note that, despite
their possible advantages, they also have a drawback common to all cable-
stayed bridges — a high-mass stiffness beam. This beam gains not only
bending moments but also axial compressive forces.

Although several examples of intersecting cable-stay bridges have been
built so far, their use and design are challenging, as no reliable analytical
or calculation methods have been developed, and their research is in the
early stages. Currently used FEM models describe individual structures
and cannot be used to conclude the general behaviour of these structures.
No attempts have been made to detail the behaviour of the intersecting
cable-string bridges, and it has yet to be detailed.

The following problems have to be solved to achieve the objective:

1.

2.

3.

To compose the new structural system of the cable-stayed-string bridge
and analyse its behaviour.

To develop a methodology for calculating the deformations of the load-
bearing elements of the cable-stayed bridge.

To perform a numerical analysis of the behaviour of the newly built cable-
stayed bridge structure under symmetrical and asymmetrical static loads.
To carry out experimental studies of the model of the cable-string steel
bridge structure.






Innovative cable-stayed steel bridge

This chapter presents a numerical and analytical investigation of an intersecting
cable bridge system. Two calculation methodologies are presented: for a system
with a stiffening girder and a system with a string. This chapter includes the ma-
terial presented in 2 journal publications (Dabrila, 2021; Dabrila & Juozapaitis,
2024a), and 2 conference proceedings (Dabrila & Juozapaitis, 2021; Dabrila &
Juozapaitis, 2022).

2.1. Composition of the cable-stayed steel bridge
with intersecting cable stays

The cable-stayed bridge system incorporates main pylons situated at the bridge
supports and intermediate pylons mounted on the stiffness beam spanning the
bridge’s length. These intermediate pylons, spaced uniformly, create a truss-like
grid. They can be connected to the stiffness beam either rigidly or flexibly. Pre-
tensioned cables run from the top of these intermediate pylons to the attachment
points of adjacent pylons on the stiffness beam. This design reduces pylon height
compared to traditional cable-stayed bridges and enables better control of stiffness
girder displacement under both symmetrical and asymmetrical loads. Two con-
figurations with different heights need to be evaluated to assess the impact of

31



32 2. INNOVATIVE CABLE-STAYED STEEL BRIDGE

intermediate pylon heights on bridge stresses and displacements: equal pylons and
varying pylons according to the parabolic curve.

2.2. Numerical analysis of the behaviour of cable-
stayed steel bridge with intersecting cable stays
under symmetric and asymmetric loads

To evaluate their behaviour, the considered bridge structure systems (numerical
modelling) were analysed using the FEM program (Dlubal RFEM) and a geomet-
rically nonlinear calculation procedure (Newton-Raphson). For the numerical
analysis of the behaviour of cable-stayed bridges, bridge constructions with a
main span length of 100 meters were selected (Fig. 2.1). This length was selected
because the average span of already constructed intersecting cable-stayed foot-
bridges is approximately 100 m (Table 1.1). The applied static loads are linearly
distributed on the longitudinal beams. The considered dead load is 12.5 kN/m.
Prestress for cables of the intersecting system is gained by shortening cables by
1/300 of their length. The variable (pedestrian) load (12.5 kN/m) is divided into
two cases: symmetrically over the entire bridge length and asymmetrically over
half of its length. The cross sections of the structural elements are given in
Table 2.1.

Table 2.1. Sections of structural elements

Element Steel Shape type Parameters Finite element
type type
Cables S960 ® d=0.05m Cable
Pylons S355 O d=0.508m, t=0.03m Beam
. 610x305mm,
Girder S355 =0.019m Beam

The main load-bearing elements of the bridge (beam and pylons) are de-
signed from structural steel S355. Cables are group A’s heavy steel (HSS) round
cross-section elements (EN 1993-1-11, 2006).
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2.2.1. Equal pylons case

In the first case, the heights of all pylons are chosen to be the same 20 m (Fig. 2.1).
The distance between the pylons would be constructed so that the inclination angle
of the cross cables is 45°.

20

20 20 20 20 20 20 20
140

Fig. 2.1. Equal pylons bridge [m] (made by the author)

The summary results of the analysis of this bridge case are presented in
Table 2.2.

Table 2.2. Equal pylons bridge elements stress

Girder Cable
Maximum bending | Minimum bending Maxi-
moment [kKNm] moment [kKNm] . De- mum/mi
Axial .
flec- | nimum
forces tion axial
M+ M- M+ M- [kN]
[mm] | stresses
[MPa]
Symmetrical | ¢q, 728 639 244 | 2463 | 754 | 3323
loading
Asymmet- | g7, 657 438 134 | -2102 | 528 | 2882
rical loading

Figures 2.3-2.5 show the diagrams of stress distribution (axial forces and
bending moments) and displacements in the bridge’s structural elements under
symmetrical and asymmetrical pedestrian loads. The presented data show that the
values of bending moments in the stiffness girder in the case of asymmetrical
loading are close to those of the moments caused by symmetrical loading. The
same could be said for the distribution of axial forces in the cables and the stiffness
girder under different load cases. These results demonstrate the structural ad-
vantages of the new design system because, in classic cable-stayed bridges, asym-
metrical loading in most cases results in significant asymmetries in the stress dis-
tribution: higher bending moments in the main span of the stiffness beam and
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lower axial forces in the cables and the stiffness beam. It was found that the max-
imum value of bending moment in the stiffness beam is formed under symmetrical
loading and is equal to 1640 kNm at the main pylon and the lowest (244 kNm) in
the beam span. This difference between the maximum and minimum values of

bending moments in the stiffness girder is due to the accepted element scheme of
the stiffness girder.

a)
164061 1640 61
89442 89442
63973 63§73 N i‘
N o L = N ) N I I g w5 LD
50413 65091 72880 65091 yen
577
93882 67408 1278
43895 -471 80 s1p41
= = = s ANNEP
65692

81653

Fig. 2.3. Equal pylons bridge. Bending moments: a) under symmetrical loading and
b) under asymmetrical loading (made by the author)
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Fig. 2.4. Equal pylons bridge. Axial forces: a) under symmetrical loading and
b) under asymmetrical loading (made by the author)
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Fig. 2.5. Equal pylons bridge. Deflections: a) under symmetrical loading and

b) under asymmetrical loading (made by the author)

When analysing the displacements of the bridge stiffness girder, in the case
of asymmetric loading, the displacements are distributed practically symmetri-
cally concerning the middle of the span, and their values are smaller (about 30%)
than in the case of symmetrical loading.

2.2.2. Varying pylons case

As already mentioned, the challenges of the behaviour of cable-stayed bridges can
be reduced by changing the standard (conventional) cable-staying scheme to the
so-called cross-crossing (Fig. 2.3). It is proposed to improve the cross-hinge sys-
tem by installing different pylon heights and varying them according to the para-
bolic curve (Fig. 2.6). The bridge of this structure is sometimes called the inverted
truss of Fink (Robin et al., 2014).

20
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Fig. 2.6. Varying pylons bridge [m] (made by the author)
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A visualisation of the obtained analysis results is provided in Figures 2.7—
2.9, and the summarised results are presented in Table 2.3.

In the case of symmetrical and asymmetrical loading, the displacements and
stresses of this bridge case differ by about seven per cent on average. This testifies
to the ability of this cross-cable construction system to successfully “resist” asym-
metrical loading.
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Fig. 2.7. Varying pylons bridge. Bending moments: a) under symmetrical loading and
b) under asymmetrical loading (made by the author)
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Fig. 2.8 Varying pylons bridge. Axial forces: a) under symmetrical loading and
b) under asymmetrical loading (made by the author)
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Fig. 2.9. Varying pylons bridge. Deflections: a) under symmetrical loading and
b) under asymmetrical loading (made by the author)

Figure 2.7 shows that the maximum bending moments in the stiffness girder
under asymmetrical loading are lower than the moments caused by symmetrical
loading. The maximum axial forces in the cables and pylons under asymmetrical
loads are also lower than under symmetrical loads.

Table 2.3. Varying pylons bridge elements stresses

Girder Cable
Maximum bending | Minimum bending | Axial | De- Maxi-
moment [kKNm] moment [kKNm] forces | flec- mum/mi

[kN] tion nimum
Mot Mo Mot M [mm] | axial
stresses
[MPa]

Symmetrical | o, ~706 | 665 265 | 2588 | 705 | 318/4

loading

Asymmel- | go 640 | 445 122 | -2322 | 525 | 282/3

rical loading

When comparing the two intersecting cable bridge cases, it should be noted
that the bending moments in the stiffness beam are about four per cent lower than
in the equal pylon height bridge case for both symmetrical and asymmetrical load-
ing (Tables 2.2 and 2.3).
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The previously discussed bridges are analysed by comparing them with a ca-
ble-stayed bridge (Figs. 2.10-2.13; Table 2.4). Cross-sections are kept the same,
except for the pylons, which are CHS 610/30/H. The most pronounced difference
in bending moments between classical land intersecting cable bridges can be ob-
served by examining the relationship between asymmetrical and symmetrical
loading results. In both cases, the asymmetrical loading on the stiffness beam
caused higher forces than the symmetrical ones. However, asymmetrical loading
at the central span at no point generates more significant bending stresses than
symmetrical loading in a cross-type bridge. When the parabolic pylon-shaped
bridge is operated under different load combinations, the moments are not higher
than the discussed outline so that we can predict the behaviour of this system.

It should be noted that under symmetrical loads, the axial force in the stiffness
beam of the bridge is significantly increased (compared to the classic bridge).

-
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Fig. 2.10. Typical cable-stayed bridge[m] (made by the author)
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Fig. 2.11. Cable-stayed bridge. Bending moments: a) under symmetrical loading and
b) under asymmetrical loading (made by the author)
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Fig. 2.12. Cable-stayed bridge. Axial forces: a) under symmetrical loading and
b) under asymmetrical loading (made by the author)
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Fig. 2.13. Cable-stayed bridge. Deflections: a) under symmetrical loading and
b) under asymmetrical loading (made by the author)

It should be noted that the design of an intersecting cable bridge requires
higher prestressing values in the cables than in a typical bridge. This necessitates
larger cross-section elements. However, it is worth noting that the extreme values
of moments in the stiffness beam are reduced compared to the typical version of

a cable-stayed bridge.
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Table 2.4. Typical cable-stayed bridge elements stress

Girder Cable
Maximum bending | Minimum bending | Axial | De- Maxi-
moment [kNm] moment [kNm] forces | flec- | mum

[KN] | tion axial
M-+ M- M-+ M- [mm] | stresses
[MPa]

Symmetrical | ;g ~754 | 243 ~702 | -1585 | 808 | 590

loading

Asymmet- | g, 745 213 —208 | —1473 | 800 | 548

rical loading

FEM modelling showed that in intersecting cable bridge systems, it is possi-
ble to effectively stabilise the initial shape of this structural system under different
loading with proper prestressing of its elements (strings and cross-cables). It
should be noted that in the case of asymmetrical loading, the moments in the stiff-
ening girder do not exceed the values of the symmetrical loading moments.

2.3. Calculation methodology of a cable-stayed steel
bridge with intersecting cable stays and a stiffening
girder

The analysed bridge system is composed of a stiffening girder, intersecting cable
stays, and four intermediate pylons, as shown in Figure 2.14. The bridge’s anchor
cables are assumed to be anchored to fixed points, evaluating the horizontal de-
flection of the top supports. This approach is more universal, allowing for the
evaluation of the system without a side pylon. The bridge’s planar system. The
bridge’s planar system is analysed to define variables dependent on cable and
beam interaction.

Fig. 2.14. Scheme of the innovative bridge with intersecting cable stays and intermediate
pylons (made by the author)
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Figure 2.15a shows the deformed scheme of the cable-stayed bridge under
symmetrical load and 2.15b under asymmetrical load. The load considered is dis-
tributed linearly on the stiffness beam. The main unknowns, in this linear calcu-
lation case, are displacements at cable and beam connection ( A¢, Ag, A, Af)
(Fig. 2.15), bending moments of the girder M, and axial forces of stay-cables Ni.
Also, additional unknowns are beam support forces F, F», F3 and F4 (Figure 2.18).

a)
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Fig. 2.15. Deformed bridge outline under a) symmetrical loading and b) asymmetrical
loading (made by the author)

The cable-stayed bridge is calculated by considering the stiffness beam and
the cross cables as two interacting systems. To define the beam’s behaviour, ac-
tions influencing its deflections must be identified. These are the external distrib-
uted load and the supporting forces caused by the stay cables. From the equilib-
rium of a supported and uniformly loaded beam, a known expression (Kiusalaas,
2012) of the girder’s deflections from symmetrical loading is obtained, as shown
in Figure 2.16.
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Fig. 2.16. Deformed beam under symmetrical loading (made by the author)
_ 116pl*
PCT 24E(l’ @.1)
_ 186pl*
AT 24E (2.2)
_ 186pl*
PeT 24E,l,’ (2.3)
_ 116pl*
pf= TESIS' (2.4)

p — distributed load, | — the distance between intermediate pylons, E— — stiffening girder
elastic modulus, I, — stiffening girder cross-section area the second moment.

As shown in Figure 2.17, the same procedure can be used to obtain a known

expression (Kiusalaas, 2012) of the girder’s deflections from asymmetrical load-
ing.

Dﬁ\‘___“\ — T ————————— <]
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Fig. 2.17. Deformed beam deflections under asymmetrical loading

(made by the author)
_ 63.81pl* (2.5)
P9 24E, "’
_96.625pl* (2.6)
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_ 89.375pl* (2.7)
P 4E

_ 52.1875pl* (2.8)
PIT T 24E

To determine the effect of stay-cable support forces on the stiffening beam,
first, the bending moments (M) those forces generate are defined. Figure 2.18
shows the beam’s supporting force distribution.

Mc Md MC Mf

e <
T T T T
Fi F2 Fs3 F4

Fig. 2.18. Analogous beam support loads under asymmetrical loading
(made by the author)

Bending moments in the stiffening girder that are generated by stay-cable
supporting forces are determined according to the following equations:

<4F1 +3F, + 2F; + F4>
C =

5 ’ (2.9)
_ (3F; + 6F, + 4F; + 2F,

b= ( 5 ) ; (2.10)
_ (2F, + 4F, + 6F; + 3F,

Mg = ( 5 ) ; @.11)
_(Fy +2F, + 3F, + 4F,

Mp = ( 5 )l' (2.12)

Knowing the girder’s bending moments, the displacement of intermediate
nodes generated solely by cable stays is determined according to the following
equations (2.13-2.16), which were obtained using the moment-area expression
(Kiusalaas, 2012).

((0,634M,) + (0,6M,) + (0,4M,) + (0,2M;))I?

¢ ES.IS ’

(2.13)
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_ ((0,6M,) +(1,034M,) + (0,8M,) + (0,4Mp))I*

_ ((0,4M,) +(0,8M,) + (1,034M,) + (0,6Mp))I?
= Eolo ; (2.15)

5 — ((0,634M,) + (0,6M,) + (0,4M,) + (0,2M;))I?
f - ES . IS " (216)

When the expressions of beam deflections from the uniform load (2.1-2.8)
and cable stay support forces (2.13—2.16) are known, girder deflection can be ex-
pressed from both actions by subtracting cable support force deflection from uni-
form load deflection.

Ae= Ay — 8¢; 2.17)
Ad: Apd - 6(1; (218)
Ao= Dpe — 8o; (2.19)

To determine cable stay generated uplifting forces Fi on stiffness beam, the
state of forces shown in Figure 2.19 will be used in cable attachment points:

Xéﬁ ﬁ%\u ﬁﬁ ﬁ ”’N6

Fi F2 F3 F4

Fig. 2.19. Cable stay forces generating uplifting force F (made by the author)

The vertical projection of cable N; forces can be used to define the overall
supporting force Fi generated by cable stays on the stiffening girder. It is worth
mentioning that the compression of the pylon is not considered, which allows for
expressing Fi only through cable tension forces and their respective angles at the
initial state of the structure.
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F; = Nycosa + Nzcosy — 2N,cosf3; (2.21)
F, = Nycosf + Nycosy — 2N5cosy; (2.22)
F3 = Ngcosf + Nzcosy — 2N, cosy; (2.23)
F, = Ngcosa + Nycosy — 2Nscosp. (2.24)

To define cable-stay axial forces, it is necessary to divide cable stays into
triangular systems, with pylons and cables that connect at their top. Cable elonga-
tion in this system is dependent on deflections at the cable ends and pylon vertical
deflection. By recognising this relationship, the behaviour of these connected
members can be analysed separately. This is especially important considering
asymmetrical loading. This assumption can be utilised by noting that cables con-
nected to the same pylon with the same angle should have the same tensile forces
from equilibrium. These expressions are provided as equations (2.25-2.30). On
the other hand, it helps to simplify systems calculation by decreasing the number
of variables and providing a way to connect systems’ deflections and cable stays
internal forces. Additionally, prestress forces are noted as Np; .

Fig. 2.20. Cable stays and pylons, divided into triangular systems (made by the author)

E, A, (cosa - (A.) — sina - (Ag)) (2.25)
1= Np1i
L
_ EypAycosB - (B — 24,) _ (2.26)
N, = E,zA,cosy - (A, — 20,5+ A,) N (2.27)

20, p3’
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EpsAycosy - (Ap — 24, + Ay) (2.28)
4= 21, T Vs
EysAycosp - (Ae — 24¢) (2.29)
5 = + N 5)
2l p
EyeAy(cosa - (Af) — sina - (Ag)) (2.30)
(= » + Npe,

E,; — cables elastic modulus, A,, — cable cross-section area, N,; — prestress force, Ag) —

horizontal deflection of top left support, Ag,. — horizontal deflection of the top
right support.

This method can be selected to consider cable stays behaviour while keeping
the linear calculation method. The scheme of this calculation approach is provided
in Figure 2.21.

| Define known bridge parameters: 1, p, ete. |

| Calculate cable axial forces Ni, keeping vertical deflections Ai of points c,d.e.f as unknowns |

v

| Support forces Fi |

| Bending moments caused by support forces |

| Beam deflections caused by external loading || Beam deflections caused by bending moments |

v

Calculate verical deflection Ai as defference between defletions caused by external loads and
bending momens caused by support forces

[ For a system of equations our of equations defining these deflections |

| Solve system of equations |

Fig. 2.21. Calculation sequence for cable-beam system (made by the author)

An intersecting cable bridge (Fig. 2.22) with cross-sections listed in Ta-
ble 2.1 was calculated using the method defined in Figure 2.18 and compared with
Dlubal RFEM numerical modelling results. Results of this comparison are pro-
vided in Tables 2.5 and 2.6.
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Fig. 2.22. Analysed systems measurements [m] (made by the author)

Table 2.5. Forces and displacements under symmetrical loading

Girder Cable stays
Maximum ]
bending Deflection [m] Maximum
moment [kKNm] a;(ual force
M+ M- Ac A4 A At [kN]

FEM Model 772 1214 0.142 | 0.306 | 0.306 | 0.142 | 2225

Analytical 802 | 1258 | 0.144 | 0318 | 0.318 | 0.144 | 2285

solution

Difference [%] | 3.74 3.50 1.39 3.77 3.77 1.39 2.63

Table 2.6. Forces and displacements under asymmetrical loading

Girder Cable stays
Maximum
bending Deflection [m] ngimurn
moment axial force
[kNm] [kN]
M+ M- Ac Ad Ae A¢
FEM Model 773 1181 | 0.116 0.231 | 0.206 | 0.087 | 1966
Analytical 796 | 1224 | 0.115 | 0.229 | 0.203 | 0.087 | 1983
solution
Difference [%] | 2.89 3.51 0.862 0.866 | 1.46 0 0.86

To evaluate the nonlinear behaviour of cable stays, their sag must be consid-
ered (Juozapaitis, 2008). It is assumed that the cable is not pre-tensioned in the
first stage of the analysis. The main unknowns are the cable-stay displacements at
the joints Al, and the cables Af, and its axial force S. Also, the additional un-

knowns are the axial force N and elongation s (Fig. 2.23).
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Fig. 2.23. Forces affecting a cable (made by the author)

First, supportive reactions at the cable’s ends are determined (in local coor-
dinates).

q; 1 2 (2.31)
Fpu = 22 +§£Ixf;

q,-l 2 (2.32)
anE 22 +§Qxf'

q, and q, — cables weight load in z and x-axis.

The axial (tension) load on the cable can be determined throughout its length

thusly: , ,
: X 2.
S(x)zsm+qu+(1—T>, (2.33)

S — average axial force at the middle of the cable.

The curve shape of the cable is determined by the ratio between the sum of
moments caused by the cable’s weight and axial tension force.
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M, (x) + M, (x) (2.34)
Z(X) = T,

L L [4x  4x? 2.35
Mz(x)EqT<Tx—liz>; (233

2% 3x? x> (2.36)

The cable length difference after deformation can be described as follows.

2 2.37
L8 (237)
31
Knowing this expression, the geometrical elongation of the cable after its
deformation and loading can be obtained.

8(f*—f¢ ) (2.38)
AS; =8-S, = 31

These expressions can be added to the methodology mentioned by evaluating
the nonlinear behaviour of cable-stays. The start can be defining axial cable forces

through the change in cable-stay deflection:
ol <12 (2.39)

Nin = 80— Foy

p; — cables own weight.

The discussed deflection change can be obtained by comparing the geomet-
rical cable length change with elastic elongation:

Ny; -l (2.40)
Soi — S1i = EA’
vev
where
8 (Afo; — Afy1)? (2.41)
=l +A + 2,
<l+ 3T T A
8Af,;> (2.42)
Soi = <li +§%>:
L

Al = cosa - éc; (2.43)
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_cosp - (6p —26¢) (2.44)

2= 5 ;
cosy - (6¢c — 28p + 8g) (2.45)
cosy - (6 — 26 + 6p) (2.46)

l4_ = > N

cosf - (65 — 26F) (2.47)

AlS = 2 H
Alg = cosa - 6. (2.48)

Axial forces can be obtained from the defined cable forces, which affect the
stiffening girder’s internodes C, E, D, and E (Fig. 2.14).

Second, it is important to evaluate the nonlinear behaviour of the bridge beam
under bending and affected by axial load. Cable stays generate supportive actions
and transfer part of their axial forces to the girder as compression due to intersect-
ing arrangement.

The effect of axial girder force on its deflections and bending moments can
be described through the compliance ratio « (LST EN 1993-1-1+AC). « is de-
scribed through the ratio between the girders’ axial force P and girder critical
buckling load (Laumann, 2022):

1 1 (2.49)

m2El (2.50)

E — LZ "

Then girder deflections and bending moments can be described thusly:

W, =W Q; (2.51)
M, =M, a, (2.52)

w,, M;— deflections and bending moments obtained with linear calculation and wy, M,—
deflections and bending moments, considering nonlinear effects.

With all the parameters defined, equations 2.17-2.20 form a system of equa-
tions, with A, A4, Ae, Ar as unknowns, which, when solved, define these deflec-
tions. With this calculation methodology, we can determine the bridge system’s
deflections and other unknowns. Furthermore, expressed relations between struc-
tural parameters allow for determining their influence on the system’s behaviour.
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In the case of asymmetrical loading, the main difference in calculation is the
effect of a linearly distributed load on the bridge deck. Consider the loading case
when half of the bridge is loaded, as shown in Figure 2.18.

2.4. Calculation methodology of a cable-stayed steel
bridge with intersecting cable stays and a string

The earlier discussed structural system has a typical drawback to cable-stay
bridges, i.e., a high-mass stiffness beam. This beam must withstand bending mo-
ments and relatively high axial compressive forces, which create stability prob-
lems. As mentioned in the previous chapter, solutions exist where flexible hanging
ropes or strings can be applied instead of rigid bending elements. Such elements
are usually pretensioned and anchored to the foundation/soil. Therefore, only ten-
sile stresses appear in bridge elements when external loads are applied. Although
no such structures have been built, an alternative solution for bridge deck load-
bearing element in the discussed bridge system could be a string. Its behaviour
can be defined by starting with its single-string internode.

A general expression can be acquired from the deformation consistency prin-
ciple (Fig. 2.24) (Sandovi¢, 2011):

So + Asg = 54, (2.53)
here,
So = a; (2.54)
Ha (2.55)
Aoet = Fa
8Af? Av? 2.56
s =a—Ah+ f (236

3(a—20h) | 2(a = bRy

Then, after rearrangement, we can describe the displacement of the string
node in the middle when one of its ends has a vertical deflection (Fig. 2.23) Av
and horizontal deflection Ah as this:

, [3pat (2.57)
f= 64FEA d’

3 Av2 3 Ah-l (2.58)
+ + :
16 Af2~ 8Af2
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Here, d — member evaluates strings internode end displacement, sag, and horizon-
tal shift.
Then, string tension force:

(2 e £Ad (2.59)
H= |——
24

Hi X p

- -
- S
\\\ - < Hi
- = K
L |

< hi
X
Fi

1/2

Fig. 2.24. Loaded string (made by the author)

The problem is that formulas (2.57-2.59) include both H and d, making the
calculation iterative.
The iterative calculation could proceed as follows (main unknown Af):

1. Calculate the displacement value Af when Av =0;

2. Assume Av #0;

3. Calculate the parameter d according to formula (2.58);

4. Calculate the displacement value Af according to formula (2.58) when
Av +0;

5. Check the difference between Af values;

6. If they do not match (within a certain accuracy), return to step 2 and ad-
just Av .

The iterative calculation can also be performed with the tension force H (as
the other primary unknown value). The number of iterations in this approach is
smaller, but the accuracy is lower. This iterative path can be chosen:

1. The value of the tension H is calculated when Av =0 (with d = 1);

2. Assume Av #0;
3. Calculate the value of Af using the expression:

2
pa (2.60)
Af = —.
/ 8H

4. Calculate the value of the parameter d according to formula (2.58);
Calculate the value of the tension force H according to formula (2.59);
6. Compare the values of H. If they do not match (within a certain accuracy),

9]

return to step 2 and adjust Av .
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Both iterative processes mentioned have one drawback: no well-defined
choice of values.

An additional equation can be obtained from the equilibrium condition of the
node (node at the movable support):

=221 av ) (2.61)

> -

F
v 4Af

To evaluate the multi-span system with nodal loads in place of supports
(Fig. 2.15), the bending moment outline of the string must be acquired. Acquiring
moments generated by nodal loads M(x),p4q:, from the previous chapter
(2.9 2.12), and moments generated by the distributed load M (x) 4;5¢, bending mo-
ments can be described:

M(x) = M(x)dist - M(x)nodal- (2.62)
Then, string deflection from a known expression can be obtained:

_M@E) (2.63)
 H(x)

Af

Having string and cable stays defined nonlinear behaviour, it is possible to
propose a calculation sequence for an entire bridge system. As discussed earlier,
the iterative solution will be needed with unknowns dependent on each other’s
value. This iterative path for symmetrical loading can be chosen. First, select
guess values Ac and Ad of string and cable connection points (Ae and Af will be
equal). Having them, the axial force of the cable stays N; can be acquired accord-
ing to earlier equations (2.25-2.28) and their horizontal actions N;_j,:

Ni_por = sina - Ny; (2.64)
Ny_por = sinf - Ny; (2.65)
N3_por = siny - N. (2.66)

Then, support forces F; value (2.21-2.24) and bending moments at points c
and d (2.63) can be calculated. Having these values, it is possible to define fic-
tional horizontal forces H, and H;:

M(x) (2.67)

Hi= F .
L
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The next step is calculating the axial force H.y4, as an average between H,
and H,;. This step evaluates axial force affecting the string internode between two
points, ¢ and d, and their fictional force values.

_H.+Hy (2.68)
cd — T

Having H.4, Hy,. and Hy, can be defined:

Hpc = Heq — Hpe; (2.69)
Hde = HCd + HAd' (270)
here:
Hpae = Ni—hor = N3_por; (2.71)
Hpag = Na—por = Na—por- (2.72)

Having defined axial forces and their vertical deflections, these results can
be checked with (2.58-2.60) equations. The cycle is repeated until specified ac-
curacy is achieved. The scheme of this calculation approach is provided in Fig-
ure 2.23.

— > Guess values of internode deflections |

| Axial forces of cables and their horizonal actions

v

[ Cable support forces |

A
[ Bending moments at string and cable-stays connection points |

| Fictional axial forces |

| Axial forces in internode between selected points |

| Axial forces of adjecent internodes |

| Deflections of string internodes |

!

{  Result check |

Fig. 2.25. Calculation sequence for cable-string system (made by the author)

A string-cable system (Fig. 2.22) with cable and pylon profiles listed in
Table 2.1 was calculated using the method defined in Figure 2.25 and compared
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with Dlubal RFEM numerical modelling results. String cross-section was selected
as Ag¢ring = 78.5 cm?. The results of this comparison are provided in Table 2.7.

Table 2.7. Cable-string systems forces and displacements under symmetrical loading

String Cable stays
Maximum Deflection [m] Maximum
axial force axial force
[kN] AC Ad AC Af [kN]

FEM Model 6683 0.423 1.134 | 1.134 | 0.423 | 3761

Analytical 6475 0415 | 1.120 | 1.120 | 0.415 | 3741

solution

Difference [%] 3.11 1.92 1.25 1.25 1.92 0.53

Deflection differences are under 2%, and strain differences are under 4%,
highlighting the accuracy of this calculation methodology.

2.5. Rational parameters of the cable-string system

Having defined calculation methodologies for two cases of intersecting cable-
stayed bridges, it is possible to examine an innovative cable-string bridge’s design
and rational parameters. An algorithm is applied to define an effective pylon out-
line, accounting for changes in internode length and prestressing forces. The ra-
tional internode number is determined. Prestress values are calculated to ensure
selected limits. Lastly, system stresses during the installation phase are analyzed
to maintain structural integrity throughout construction.

2.5.1. Pylon outline

Intersecting cable-stay bridges generally follow two pylon arrangement types
(Fig. 2.26): equal pylons (Olstgracht bridge) and the most usual — parabolic pylons
(Frank Gehry bridge, Forthside bridge, etc.).

The most striking distinction between the systems under comparison lies in
the bending moments generated on the pylons. Compared to a bridge with flat
pylons, the bending moment value decreases by more than ten times. Given the
substantial difference between the axial and bending stresses, these pylons appear
primarily in compression and are subject to axial forces (Fig. 2.7). This helps the
bridge to maintain its initial shape, allowing for the selection of more economical
cross-sections. Such a significant difference alters the bridge behaviour, where the
entire system deforms. The cable stays do not transfer bending to the pylon from
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the stiffness beam, and pylons can deform in unison with it. This affects not only
stresses but also system deformations. The system deforms less by rearranging
pylons (of the same total length) in a curve pattern (Fig. 2.27).

a)

b)

Fig. 2.26. Pylon arrangement: a) equal and b) parabolic (made by the author)
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Fig. 2.27. Same total length pylon arrangement: a) equal and b) parabolic
(made by the author)

The linear calculation methodology for cable-beam systems can be a tool for
searching for rational pylon heights. Equations 2.1-2.30 can be used to define an
algorithm describing the relations between bridge characteristics, deflections, and
internal forces. Analysing the system, the sum of the pylon heights can be defined
as a constant hy + h, + hzy + hy + hg + hg = const. Then, the program varies
the heights of bridge pylons in defined constraints until the lowest deflection sum
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is found A + Ay + A, + Ar— min. This allows for obtaining the distribution of
those lengths in different pylons, revealing the rational heights. This approach
helps to obtain the pylon configuration and identify the overall influence of the
bridge on it.

The defined algorithm was solved using Python programming language
and the open-source SciPy library (Virtanen, 2020). It used the limited
memory variant of BFGS (Broyden—Fletcher—Goldfarb—Shanno) (known as L-
BFGS) to solve the problem. This type of quasi-Newton method is often used
in algorithms to solve nonlinear objective functions. It works by computing
search directions using (inverse) Hessian approximations that are set using it-
erate and gradient displacement information from one iteration to the next (Be-
rahas, 2019).
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Fig. 2.28. Pylon height percentage from the sum of pylon height

The presented data show that widening internodes between pylons change
their outline (Fig. 2.28). While outer pylons gain height, middle pylons
shorten. This trend remains consistent throughout the internode length from
10 to 35 meters. It should be noted that the positioning and height of the pylons
after the calculation roughly follow a known geometric principle. Pylons align
according to the following principle: the intersection points of the cables be-
tween two adjacent pylons form a parabola, similar to a beam’s bending mo-
ment diagram. The shape of that parabola changes according to internode
width; a broader internode structure has a more expressed shape (Fig. 2.29).
This can be attributed to higher forces in the system and the need for more
expressed outer pylons.
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Additionally, the influence of cable stays prestress on pylon configuration

was evaluated (Fig. 2.30).
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T
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Fig. 2.29. Rational pylon outline according to bridge length [m] (made by the author)
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Fig. 2.30. Pylon height percentage from the sum of pylon height during cable

prestressing change

An equal prestressing force was applied to all cable stays. The data shows
that changing the prestressing force similarly affects pylon configuration as the

internode widens.
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2.5.2. Internode number

One of the main differences between typical cable-stayed bridges and intersecting
cables is the limitations and influence of internode numbers. While this number
has a minimal influence on the classical type, for intersecting cable type, the num-
ber and even its parity are important. Usually, intersecting cable-stayed bridges
have 5 or 7 internodes (Table 2.8).

Table 2.8. Internode number of intersecting cable-stayed bridges

Bridge Number of deck internodes
Olstgracht 4
Zhangjiatang

Royal Victoria

Passerelle du Grand Large
Forthside

Frank Gehry
Grand Canal

O [ [ [ [

The vast majority of existing intersecting cable bridges have odd number
deck internodes. This number of internodes is favoured due to middle pylon be-
haviour in a system with an even number of internodes. In general, axial force
change of cable-stay can be described in connection to a specific pylon top due to
systems deformation like this:

Ni ~ Em'Am'COS(Zi - (Azll_l - ZAl + Ai+1) n Npl-, (273)
i

Ey; — cables elastic modulus, A,; — cable cross-section area, Np; — prestress force; ot;—
the angle between pylon and its top cable-stay, A; — deflections of the pylon, i — 1 — de-
flections of the pylon to the lefi, A; 1 — deflections of the pylon to the left.

In the case of symmetrical loading, due to the deformation outline, for the
middle pylon 2A; will be much greater than A; + A, and turning member (4; —
2A; + A,) negative. This causes the cables to lose tension and has a support effect
on the deck. Furthermore, the parabolic outline will dictate short pylon height,
lowering the effectiveness of the cables due to the angle. This means that there
will be a need for higher prestressing force N,,; and a broader section of the cable.
This renders the middle pylon much less effective.
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Geometrical limitations define the maximum efficient number of internodes.
When connected to the pylon and deck, every cable axial force is divided into two
effects (Fig. 2.16). Part of it affects the beam (or string) as compression (or ten-
sion), and the other affects the pylon, generating a support effect and enabling
tension in cable stays further on the deck. As described in 2.21-2.24:

Fsupport = N;_jcosa;_1 + N;, cosa; 1 — 2N;cosa;. (2.74)

With more pylons, this effect waning is more prominent, and a larger number
of pylons can be counterproductive compared to a bridge system with fewer py-
lons (Fig. 2.31). The system may lose the support effect at the middle of the bridge
at a higher rate, causing higher deformation in the middle of the span.
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Fig. 2.31. Cable axial forces distribution along bridge length

This, combined with the maximum rational spans of unsupported beams or
strings, limits the total span length of intersecting cable systems.

2.5.3. Minimal prestress value
The key regulatory condition for cross-cables and strings is their propensity to

loosen. As outlined in Section 2.1, as the bridge undergoes deformation, the cross
cable experiences a reduction in tension, compromising the supportive effect of
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the cables. This is particularly evident during the symmetrical loading of an ex-
periment that impacts the central cross-cables. During asymmetric loading, cables
that connect the intermediate pylons of the adjacent section are under exceedingly
low tension. Initially, the tensile force of these cross-cables is merely 0.01 kN,
increasing slightly to 0.02 kN in the second loading stage. Given the disparity
between asymmetric and symmetric loads, the cross-cables’ prestressing forces
(strains) must be meticulously calibrated. The greater the asymmetric load, the
higher the required tension force of these cables. Ultimately, it is evident that the
axial forces between string nodes are directly influenced by the cross-cable forces
under both symmetric and asymmetric loading scenarios.

Considering the serviceability ultimate limit, limit values for bridge deflec-
tions Ac, Ad, Ae, Af at symmetrical loading can be described. Then, knowing de-
flections in the stiffening girder, which are caused by external loads (Apc, Apd,
Ape, Apf) (2.1-2.4), needed values can be expressed for deflections that cable
support forces should cause in the stiffening girder (5C, dd, de, &f) (2.5-2.8).
Knowing those values, we can calculate bending moments in the girder (MC, MD,
ME, MF) (2.9-2.12) and supporting forces that cause them (F1, F2, F3, F4) (2.21—
2.24). This allows for the expression of cable stay forces N; (2.25-2.29) and with
them — prestress values for each cable stay N,;. However, this approach does not
grant optimal bending moment outlines in the beam, which is instrumental when
considering the ultimate limit state.

. External load - .
Limit values of Stifening girder .
and support " Supporting Prestress
system bending Cable forces
. forces forces values
displacements N moments
delections

Fig. 2.32. Prestress definition process

The string’s prestressing is based on two factors. First, a minimal prestress is
necessary to mitigate stress changes during the system’s installation. During ca-
ble-stay prestressing, the internal forces of the strings change, which creates a
possibility that the string could be compressed during installation. Thus, a mini-
mal prestress is necessary to ensure stability in this stage. Second, prestress is
necessary to constrain the system’s deflections.
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2.5.4. Stress and deformation state of the string-cable bridge
structure concerning the installation sequence

Given the complex stress state, it is essential to plan the installation sequence of
this bridge system carefully. Due to the potential for significant deflections and
redistribution of forces, the cross-cables cannot be pre-tensioned to their design
values before the deck is installed. The support effect generated by the cross-ca-
bles causes the entire structure to lift (relative to an unloaded, pre-installed sys-
tem). However, tensioning the cross-cables after the deck is in place is also not
feasible, as the system may experience excessive deflections (relative to an un-
loaded, installed system), potentially damaging the deck structure and inducing
additional stresses in the deck components.

540 Deflections [mm]
''''''''' Stresses [Mpa]
a0 e
340
240 e
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Instalation step

Fig. 2.33. Stress-deflection outline during installation

Due to these considerations, it is essential to implement a phased installation and
tensioning approach for the structure in question. Here is a possible sequence:

1. Prestress the string to 100% of the designed tension force and tension the
cables to 33% of the designed tension force.

2. Load half of the deck’s weight onto the string (this can be achieved by
completing half of the concrete or assembling every alternate deck slab, utilising
residual concrete formwork).

3. Increase the tension of the cables to 66% of the designed tension force.

4. Load the remaining half of the weight onto the string.

5. Finally, tension the shingles to 100% of the designed tension forces.
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2.6. Conclusions of the Second Chapter

1.

Proper prestressing of elements (strings and cross-cables) in intersecting
cable bridges can effectively stabilise the initial shape under various load
conditions, ensuring that moments in the stiffness beam under asymmet-
rical loading do not exceed those under symmetrical loading.

The calculation methodology for both types of bridge structures was val-
idated against numerical analysis, showing a discrepancy margin of less
than 5% for axial forces and displacements. Under asymmetrical loading,
the internal forces and displacements do not exceed those of symmetrical
loading due to the interconnectedness of cable stays and pylons.

The presented methodology can be applied to system composition, cross-
section selection, and defining the prestressing of elements. The provided
equations serve as the calculation basis of this structural system under
different loading.

Parabolic pylon arrangements reduce bending moments compared to
equal pylon configurations. The L-BFGS algorithm determined rational
pylon heights to minimise deflections. It revealed that outer pylons gain
height while middle pylons shorten, following a parabolic distribution in-
fluenced by internode length width or prestress amount. Wider internodes
result in more pronounced parabolic shapes, affecting the distribution of
forces and the configuration of pylons.

The cable-string bridge design may lead to lighter and more cost-effective
than traditional designs and reduced material usage. Despite the benefits,
the cable-string bridge generates higher support reactions.






Experimental study of the cable-
string steel bridge model

The primary goal of the experimental study was to examine how the new bridge
structure responds to static symmetric and asymmetric loads. The study also
sought to measure the stress levels and deformations gained by the bridge compo-
nents and assess how cross-cables affect the bridge’s deformability. Additionally,
within the same experiment, the impact of pretensioning the string and cross-ca-
bles on the displacements and stresses of the bridge model was evaluated. This
chapter includes the material presented in 1 journal publication (Dabrila & Juoza-
paitis, 2024Db).

3.1. Experiment model

The new cable-stayed string steel bridge model was constructed to meet the ex-
periment’s objectives. This model features four intermediate pylons of varying
heights, each supported by a pre-tensioned steel string that functions similarly to
a conventional stiffness beam, as previously mentioned. The intermediate pylons
are attached to the string using cross cables.

65
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3.1.1. Test model design

Instead of traditional supporting (side) pylons, the model employed rigid supports
designed to restrict potential horizontal displacements of these pylons during the
experiment (Fig. 3.1). This was done to adapt to testing environment limitations
but still keep the shape of a bridge with six pylons. The ends of the pretensioned
string were also anchored to the same rigid supports. The bridge model, measuring
4995 mm in length, features spans between pylons of 1000 mm, each flanked by
997.5 mm outer spans. These measurements were selected considering the con-
straints of manufacturing and the lab environment. The outer pylons’ height is
731 mm, and the inner pylons are 556 mm. The top ends of the intermediate py-
lons follow a parabolic curve. The vertical distance between fixed supports and
support bearings is 1000 mm (Fig. 3.2). The width between strings is 320 mm.
Strings and side (support) cable supports are installed in support blocks that can
rotate around the horizontal axis fixed through tapered bearings (Fig. 3.3a). The
string was designed as a continuous steel bar to ensure uniform prestressing in this
element. All the bar ends with a thread for assembly and prestressing. Prestressing
of the string is achieved with anchor bolts fixed in blocks on hinged supports.
Cable stays were prestressed with their threading. Intersecting cables-stays are
connected to pylons through coupling nuts on their threaded endings. This type of
connection only restricts cable stay tension forces, preventing bars from losing
tension. A string supports pylons threaded through bushings and anchored with
U-shaped bolts to the string, thus avoiding the slip of pylons across the length of
the string (Fig. 3.3b).

e
1 <

Fig. 3.1. Model of cable-stayed string bridge

- =
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Fig. 3.3. a) Anchor cable support “A”; b) Pylon bottom joint “I”’; and ¢) Support “L”
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The string and cross-cables are designed from a round rod with a diameter of
d = 6 mm. This type of element was selected according to existing laboratory
testing equipment and conditions to ensure accurate measurements of deflections
and stresses. The elements of the pylon are designed from a rectangular tube
40x40x3 mm. These dimensions were selected to eliminate possible axial defor-
mations of the pylon and, at the same time, their effect on the behaviour of the
bridge. Anchor cable supports (Figure 3.3a) are designed so that it is possible to
tension the anchor cable and string without causing additional (mainly torsional)
stresses in them.

3.1.2. Materials of experimental model

30 cm long specimens were selected to determine the material properties of the
string and cable-stays of the bridge model. This test used drawn calibrated round

steel (J2C+C) (EN 10278).

150 200 250 3.00
Deformation [mm ]

350

Fig. 3.4. Tension test of string and cable-stay steel a) and strength-deformation curve b)

The test used a tensile machine, CH-8224. A 352-050M-100-ST extensome-
ter was attached to the specimen to measure the relative deformations. The sam-
ples’ modulus of elasticity was within the expected boundaries. The mechanical

characteristics of the samples are presented in Table 3.1.

Table 3.1. Properties of bar elements

Bar diameter Modulus of elasticity Tensile strength Offset yield
(mm) (N/mm?) R, (MPa) strength Rpg
" (MPa)
6 196 000 778 737
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Tests were conducted according to ISO 6892-1:2019 A223 in the Applied
Laboratory of Buildings, Constructions and Materials of the Faculty of Construc-
tion, Vilnius Gediminas University of Technology.

3.1.2. Arrangement of measuring points

Two types of measuring tools were selected for this test (Fig. 3.5): strain gauges
(marked red) and displacement meters (marked blue).

Fig. 3.5. Strain gauges and displacement meters arrangement (red-strain gauges; blue —
displacement meters) (made by the author)

Almemo data logger 5990-2 was used to record data from gauges and meters.
The FLAB-6-1, by TMI, was used for strain gauges with a gauge length of 6 mm
and a gauge resistance of 120+0,3 Q. For displacement meters, Almemo displace-
ment potentiometric FWA sensors were selected. Strain gauges were placed on
every cable-stay bar as close as possible to the middle of its span and on each span
of string. Four additional gauges were put on the string to evaluate possible bend-
ing moments in the string. Two strain gauges were put on exterior pylons. Dis-
placement meters were used for three purposes. First, they measured string dis-
placements arranged under pylons at junctions with the string and internodes.
Second, support deflections (meters 1, 2, 12, 13) were measured. Third, they mon-
itored the horizontal movements of pylons (meters 14, 15).

3.2. Experimental testing

The cable-stayed bridge model was tested under quasi-static loads. Dead load is
described as the weight of string, stay-cables, and pylons. For stay-cables and py-
lons, it is marked as F1 for outer pylon joints and F2 for inner joints. The values
of these concentrated loads are presented in Table 3.2. The uniformly distributed
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load of the cable-stayed bridge model was formed from steel square bars
(24%24x500 mm).

3.2.1. Loading and prestress

Two loading scenarios were considered: symmetrical and asymmetrical. An in-
cremental loading was adopted throughout the test, with a load of 0.12 kN for
every loading step. After a specific load on the bridge was reached, the load was
held for a period of time to observe behaviour and record meter data. Due to the
installation of measuring devices and the dimensions of the supports, the string
was loaded with static loads q1 and q2 of different magnitudes with different dis-
tribution lengths (Fig. 3.6). However, the effect of these loads on each internode
in the string was equivalent. Load ql marks load for G-H and K-L string inter-
nodes and g2 for H-F (Table 3.2).

a)
a’ @ @ ] i\
TITTT L w [TTTITTT L W [TT7 M M
DT 331] 500 | 333] 667 333 ] 333 2498 Tj
b)
qllfl qzlj2 q2 fz qz]f1 q1
TTTTT] w0 [TTTTTTT, 9 [TTTTTTT] oy [TTTTTTTT o JITTTT
B[ 331] 500 | 333 667 333 667 333 667 333] 500 331Tﬂ

Fig. 3.6. Loading placement scenarios: a) asymmetrical and b) symmetrical [mm]

(made by the author)
Table 3.2. Loading steps
Loading step | qi (kN/m) q2 (kN/m) Fi (kN) F2 (kN)
1 0.8 0.6 0.1 0.09
2 1 0.75 0.1 0.09

As already mentioned, a cable-stayed bridge is a prestressed steel system.
Prestressing is crucial to this bridge model to prevent cable stays and the string
from compression. Under specific loading, the outer spans of the string and middle
cable stay loose tension. The pre-tensioning of the model elements was carried
out gradually. First, the string was prestressed before the pylons and cable-stays
were installed. After that, pylons were fixed on the string after reaching the pre-
stress value of 2.38 kN. After that, cable-stays were prestressed by tightening the
fastening nuts on the end of the threaded rods.
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Table 3.3. Elements axial forces after prestressing steps [kIN]

Prestressing Outer string Middle string | Anchor cable- | Middle cable-
element internode internode stay stays
(G-H and (1)) (A-H and (C-J and I-D)
K-L) F-K)
Strain gauge 1 | Strain gauge 3 | Strain gauge 7 | Strain gauge
11&12

1. String pre- 2.38 2.38 0 0
stressing
2. Cable stays 2.81 1.51 0.38 1.13
prestressing

The prestress value in the middle cable stays (C-J and D-I) at 1.13 kN, and
the outer pylon cable stays at 0.38 kN (Fig. 3.2). The prestress was monitored
continuously through strain gauges (meters 11 and 12). As mentioned earlier, the
string gains an axial force value of 2.38 kN during prestressing. However, as the
cable stays are prestressed, string internal forces change, as shown in Table 3.3.
The tension forces in internodes H-I, I-J, and J-K decreased, especially in the
middle of the string (1.51 kN), I-J, while increasing in the outer internodes G-H,
K-L (2.81 kN).

3.2.2. Results

Table 3.4 and Figure 3.7 present the displacement values of the symmetrically
loaded cable-stayed bridge model and its deformation outline, respectively. Ta-
ble 3.5 shows the axial forces of the bridge model elements in cable stays and
string under symmetrical loading. It should be noted that the experiment was car-
ried out within the elastic stage, with each loading scenario repeated four times
for accuracy, and averages are presented.

Table 3.4. String deflections under symmetrical loading [mm]

Exterior internode Inner internode Middle internode
Disp. meter 3 Disp. meter 5 Disp. meter 7
Load step (G-H, K-L) (H-L J-K) (1))
1 16.05 14.96 15.95
2 20.97 15.30 17.50
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0

10}20

Fig. 3.7. Symmetrical loading deflections [mm]. Loading 1 — red and 2 — blue [mm]
(made by the author)

As can be seen from the data presented, the highest string deflections, during
symmetrical loading, occur in outer string internodes (G-H and K-L). At the first
stage of loading, smaller displacements appeared in the internal internodes of the
string (H-1, [-J, and J-K). The difference between these displacements is about
7%. The displacements of the mid-string internode were only 0.6% smaller than
the outer ones. When the load was increased by 25% (Step 2), the displacements
in the string internodes increased disproportionately. The displacements of the
outer internode (G-H) increased by over 30%, the inner (H-I) only about 2.3%,
and the middle internode by about 10% (Table 3.4). This can be explained by the
rotation of outer pylons and their connection point with the horizontal shift of the
string due to string deformation.

Upon symmetrical load (step one) application, the string outer internode’s
axial force increased to 4.01 kN, while the middle internode reached 5.03 kN (Ta-
ble 3.5). Simultaneously, the anchor cable forces (A-H and F-K) increase to
2.26 kN, whereas the force in the middle cables decreases to 0.68 kN. In the case
of load Step 2 string internode (G-H and K-L), the axial force increased to
4.53 kN (about 12.9%), and the middle string internode tensile force increased to
6.33 kN (about 25.8%).

Table 3.5. Element axial forces under symmetrical loading [kN]

Load step Outer Inner Middle Anchor Middle ca-
string in- | internode string cable- ble-stays
ternode (H-1, J-K) internode stay (C-J,1-D)
(G-H, K- ) (A-H)

L)

Strain Strain gauge | Strain gauge | Strain Strain

gauge 1 2 3 gauge 7 gauge
11&12

After prestress | 2.81 2.35 1.51 0.38 1.13

1 4.013 4.76 5.03 2.26 0.68

2 4.53 5.35 6.67 2.63 0.51
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These data show that the load is distributed unevenly between the points of
the string during loading. This underscores the intricate relationship between
string and cable stays, particularly the balance of axial forces within the bridge’s
middle elements: cable stays (C-J and D-I) and string internodes [-J. It becomes
evident that the middle string’s internode would endure excessive stress without
prestressing, and the middle cables may be compressed, thus, guaranteeing the
initial shape by keeping string and cable elements under tension.

The data in Table 3.5 show that at a certain level (intensity) of symmetrical
loading, the prestress of the middle cable stays can decrease to a minimum value.
Therefore, when designing a bridge with cross cables, it is necessary to combine
the values of the pre-tensioning force of these cables with the size (values) of the
external symmetrical load.

As mentioned in the introduction, one of the disadvantageous loads of cable-
stayed steel bridges in terms of displacements is asymmetric, and usually when
the temporary load is distributed over half of its span. Therefore, the new cross-
cable bridge model was loaded, as shown in Figure 3.7b. The displacement values
of the cable-stayed bridge model loaded in this way and its deformation scheme
are shown in Table 3.7 and Figure 3.8.

Table 3.6. String deflections under asymmetrical loading [mm]

Exterior in- Inner inter- Middle in- Inner inter- Exterior inter-
Load | ternode node ternode node node
step | Disp. meter | Disp. meter | Disp. meter | Disp. meter | Disp. meter 11
3 (G-H) 5 (H-T) 7 (I-)) 9 (J-K) (K-L)
1 16.00 16.20 10.04 32 0.3
2 20.40 18.00 12.26 43 0.4

0 il 11 11 i ﬂ

10 }20

Fig. 3.8. Asymmetrical loading deflections. Loading: 1 — red and 2 -blue [mm]
(made by the author)

From the presented data, in the case of asymmetric loading of the 1st stage,
the maximum displacements of the string occur at the exterior internode and inner
internode of 16.0 and 16.2 mm, respectively. The displacement of the middle node
is 61% less and amounts to 10.04 mm. During the asymmetric load of the 2nd
stage, the maximum string displacement value at the exterior internode was
20.4 mm. The inner internode of the string increased displacements by about 11%
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and the middle internode by about 22%. It is necessary to note that, under asym-
metric loads, the displacements of the max string at the exterior internode and
middle internode are not more significant than the displacements caused by sym-
metric loads. This indicates the effectiveness of this structural system under asym-
metric loading. It is necessary to notice that the displacements of the inner inter-
node of the string become larger by about 18% when compared with symmetrical
loading.

However, considering the nature of the string’s internodal deformation, these
displacements from the first internode gradually decrease in the case of asymmet-
ric loading.

In the case of asymmetric loading, the axial forces of the elements of the
cable-stayed bridge model do not exceed symmetrical loading values. The axial
force strings in the outer string internode in load cases 1 and 2 are practically equal
(the maximum difference is about 6%). Compared to symmetrical loading, axial
forces in both the string and the anchor and cross cables are smaller in this loading
case (Table 3.7). In the outer string internode, they changed little (decreased by
about 5%); in the middle string internode, they decreased by about 40%. Anchor
cable A-H tension also decreased from 2.63 kN to 1.66 kN. The tension of the
middle cross cable C-J practically did not change, but it increased from 0.51 to
0.93 kN 1in the cross cable I-D.

Table 3.7. Element axial forces under asymmetrical loading [kN]

Load |Outer |Inner |Middle |Inner |Outer |Anchor |Middle cable-stays
step  |string |inter- |string inter- | string cable- (C-J, I-D)
inter- |node |internode [ node inter- stay
node |(H-I) |[(I-)) (J-K) |node (A-H)
(G-H) (K-L)
Strain | Strain | Strain Strain | Strain | Strain Strain Strain
gauge |gauge |gauge3 |gauge 4 |gauge S |gauge 7 gauge 11 | gauge 12
1 2
3.88 [4.06 |3.67 3.48 2.73 1.24 1.01 0.72
2 432 461 |4.53 4.32 3.18 1.66 0.93 0.52

Figure 3.9 compares string displacements between symmetrically and asym-
metrically loaded models. It demonstrates that the displacements of an asymmet-
rically loaded string are smaller across nearly all its internodes compared to those
observed under symmetrical loading. To ascertain the behavioural characteristics
of the new cable-stay bridge system, the experiment also included measurements
of horizontal displacements of the bridge model’s anchor nodes and pylons. These
measurements are detailed in Table 3.8. Symmetric loading showed relatively uni-
form displacements, with minimal deviations (5%) between.
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Fig. 3.9. Loading deflections. Symmetrical blue, asymmetrical — red [mm]
(made by the author)

Asymmetrical loading conditions yielded similar trends. It is necessary to
note that the horizontal displacements of the anchor cable support were directed
to the middle of the span, practically did not change in both loading cases, and
amounted to only 0.07 mm. An analogous situation can be observed in the string
support nodes, where only the values of these horizontal displacements were
higher (on average, from 0.90 mm to 0.95 mm). The horizontal displacements of
the upper and lower nodes of the intermediate pylons had opposite signs. The top
of the pylons moved towards the middle of the span under both symmetric and
asymmetric loading, while the lower nodes of the pylons moved towards the string
supports. In all cases of symmetrical loading, the displacements of the pylon’s
lower node were smaller in absolute magnitude than those of the upper node
(about 20%). In the case of asymmetric loading, the top of the pylon horizontal
displacements are close in their absolute magnitude to the horizontal displace-
ments of the top node of the pylon (the most significant difference was about 10—
12%). It should be noted that the horizontal displacements of the pylons were
slightly more significant in the case of symmetrical loading (Table 9).

Table 3.8. Support and pylon deflections under symmetrical and asymmetrical loading

Loading Load Deflection Measurement Value
step (mm)

Anchor cable support Disp. meter 1 | 0.07

String support Disp. meter 2 | 0.76

Top of pylon horizontal Disp. meter 14 | —1.86

Bottom of pylon horizontal | Disp. meter 15 | 1.35

Symmetrical -
Anchor cable support Disp. meter 1 | 0.08
5 String support Disp. meter 2 | 0.90
Top of pylon horizontal Disp. meter 14 | —2.11
Bottom of pylon horizontal | Disp. meter 15 | 1.78
Anchor cable support Disp. meter 1 | 0.07
Asymmetrical | 1 String support Disp. meter 2 | 0.83

Top of pylon horizontal Disp. meter 14 | —1.28
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End of Table 3.8

Loading i}ggd Deflection Measurement XSII;:;

Bottom of pylon horizontal | Disp. meter 15 | 1.47

Anchor cable support Disp. meter 1 | 0.07

String support Disp. meter2 | 0.95

Top of pylon horizontal Disp. meter 14 | —1.53

Bottom of pylon horizontal | Disp. meter 15 | 1.44

It should be noted that the horizontal displacements of the pylons affect the
stress and deformation state of the entire bridge structure. The beam’s support
changes as the pylons move, affecting deflections and stresses.

3.3. Numerical modelling

The analysis of the bridge structure (numeric modelling) was performed using a
FEM program (Dlubal RFEM). Its spatial view is presented in Figure 3.10. The
cross-sections of the FE model were selected according to the geometrical and
physical parameters of the experimental model (Section 3.2). Cross cables and
strings are modelled as cable-type elements, subjected to pretension by initial pre-
stress force application. Pylons (BH, CI, DJ, EK) are modelled as beam-type ele-
ments, withstanding bending moments and axial forces. Cable-stay and string sup-
ports are modelled according to experiment — hinged, allowing rotation around
one support axis. Static calculations of the bridge model are nonlinear.

o

SN

Fig. 3.10. Model of cable-stayed string bridge in a FEM program (made by the author)
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The numerical analysis results are presented graphically in Figures 3.11-
3.14. The displacements and axial force values under symmetrical load are
shown in Figures 3.11 and 3.12. It can be seen from the presented data that
both at the first stage of loading and the second stage of loading, the displace-
ments of the string reach the highest values in its first (outer) internode
(17.7 mm and 20.1 mm). It is necessary to note that the displacements of the
other internodes of the string have the same values (14.4 mm and 16.0 mm)
and are about 23-25% smaller than the first (outer) internode. Axial forces in
the string in the first and second stages of symmetrical loading acquire maxi-
mum values in the middle internode of the string: 6.02 kN and 6.94 kN, re-
spectively. The minimum axial force in this loading case is at the first (outer)
intermediate node of the string and amounts to 4.25 kN and 4.69 kN, according
to the described load steps. In the case of symmetrical loading, the anchor
cable gains the most significant axial force. The most minor axial force is gen-
erated in the middle cable-stays. It is necessary to note that the axial forces of
the cables coming out from the top of the intermediate pylons are mutually
equal (Figs. 3.11 and 3.12).

a)
N 4
F Z 8
\
\
5. A
16 16
\ # fi i
\ 14 34 F,, 14
\ ! | i
\ b 33 33 1,
\ | |
, | 53 5
. - - \\(: § | ‘ A |4 — N
‘ . ] i 33 1 1 33 '\ & 2 y 7‘
LN 101 76 Ll 9.0 B8 . w88 90 . 76 ‘101 I 6
134 .. - 144 132 144 132 144 e 13.4
17.7164 1644775
S0
13 o1 N 0.03 0.03
-1.04 N

720,03 A0 TN
028 028

"
o saoff602 60285087602 6.02Mc 49

0
426 42 425 425 6 HHHH

Fig. 3.11. FEM results of the first loading step of symmetrical loading: a) deflections
and b) axial forces (made by the author)
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Fig. 3.12. FEM results of the second loading step of symmetrical loading: a) deflections
and b) axial forces (made by the author)

The asymmetrically loaded bridge model’s string displacements (their distri-
bution) are not symmetrical about the middle of its span. They acquire the highest
values of the first (outer) internode of the string loaded with asymmetric load
(Figs. 3.13 b) and 3.14 b)). It should be noted that the values of the internodal
displacements of this string are practically equal to the displacements caused in
the case of symmetrical loading. The difference between these shifts is only about
2%. This means there is no dangerous asymmetric loading for this structural cross-
cable system.

As for the forces in the string caused by asymmetric loading, it is necessary
to note that the highest values occur in the second internode of the string both at
the first and second loading stages. However, the difference between adjacent
string internodal pitch values is not significant and is about 13% on average
(Figs. 3.13 and 3.14). In the remaining two internodes of the string, not loaded
with asymmetric load, the values of the axial forces are significantly lower and
amount to 3.52 kN and 2.77 kN, respectively. As for the forces in the cable stays,
the unloaded asymmetric load part cables are the most tensioned. The maximum
tensile strength of the anchor cables is 2.15 kN, and that of the adjacent cross
cables is 1.61 kN (Fig. 3.13).
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Fig. 3.13. FEM results of the first loading step of asymmetrical loading: a) deflections
and b) axial forces (made by the author)
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Fig. 3.14. FEM results of the second loading step of asymmetrical loading: a) deflections
and b) axial forces (made by the author)
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Meanwhile, the force of the anchor cable of the string part loaded with asym-
metric load reaches only 0.02 kN. It is necessary to notice that the cables connect-
ing the intermediate pylons of the adjacent part of the asymmetric load are under
extremely low tension. In the first stage of loading, the tensile force of these cross-
cables is only 0.01 kN, and in the second stage of loading, it is just 0.02 kN. Con-
sidering the asymmetric and symmetric load ratio, the cross-cable prestressing
forces (strains) must be carefully selected. The larger the asymmetric load, the
higher the tension force of this cable must be. In conclusion, it can be said that the
axial forces between string nodes directly depend on the cross-cable forces, both
in symmetric and asymmetric loading cases.

3.4. Result comparison

The data of the string displacement values obtained experimentally and by apply-
ing FEA are presented in Table 3.9. From it, the most significant differences be-
tween the string displacement values obtained experimentally and by applying
FEA are about 9—10%, regardless of whether symmetric or asymmetric loads. The
mismatch between the actual and calculated schemes of the bridge model could
explain the differences. In the experimental and experimental model, the string
and the cable stays have a specific bending stiffness, as they were designed from
round bars with a diameter of 6 mm. In the actual model, the pylon support to the
string connection was not flexible because the string was pierced through the
bushings at the bottom of the pylons. These connections were not modelled in
detail because this experiment’s main focus was the structure’s behaviour. It is
necessary to notice that only the displacements obtained by the experiment of the
outer internode of the string are greater than those calculated by FEA. In all other
cases, FEA gave larger displacement values.

The values of string and cross-cable axial forces obtained experimentally
and using FEA are presented in Table 3.10. From the data in the table, string
internodal forces in both cases of load stages, calculated by FEA, have higher
values than those obtained experimentally. The difference in maximum values
in the outer string internode does not exceed 7%, and the difference in maxi-
mum displacements in the middle string internode reaches 19% only at the first
loading stage. As the load intensity increases (Stage 2), the difference de-
creases to 7%. Examining the values of the cable stays, only the middle cable
stays, calculated by FEA, have lower values than those obtained by the exper-
iment. Their most significant difference occurs at the second load stage
(Table 3.10).
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Table 3.9. Deflection comparison between FEA and test
g;;trfr Inner span Middle span
Loading Load | Deflection (G-H) (H-I) (I-))
step | data DI i .
isp. me- isp. meter .
ter 3 5 Disp. meter 7
Test [mm] 16.05 14.96 15.95
FEA [mm)] 17.70 14.40 14.40
. 1 Difference [%] | 9.3 3.7 9.7
Symmetrical
Test [mm] 20.97 15.30 17.50
FEA [mm)] 20.20 16.00 18.00
2 Difference [%] | 2.7 4.4 8.6
Test [mm] 16.00 16.20 10.04
FEA [mm)] 17.30 15.30 10.40
. 1 Difference [%] | 7.5 5.6 3.5
Asymmetrical
Test [mm] 20.40 18.00 12.26
2 FEA [mm)] 19.60 17.00 11.80
Difference [%] | 3.9 5.6 3.7
Table 3.10. Axial forces comparison between FEA and test
Ou.ter . |Inner in- Ml.ddle Anchor Middle cable-
string in- string cable
Load Axial ternode zilm;))de internode | stay ??y; D)
Loading | °*¢ |force |(G-H) (1-)) (A-H) ’
step data Strain | Strain
Strain Strain Strain Strain auge | eauge
gauge 1 |gauge2 |gauge3 |gauge?7 %1 & %2 &
1 2 3 4 5 6 7 8 9
After prestress Test 2.93 2.35 1.68 0.49 1.02
[kN]
FEA 2.81 2.13 1.51 0.38 1.13
[kN]
Symmet- |1 Test 4.013 4.76 5.03 2.26 0.68
rical [kN]
FEA 4.26 5.49 6.02 2.13 0.03
[kN]
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End of Table 3.10

1 2 3 4 5 6 7 8
2 Test 4.53 5.35 6.67 2.63 0.51
[kN]
FEA 4.69 6.26 6.94 2.50 0.02
[kN]
Asym- 1 Test 3.88 4.06 3.67 1.24 1.01 | 0.72
metrical [kN]
FEA 4.29 4.81 4.27 1.85 0.84 | 0.08
[kN]
2 Test 4.32 4.61 4.53 1.66 093 | 0.52
[kN]
FEA 4.76 5.44 5.78 2.15 0.87 | 0.01
[kN]

It should be noted here that according to FEA data, the middle cable-stay strain
is practically close to zero, but according to experimental data, it is significantly
higher. Such a difference in results is explained by the previously mentioned dif-
ferences between the calculated and actual bridge models. It is also necessary to
note that during the experiment, both in the string and in the anchor cable, the
values of the prestressing forces, as obtained by FEA, were not reached, except
for the middle cross-cables (Table 3.10).

3.5. Conclusions of the Third Chapter

After conducting experimental studies and numerical analysis of the new cable-
stay bridge model, the following conclusions can be drawn:

1.

Experimental studies of the innovative cable-stayed bridge model have
shown that string displacements are unevenly distributed under symmet-
ric loads, highlighting atypical behaviour for these cable-stayed bridges.
Under asymmetric loads, the distribution of the values of displacements
between the string nodes is uneven. However, the values of maximum
string displacements in the exterior and middle internode did not exceed
the corresponding inter-nodal displacement values of a symmetrically
loaded bridge, which describes the effectiveness of this structural system
under asymmetric loads.

String forces under symmetrical loads were equally distributed, but mov-
ing towards the middle of the span, the forces in the cross-cables
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decreased evenly. At a certain intensity of symmetric loading, the tension
of the middle cables may decrease to an unacceptable minimum value.

4. When asymmetric loads are applied, it is determined that the axial forces
of the elements of the cable-stayed bridge model do not exceed symmet-
rical loading values.

5. The FEA analysis of the cable-stayed bridge model showed a reasonable
agreement between the values of forces and displacements and the exper-
imentally obtained values under symmetric and asymmetric loads. The
difference in the values of forces in the internodes of the string does not
exceed 9%, and the difference in the values of the displacements is about
10%. These differences may occur due to differences of connections be-
tween pylons and cable-stays in the FEM model and experiment.






General conclusions

This study investigated a new cable-stayed bridge behaviour with intersecting ca-
ble stays. Here are the key findings:

1.

A new cable-stayed bridge structure with intersecting cable-stays and a
string was presented. A calculation method was developed to analyse this
structure’s behaviour. The presented calculation methodology can be
used to define rational structure parameters. Using suggested expressions,
rational pylon height configuration, and elements’ prestress can be de-
fined.

Intersecting cable-stayed bridge exhibit outstanding performance when
subjected to asymmetrical loading. Experimental, numerical, and analyt-
ical analyses have shown that these bridges effectively redistribute asym-
metrical pedestrian loads. This redistribution mitigates displacements and
internal forces in the stiffening beam, maintaining them at or below the
levels observed during symmetrical loading scenarios.

The uneven distribution of displacements in the cable-string bridge with
intersecting cable-stays emphasises the need for accurate prestressing.
Tests showed that, under both symmetrical and asymmetrical loads, dis-
placements are most significant in the outer internodes of the string (for
example, G-H and K-L) and lower in the middle internodes (such as I-
J). Therefore, selecting appropriate prestressing levels in the anchor and
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intersecting cable-stays is essential to prevent excessive deformation and
ensure overall structural stability.

Experimental results and finite element analysis validate the feasibility of
the new cable-stayed-string bridge system. Comparisons between exper-
iment and FEA under symmetrical and asymmetrical loads show less than
9% discrepancy for displacements and less than 10% for force values.
Furthermore, calculation methodology shows less than a 4% discrepancy
compared to numerical modelling. This close agreement underlines the
reliability of the proposed calculation methods and applicability for cable-
stayed pedestrian bridges.
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Summary in Lithuanian

Jvadas

Problemos formulavimas
Vantiniai tiltai su kryZzminais vantais yra santykinai nauji ir pasizymi geometriskai
netiesine elgsena. Ankséiau publikuoty darby literatiiriné apzvalga atskleidé skai¢iavimo
metodikos ir detaliy projektavimo gairiy Siai konstrukcijai trilkumg. Be to, panaudojus
jtempta styga vietoj sijos, konstrukcijos elgsena tampa dar sudétingesné. Siuo metu islicka
Sie klausimai, susij¢ su kryzminiy vanty tilto sistema:
— néra zinomi racionallis sistemos formos parametrai: tarpmazgiy (pilony) kiekis,
pilony kontiiro forma ir kt.;
— néra parengtos skai¢iavimo metodikos, leidzian¢ios apskaiCiuoti poslinkius bei
itempius Siems tiltams;
— néra i$samiai iStirta, kaip $i tilto konstrukcija elgiasi veikiant asimetrinéms
pésciyjy apkrovoms;
— néra apibrézta netiesiné tilto elgsena veikianr simetrinéms ir asimetrinéms
apkrovoms.

Darbo aktualumas

Augant gyventojy skai¢iui pasaulyje, didéja poreikis tvariai plétoti infrastruktiirg: mazinti
gamtiniy iStekliy naudojima, anglies dioksido pédsaka ir uztikrinti visuomengs,
besinaudojancios Sia infrastruktiira poreikius. Siems tikslams jgyvendinti biitina uZztikrinti
efektyvius sprendimus visuose proceso etapuose.
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Vantiniai tiltai yra i§skirtiniai dél efektyviy konstrukciniy sprendiniy ir iSraiskingos
architektiiros, jie tinka ne tik transportui bet ir péstiesiems. Visgi Sie tiltai turi keletg
trukumy. Pirma, jie yra jautrlis veikiant netolygiai apkrovai, todél reikalingos santykinai
masyvios standumo sijos. Antra, vantiniy tilty efektyvuma riboja maziausias galimas
vanty jrengimo kampas. Be to, dél urbanistiniy ar ekonominiy veiksniy gali biiti ribojamas
pilony aukstis, taip mazinant visos sistemos pritaikomuma.

Ieskant racionaliy parametry, sifilomi nauji sprendiniai, tokie kaip standumo sijg
pakeisti styga arba taikyti kryzminiy vanty i§déstyma (kartais vadinama apverstaja Finko
santvara). Toks susikertan¢iy vanty sprendinys leidzia geriau islaikyti prading tilto formag
esant asimetrinéms apkrovoms, efektyviai perskirstant jas ir taip mazinant medziagy
sagnaudas. TacCiau tokia konstrukcija dar mazai tyrinéta — pasaulyje pastatyta vos keletas
tokiy tilty. Nepaisant galimo sistemos taikymo, vis dar néra iSplétotos skaifiavimo
metodikos $io tipo konstrukcijoms. Be atitinkamy skai¢iavimo metody ar eksperimentiniy
duomeny, sunku racionaliai projektuoti tokius tiltus, parinkti jy parametrus.

Tyrimo objektas

Disertacijos tyrimo objektas - vantinio su kryZminiais vantais ir i§ anksto jtempta styga
pésciyjy tilto jtempiy ir deformacijy bivis.

Darbo tikslas

Sukurti naujos formos plieninio vantinio-styginio pés¢iyjy tilto su kryzminiais vantais
konstrukcijg ir istirti jos jtempiy ir deformacijy bukle.

Darbo uzdaviniai

Siekiant jgyvenfinti darbo tiksla, turi biiti sprendzami Sie uzdaviniai:
1. Suformuoti naujos formos vantinio-styginio tilto konstrukcing schema ir istirti
jos elgsena.
2. Parengti laikanciyjy elementy poslinkiy ir jrazy inzinerines skaiciavimo
metodikas vantiniam tiltui su (1) standumo sija ir su (2) styga.

3. Atlikti naujos vantinio tilto konstrukcijos elgsenos skaiting analize¢, veikiant
statinéms simetrinéms ir asimetrinéms pés¢iyjy apkrovoms.

4. Atlikti eksperimentinj tiriamos plieninio vantinio-styginio tilto konstrukcijos
modelio tyrima.

5. Atlikti gauty duomeny palyginima su BEM rezultatis.

Tyrimy metodika

Tyrime taikyti Sie metodai: statiné sistemos analiz¢, jtraukiant geometrinj netiesiSkuma;
skaitinis modeliavimas, taikant baigtiniy elementy metodg, bei fiziniai eksperimentiniai
bandymai.
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Darbo mokslinis naujumas
Rengiant disertacija, statybos inzinerijos moksly srityje gauti $ie nauji rezultatai:
1. Pasitlytas naujos formos vantiné-styginé tilto konstrukcija.
2. Parengta kryzminiy vanty pésciyjy tilto su standumo sija ir su styga laikanciyjy
elementy inzineriné skai¢iavimo metodika jraZoms ir poslinkiams apskaiciuoti.
3. Atliktas eksperimentinis naujos formos vantinis-styginio plieninio tilto modelio
tyrimas.

Darbo rezultaty praktiné reikSmé

Sukurtas naujas kryzminiy vanty su i§ anksto jtempta styga tiltas. Parengta kryzminiy
vanty tilto inzineriné metodika leidzia parinkti racionalig geometring forma bei tinkamus
laikanciyjy elementy skerspjiivius. Ji supaprastina racionalios konstrukcinés schemos
komponavima, padeda parengti skaitmeninj modelj ir sutrumpina pirminj projektavimo
etapa.

Ginamieji teiginiai

Remiantis tyrimo rezultatais, formuluojami §ie ginamieji teiginiai:

1.  Kryzminiy vanty pésciyjy tiltai efektyviai perskirsto netolygia pés¢iyjy apkrova,
sumazindami poslinkius ir lenkimo momentus standumo sijoje, lyganant su
iprastiniais vantiniais tiltais.

2. Tinkamas susikertanCiy vanty ir stygos iSankstinis jtempimas yra bitinas tilto
pradinei formai uztikrinti.

3. Vantiniy su sija bei vantiniy ir styginiy tilty skai¢iavimo metodiky rezultatai nuo
skaitinés analizés skiriasi maziau nei 4 %, todél galima pakankamai tiksliai

jvertinti tilto jtempius ir poslinkius veikiant simetrinéms ir asimetrinéms
apkrovoms.

4. Vantiniy tilty prototipo baigtiniy elementy analizé patvirtina eksperimento
rezultatus. Jtempiy ir poslinkiy vertés skiriasi ne daugiau kaip 9-10 %, taip
pagrindziant modeliavimo metodo patikimumga.

Darbo rezultaty aprobavimas

Disertacijos tema yra paskelbti 5 moksliniai straipsniai recenzuojamuose mokslo
zurnaluose, i§ kuriy du Web of Science duomeny bazés leidiniuose, turin¢iuose citavimo
indeksg; vienas straipsnis kity tarptautiniy duomeny baziy leidiniuose; du straipnisi
moksliniy konferencijy rinkiniuose. Autoriaus publikacijy sarasas pateiktas 97 puslapyje.
Disertacijoje atlikty tyrimy rezultatai buvo pristatyti dviejose mokslinése konferencijose:
— 14-oje tarptautinéje konferencijoje ,,XIV International Conference on Metal
Structures (ICMS, 2021) “, Poznanéje, Lenkijoje.
— IABSE 2022-yjy mety kongrese ,,Bridges and Structures: Connection, Integra-
tion and Harmonisation®, Nankine, Kinijoje.
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Disertacijos struktuira

Disertacija sudaro jvadas, trys pagrindiniai skyriai, i§vados, literatiiros sarasas, autoriaus
publikacijy disertacijos tema sarasas. Disertacijos apimtis (be priedy) — 121 puslapis, 102
formulés, 64 iliustracijos ir 16 lenteliy.108 literatiros Saltiniai buvo naudojami rasant
disertacija.

Padéka

Autorius nuoS$irdziai dékoja savo moksliniam vadovui prof. Algirdui Juozapaiiui uz
suteiktg pagalba ir mentoryste.

Ypatinga padéka skiriama ,,Peikko Lietuva®“ ir IDDO uZ medziagas, biitinas tilto
modelio eksperimentui.

Galiausiai autorius dékoja Seimai ir draugams uz nuolatinj palaikyma ir padrasinima.

1. Vantiniy ir styginiy tilty konstrukcijy apzvalga

Pirmajame disertacijos skyriuje atlikta literatiiros Saltiniy disertacijos tematika apzvalga.
Didelg Sio skyriaus dalj sudaro vantiniy tilty istorijos ir dabartiniy jy tyrimy aptarimas.
Apzvelgiama vantiniy tilty netiesiné elgsena, analizés metodai. Aptarta vanty elgsena, jy
jtempimas, iSdéstymas. Apibrézta dabartiniy tyrimy kryptis patikimumo, biklés
stebéjimo, optimizacijos srityse. Apzvelgiami ir pésCiyjy vantiniai tiltai, jy specifika.
Skyriuje aptariamos pagrindinés skaiCiavimo metodikos ir jy taikymas tokio tipo
konstrukcijoms.

Pirmieji vantiniy tilty variantai buvo pasiiilyti ganétinai anksti. Idéja naudoti vantais
palaikomas standumo sijas buvo minima jau X VI a. literatiiroje. Venecijos iSradéjo Fausto
Verenzio veikale ,,Machine Novae“ pavaizduotas dviejy pilony tiltas su grandinémis
palaikomomis sijomis (Triplett, 2012). Nors Sis tiltas nickada nebuvo pastatytas, pateikta
koncepcija atskleidzia pazangig tilty statybos samprata, net prie§ kelis Simtus mety
(1.3 pav.).

XIX amziuje tilty statyba tapo sudétingesné, o projektuose daznai buvo derinamos
kabamuyjy ir vantiniy tilty formos. Ankstyvieji kabamieji tiltai, tokie kaip Dryburgh Abbey
tiltas (Stevenson, 1821) ir Bruklino tiltas (McCullough, 1972), turéjo papildomy vanty,
siekiant stabilizuoti forma.

Siuolaikiniai vantiniai tiltai pradéti statyti apie 1950 metus. Jie pasirodé ypag tinkami
dideliems tarpatramiams dengti dél ekonomiSkos statybos, ypac aktualios pokario
laikotarpiu, kai iSaugo tilty paklausa, o statybinés medziagos buvo ribotos. Pirmasis toks
tiltas — Stromsundo tiltas Svedijoje — buvo pastatytas 1955 m., suprojektuotas Franz
Dischinger ir pastatytas bendrovés AB Skénska Cementgjuteriet (Wai-Fah, 2000). Tilta
sudaro trys tarpatramiai: pagrindinis — 182,6 m, ir du Soniniai — po 74,7 m.

Priklausomai nuo konstrukcinio tipo, visame pasaulyje statomi jvairiis pésciyjy tiltai
(Strasky, 2005). Tarp jy ypac iSsiskiria vantiniai tiltai — dél savo estetinio patrauklumo,
vizualinio lengvumo, ekonomiskumo ir statybos proceso paprastumo (Atmaca, 2021).

Pésciyjy tiltai suteikia glaudesne saveika su juos naudojanciais zmonémis, kadangi
péstieji tiesiogiai eina, lieCia ir atidziai juos apzilri, skirtingai nei keliy ar gelezinkeliy
tiltus (Svenson, 2012). Sis tiesioginis rysys turi didelés reik§més jy projektavimui, ypa¢
atsizvelgiant | Zmogaus mastelj. Skirtingai nei keliy ir gelezinkeliy tiltai, kuriy tikslas
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dazniausiai yra kuo tiesiau sujungti du taskus, péséiyjy tiltai leidzia nukrypti nuo §io
tiesmuko pozitirio. Tokie sprendimai kaip pakeliami tiltai, iSlenkti ir lynais palaikomi, ar
tarpusavyje susikertantys keli paklotai, gali sukurti unikalig erdving patirtj (Idelberger,
2011).

Atsiradus pazangiems projektavimo metodams ir didelio stiprumo medziagoms,
pésciyjy tiltai tapo vis grakstesni. Dél Sios priezasties jie tapo jautresni dinaminéms
vibracijoms, kurias sukelia pésciyjy eismas, kas gali paveikti jy patoguma ir tinkamuma
naudoti (Bassoli, 2017).

Nepaisant apzvalgoje minéty klausimy, novatoriski metodai, tokie kaip standumo
sijy pakeitimas stygomis (Unitsky, 2019; Pipinato, 2015) ir kryZminiy vanty
panaudojimas, suteikia reikSmingy pranasumy prie§ tradicinius sprendinius (1.1S pav.).
Kryzminiai vantai padidina konstrukcijos pradinés formos stabiluma esant asimetrinéms
apkrovoms (Pearce & Jobson, 2002). Nepaisant perspektyviy rezultaty, $i konstrukcija
tebéra gana menkai istirta, o jgyvendinty pavyzdziy yra nedaug (1.1S lentelé).

1.1S lentelé. Susikertanéiy vanty tiltai

Tiltas Salis Pagrlndlmo tarpatramio Statybos
ilgis [m] metai
Royal Victoria Dock Pedestrian JK 127,5 1998
Forthside JK 88,2 2009
Passerelle du Grand Large Pranctizija 112,425 2014
Frank Gehry Ispanija 76,9 2014
Moody Pedestrian Bridge JAV 42,4 2015
Zhangjiatang Kinija 55,0 2018
Grand Canal Kinija 150,0 2024
Hickory Riverwalk JAV 105,0 2024

1.1S pav. Passerelle du Grand Large (Janberg, 2022)
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Yra keletas kryzminiy vanty tilty, detaliau apzvelgty literatiiroje, pavyzdziui, Royal
Victoria Dock tiltas Jungtinéje Karalystéje (Pearce & Jobson, 2002), Passerelle du Grand
Large tiltas Diunkerke (Robin et al., 2014) ir Taiping North Road pés¢iyjy tiltas Kinijoje
(Brownie et al., 2008).

Vis délto, pastebima Siy konstrukcijy skaiciavimo metodiky stoka (Raci¢, 2006).
Projektuojant Sio tipo racionaliy parametry tiltus, susiduriama su isStkiais dél analitiniy,
skai¢iavimo metody ir eksperimentiniy tyrimy duomeny trikumo. InZinieriai apskai¢iuoja
reikalingus elementy skerspjlvius ir vanty jtempimg remdamiesi priartéjimu. Siekdami
iSvengti vanty atsipalaidavimo, vertinanamas tinkamumo ribinis buvis, leidziant centriniy
vanty atsipalaidavimg nagrinéjant saugumo ribinj biivi. Toks supaprastintas modeliavi-
mas, vertinant tilta kaip dvi atskiras sistemas, lemia netiksly poslinkiy ir jtempiy
vertinima, todél biitini i$samesni tyrimai (Robin et al., 2014).

2. Inovatyvus vantinis plieno tiltas

Antrajame darbo skyriuje pateikta autoriaus sukurta metodika, leidzianti apskaiciuoti
vantinés ir sijinés sistemos jlinkius ir jrazas. Pirmojoje skyriaus dalyje buvo atlikta
skaitiné analizé, lyginant skirtingy pilony auk$ciy kryzminiy vanty tiltus ir klasikinj
vantinj tilta.

AnalitiSkai nagriné¢jama tilto sistema, susidedanti i§ standumo sijos, susikertanciy
vanty ir keturiy tarpiniy pilony, kaip pavaizduota 2.1S pav. Laikoma, kad tilto inkariniai
vantai yra fiksuojami j guolius, jvertinant jy horizontaly poslinkj. Analizuojamas tiltas,
siekiant nustatyti kintamuosius, priklausomus nuo vanty ir sijos sgveikos.

B

2.1S pav. Kryzminiy vanty su tarpiniais pilonais tilto schema

2.2S pav. Vantinio tilto deformuota schema veikiant simetrinei apkrovai (a), veikiant
asimetrinei apkrovai (b). Apkrova tolygiai paskirstyta ant standumo sijos. Pagrindiniai
nezinomieji (tiesinio skaiCiavimo atveju) yra poslinkiai vanty ir sijos jungties taskuose
(Ac, Ag, Ae, Af), sijos lenkimo momentai M ir vanty asinés jégos N;. Taip pat papildomi
nezinomieji yra sija palaikanciosios vanty jégos F1, F>, F3 ir Fi4 (2.16 pav.).

Sudarius skai¢iavimo metodika vantinei ir sijinei sistemai (2.1-2.52 lygtys) buvo
pasitlytas metodas, kuris gali buiti pasirinktas jvertinant sistemos elgsena.
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2.2S pav. Deformuoto tilto i§vaizda: simetrinis apkrovimas (a), asimetrinis apkrovimas (b)

[ Zinomi tilto parametrai: /, pirt. t. |

| Apskaiéiuojamos vanty adines jegos Ni, palickant tasky c.d.e.f poslinkius kaip nezinomuosius

Palaikanciosios jegos

| Lenkimo momentai, sukelti palaikanciyjy jégu I

| Ilinkiai dél iSorines apkrovos | | Ilinkiai dél palaikanéiyjy jégu momenty |

v

| Suminiai ilinkiai kaip palaikanciyjy jégu ir iSoriniy jégy sukelty ilinkiy skirtumas |

| Sudaroma lygéiu sistema su keturiu tasky poslinkiais kaip nezinomaisiais |

| Sprendziama sistema |

2.3S pav. Skaiciavimo eiga vantinei-sijinei konstrukcijai
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Laikantis 2.3S pav. aprasytos sekos buvo apskaifiuota vantiné ir sijiné sistema
(2.4S pav.) su profiliy duomenimis, nurodytais 2.1 lenteléje, o gauti rezultatai palyginti su
Dlubal RFEM skaitiniu modeliavimu. Sio palyginimo duomenys pateikti 2.1S ir 2.2S
lentelése.

100

2.4S pav. Analizuotos kryzminiy vanty sistemos matmenys

2.1S lentelé. Vantinio-sijinio tilto jrazos ir jlinkiai esant simetriniam apkrovimui

Sija Vantai
Maksimalus len-
kimo momentas | Jlinkiai [m] DidZiausioji
[kNm] aSiné jéga
[kN]
M+ M- Ae Aa Ae 4y
BEM 772 1214 0,142 0,306 0,306 0,142 2225
Skai¢. metodika | 745 1170 0,144 | 0,318 | 0,318 | 0,144 | 2285
Skirtumas [%] 3,50 3,62 1,39 3,77 3,77 1,39 2,63

2.28 lentelé. Vantinio-sijinio tilto jraZos ir jlinkiai esant asimetriniam apkrovimui

Sija Vantai
Didziausioji L Didziausioji
asiné jéga [kN] Hlinkiai [m] aSiné jéga
M+ M- Ac Ad Ae Af [kN]

BEM 773 1181 0,116 0,231 | 0,206 | 0,087 | 1966

Skaic. 791 1140 | 0,115 | 0,229 | 0,203 | 0,087 | 1983

metodika

Skirtumas [%] 2,28 3,47 0,862 0,866 | 1,46 0 0,86

Taip pat, sudarius skai¢iavimo metodika vantinei ir styginei sistemai (2.53-2.72
lygtys) buvo pasiiilytas metodas, kuris gali biiti pasirinktas apskaiciuojant §ios sistemos
irgzas ir poslinkius, 2.5S pav. pavaizduota §io skai¢iavimo seka.

Vantiné ir styginé sistema (2.4S pav.), kurios vanty ir pilony skerspjuviai pateikti
2.1 lenteléje, buvo apskaifiuota taikant 2.5S pav. aprasyta metodikg ir palyginta su
skaitinio modeliavimo Dlubal RFEM rezultatais. Pasirinktas stygos skerpjivis —
Agtring = 78,5 cm?. Sio palyginimo duomenys pateikiami 2.3S lenteléje.
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Nustacius kryzminio vantinio tilto skai¢iavimo metodikas, galima nagrinéti
naujoviS$ko styginio tilto projektavimg ir racionalius parametrus sijinei sistemai.
Parabolinis pilony i§déstymas reik§mingai sumazina lenkimo momentus sijoje, palyginti
su vienodo aukscio pilony konfigiiracija. Siekiant nustatyti racionalias pilony apybraizos
formas buvo panaudotas L-BFGS algoritmas. Analizés metu paaiskéjo, kad iSoriniai
pilonai aukstéja, o viduriniai Zeméja, susidarant paraboliniam auksc¢iy pasiskirstymui, kurj
lemia tarpmazgiy plotis arba iSankstinis jtempimas.

— Spejamos jlinkiy reikdmés |
v

[ ASinés vanty jégos ir ju horizantalus efektai |

[ Palaikangiosios jegos |

[ Lenkimo momentai ties stygos ir vanty jungimo taskais |

| Fiktyvi asiné jéga |
v

[ Asiné jéga tarp pasirinkmy tagky |

| Gretimy tarpmazgiy aginés jégos |

[ Stygos tarpmazgiy jlinkiai |

v
- Rezultaty patikrinimas |

2.58 pav. Skai¢iavimo eiga vantinei-styginei sistemai

2.3S lentelé. Vantinio-styginio tilto jrazos ir jlinkiai esant simetriniam apkrovimui

Styga Vantai
Dvi.dz.iz_i}lsioji Ilinkiai [m] Didiausioji
asne jega aSiné  jéga
[kN] Ae Aa Ae Ay [KN]

BEM 6683 0,423 1,134 1,134 0,423 3761

Skai¢. metodika 6475 0,415 1,120 1,120 0,415 3741

Skirtumas [%] 3,11 1,92 125 | 125 |192 |053

Nelyginis tarpmazgiy skaiCius yra racionalus sprendinys dél tolygesnio itempiy
pasiskirstymo, ta patvirtina ir jau jrengti kryZminiy vanty tiltai. Tinkamas kryZminiy vanty
ir stygy iSankstinis jtempimas labai svarbus palaikant konstrukcijos pradine forma bei
mazinant poslinkius. Vis délto vantinis-styginis sprendinys generuoja didesnes atramines
reakcijas, todé¢l pamaty projektavimui turi bati skiriamas ypatingas démesys.
Apibendrinant galima teigti, jog vantinio-styginio tilto pranaSumai — galimos mazesnés
sgnaudos ir geresnis konstrukcijos atsparumas asimetrinéms apkrovoms, pasiektas
parenkant racionaly pilony konfigiiracija bei tinkamai reguliuojant iSankstinius jtempius.
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3. Eksperimentinis vantinio-styginio plieno tilto modelio
tyrimas

Treciajame skyriuje pateikti fizinio modelio ekperimenty rezultatai. Modelj sudaré 5
tarpmazgiai, skirtingo auks¢io pilonai, kuriuvos laiko i§ anksto jtempta plieniné styga.
Vietoje tradiciniy pagrindiniy (Soniniy) pilony Siame modelyje naudojamos standZios
atramos, skirtos galimiems horizontaliiems minéty pilony poslinkiams riboti eksperimento
metu (3.1S pav.). I§ anksto itemptos stygos galai taip pat buvo inkaruoti j tas pacias
standZias atramas.

il |

1000
4995

3.2S pav. Vantinio-styginio tilto modelio geometriniai parametrai
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Tilto modelio ilgis — 4995 mm. Viduriniai tarpmazgiai tarp pilony po 1000 mm, o
iSoriniai tarpmazgiai po 997,5 mm. ISoriniy pilony aukstis siekia 731 mm, o vidiniy —
556 mm. Tarpiniy pilonai i§déstyti pagal paraboling kreivg. Vertikalus atstumas tarp
virSutiniy atramy ir apatinio jtvirtinimo — 1000 mm (3.2S pav.). Atstumas tarp stygy
plane — 320 mm. Stygos ir krastiniai (inkariniai) vantai jtvirtinami j atraminius guolius,
kurie gali suktis apie horizontaligjg asj (3.3S pav., a).

a)

©)

3.3S pav. Inkarinio vanto tvirtinimas ,,A“ (a); pilono apatiné jungtis ,,I“ (b); atrama ,,.L* (c)

Styga suprojektuota kaip iStisinis plieninis strypas, siekiant uztikrinti tolygy Sio
elemento jtempima. Visi vanty ir stygy galai turi sriegj, skirta surinkimui ir jtempimui.
Stygos jtempimas pasickiamas naudojant inkarinius varztus ant lankstiniy atramy.
KryZzminiai vantai prie pilony jungiami per prailgintas verzles, uzsukamas ant nusriegty
jy galy. Pilonai paremti ant stygos, pervertos pro jy jvores, o prie stygos jie pritvirtinami
U formos varztais. Taip uztikrinama, kad pilonai nepasislinks isilgai stygos (3.3S pav., b).
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Styga ir kryZminiai vantai suprojektuoti i§ apvalaus d = 6 mm strypo. Pilono
elementams parinktas 40x40x3 mm sta¢iakampis vamzdis. Tokie skerspjlivio matmenys
pasirinkti siekiant panaikinti galimas aSines pilono deformacijas ir taip sumazinti jy jtaka
bendroms tilto deformacijoms. Inkarniy vanty atramos (3.3S pav.) suprojektuotos taip,
kad biity jmanoma jtempti inkarin] vantg ir styga, nesukeliant papildomy (daugiausia
sukimo) jtempiy. ISankstinis vanty ir stygos jtempimas Siame modelyje yra itin svarbus,
kadangi jis uztikrina nuolatinj kryzminiy vanty tempimg. Taip pat, esant tam tikrai
apkrovimo reikSmei, kraStiniai stygos tarpatramiai gali biiti gniuzdomi. Modelio elementy
iSankstinis jtempimas buvo suteikiamas palaipsniui.

Eksperimentu ir skaitiniu modeliavimu (BEM) gauti stygos poslinkiy duomenys
pateikti 3.1S lenteléje. IS jy matyti, kad didziausi skirtumai tarp eksperimentiskai bei BEM
blidu nustatyty stygos poslinkiy sickia apie 9-10 %, nepriklausomai nuo taikytos
simetrinés ar asimetrinés apkrovos. Pazymétina, kad tik vidinio stygos tarpmazgio
eksperimentiniai poslinkiai yra didesni uz skaitiniu bidu nustatytus; visuose kituose
tarpmazgiuose skaitiniu metodu gautos poslinkiy reik§més buvo didesnés.

3.18 lentelé. [linkiy palyginimas

Tarpmazgis | Tarpmaz- | Tarpmazgis
Apkrovimas | Zingsnis | Jlinkiai ((.}_H.) - £ (}.H) (=)
[linkiomatis | Jlinkio- s .
. [linkiomatis 7
3 matis 5
Eksp. [mm] 16,05 14,96 15,95
1 BEM [mm] 17,70 14,40 14,40
) o Skirtumas [%] 9,3 3,7 9,7
Simetrinis
Eksp. [mm] 20,97 15,30 17,50
2 BEM [mm] 20,20 16,00 16,00
Skirtumas [%] 2,7 4,4 8,6
Eksp. [mm] 16,00 16,20 10,04
1 BEM [mm] 17,30 15,30 10,40
. o Skirtumas [%] 7,5 5,6 3,5
Asimetrinis
5 Eksp. [mm] 20,40 18,00 12,26
BEM [mm] 19,60 17,00 11,80
Skirtumas [%] 39 5,6 3,7

Eksperimentiskai ir BEM biidu nustatytos stygos ir kryZzminiy vanty asinés jégos
pateiktos 3.2S lenteléje. IS duomeny matyti, kad abiejuose apkrovimo etapuose skaitiniu
btudu apskaiciuotos stygos tarpmazgiy jégos yra didesnés uz eksperimentiskai gautas.
Didziausiy reikSmiy skirtumai iSoriniame stygos tarpmazgyje nevirsija 7 %, o viduriniame
stygos tarpmzdyje maksimalus poslinkiy skirtumas pirmajame apkrovimo etape siekia
19 %; padidinus apkrova (2 etape), $is skirtumas sumaze¢ja iki 7 %.
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Analizuojant vanty jtempiy reik§mes nustatyta, kad tik viduriniams vantams BEM
duomenys rodo mazesnes jégas nei eksperimenti§kai iSmatuotos. DidZiausias $iy veréiy
skirtumas uzfiksuotas antrajame apkrovos etape. Nesutapimai rezultatuose greiciausiai
kyla i§ minéty neatitikimy tarp skaitinio ir realaus tilto modelio.

3.2S lentelé. ASiniy jrazy palyginimas

Apkro- | Zing | Aginé Tarpma | Tarpma | Tarpma | Ink. Viduriniai vantai
vimas snis | jéga zgis zgis zgis vantas (C-1,1-D)
(G-H) (H-D) a-n (A-H)
Ten- Ten- Ten- Ten- Tenzojutiklis 11,12
zojuti- zojuti- zojuti- zojuti-
klis 1 klis 2 klis 3 klis 7
Po jtempimo Eksp. 2,93 2,35 1,68 0,49 1,02
[kN]
BEM 2,81 2,13 1,51 0,38 1,13
[kN]
Sime- 1 Eksp, 4,013 4,76 5,03 2,26 0,68
trinis [kN]
BEM 4,26 5,49 6,02 2,13 0,03
[kN]
2 Eksp, 4,53 5,35 6,67 2,63 0,51
[kN]
BEM 4,69 6,26 6,94 2,50 0,02
[kN]
Asi- 1 Eksp, 3,88 4,06 3,67 1,24 1,01 0,72
metri- [kN]
nis BEM 4,29 4,81 4,27 1,85 0,84 0,08
[kN]
2 Eksp, 4,32 4,61 4,53 1,66 0,93 0,52
[kN]
BEM 4,76 5,44 5,78 2,15 0,87 0,01
[kN]

Taip pat svarbu paminéti, kad eksperimento metu tiek stygai, tiek inkariniam vantui
nebuvo pasiektos BEM nustatytos jrazy vertés, iSskyrus vidurinius skersinius vantus.

Bendrosios iSvados

Apibendrinus analizés rezultatus, galima teigti, kad:
Sukurtas nauja vantinio tilto konstrukciné schema su kryzminiais vantais ir i$
anskto jtempta styga. Jos elgsenai analizuoti sukurta skai¢iavimo metodika. Ji
leidZia racionaliai parinkti konstrukcijos parametrus. Remiantis pasitilytomis
iSraiskomis, galima nustatyti racionalig pilony auksciy konfigiiracijg ir vanty
itempima.

1.
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Kryzminis vantinis tiltas pasizymi puikiomis savybémis veikiant asimetriniam
apkrovimui. Eksperimenting, skaitiné ir analitiné analizés parodé, kad tokie tiltai
efektyviai perskirsto netolygias péséiyjy apkrovas. Sis perskirstymas padeda
sumazinti standumo sijos ar stygos poslinkius ir jrazas, iSlaikant jas ne aukSesnes
nei esant simetriniam apkrovimui.

Netolygus poslinkiy pasiskirstymas kryzminiy vanty tilte pabrézia butinybe
tinkamai parinkti stygos ir vanty iSankstinj jtempimg. Bandymy rezultatai
parodé, kad tiek simetrinés, tick asimetrinés apkrovos atvejais didziausi
poslinkiai pasireiskia krastiniuose stygos tarpmazgiuose (pvz., G-H ir K-L), o
mazesni — viduriniuose tarpmazgiuose (pvz., I-J). Todél svarbu tinkamai parinkti
iSankstinio

jtempimo reikSmes inkariniuose ir kryzminiuose vantuose, siekiant iSvengti
dideliy jlinkiy ir uztikrinti prading konstrukcijos forma.

Eksperimentiniai rezultatai ir baigtiniy elementy analizé patvirtina naujos
vantinés-styginés tilto sistemos jgyvendinamuma. Eksperimentiniy ir skaitiniy
modeliy palyginimas simetrinio ir asimetrinio apkrovimo atvejais rodo, kad
poslinkiy neatitikimas nevirsija 9 %, o jégy reikSmés skiriasi maziau nei 10 %.
Be to, skai¢iavimo metodika, lyginant su skaitiniu modeliavimu, parodé mazesnj
nei 4 % neatitikimg. Sie rezultatai patvirtina siilomy skai¢iavimo metody
taikyma kryZzminiy vanty pésciyjy tiltams.
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