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ABSTRACT

This study aims to provide a framework for the passive control of the structural
response of steel under-deck cable-stayed (UDCS) bridges. The performance of UDCS
bridges with an unconventional layout of a cable-staying system is examined by means
of Direct Analysis using effective structural response control technique. Recently, the
advanced analysis has been remained a tool for researchers rather than for
practitioners. This paper describes practical applicability of this advanced analysis,
accounting for second-order effects and both geometrical and mechanical
imperfections by means of the generalized imperfection factor. The improvements
provided by direct analysis, in the determination of structural response for checking the
in-plane buckling on the actual unsupported length in the plane of bending and
eliminating the need of effective length factor, make it an effective tool for advanced
structures analysis. The proposed method concerns the development of structural
response control by adopting appropriate “rational eccentricity” of cable-staying system
rather than conservative presstressing of cable stays. The structural behavior of UDCS
bridge is analyzed using the direct method and structural response control, and the
results obtained are discussed and compared with structural behavior of the same
morphology uncontrolled UDCS bridge by means of the FEM code, ANSYS. On the
basis of such comparative studies, several conclusions are drawn concerning the
efficiency of the proposed control technique.
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1. INTRODUCTION

Normally, cable supported bridges have been associated with three types of bridges
such as suspension, cable-stayed and extradosed. In the sequence of developments of
such type bridges and necessity, to solve engineering problems caused by
unconventional environmental conditions the new type of cable supported bridges
aroused. There is still no common agreement for the name of this kind of bridge, and in
literature it appears as self-anchored suspended deck bridge, bridge supported from
below and under-deck cable-stayed (UDCS) bridge. For this study, the last term is used,
which was proposed by Ruiz-Teran and Aparicio in 2005 when the first author
submitted her doctoral thesis written on the structural behaviour of such kind of bridges.
The concept of UDCS bridge is such that intermediate pylons can be replaced by
supporting system of stay cables and struts, and thus the cable-staying system takes
placed below the deck rather than above as in conservative cable-stayed bridge. The
replacement of the intermediate pylons with a cable-staying system solves many
engineering problems such as:

a) Insufficient soils for pylons installation;

b) Suspension of the bridge exploitation during reconstruction or maintenance;

c) To widen the clearance of the highway overpasses;

d) Reduced maintenance — sheltering the supporting structural elements from

destroying environmental conditions and vandalism;

e) Provision of the catwalk for construction and maintenance by means of the

cables.

Previously mentioned advantages have made this type of bridge the issue of interest
for the last four decades. Though despite functionality and successful practical
implementation (Norris 2010, Tsunomoto and Ohnuma 2002, Holgate 1997, Schlaich
and Werwigk 2001, Watanabe 2002) from a design point of view UDCS bridges still
remain incompletely explored engineering problem. A significant contribution to this
case was made by Ruiz-Teran and Aparicio. Studying the unconventional cable-stayed
bridges Ruiz-Teran presented a PhD thesis (2005) on such type bridges structural
behavior and design criteria. Supervised by professor Aparicio researcher declared the
state of art of two new types of bridges known as under-deck cable-stayed bridges and
combined cable-stayed bridges (2007a), obtained the governing parameters and
analyzed structural behavior of considering bridges (2007b, 2008a, 2008b). Moreover,
some attention was paid to the issues related to the dynamic behavior, considering the
amplification factors (Ruiz-Teran and Aparicio 2007c), accidental breakage of the stay
cables (Ruiz-Teran and Aparicio 2009a) and vibration (Ruiz-Teran and Aparicio 2009b).
Before research of Ruiz-Teran and Aparicio the issues addressed to the structural
behavior of the UDCS structures concern mostly the externally prestressed concrete
slabs or beams (Menn and Gauvreau 1987, Virlogeux et al. 1994, Harajli et al. 1999,
Aravinthan et al. 2005, Lou et al. 2012). However, there are some works which have
been performed by Muttoni (1997, 2002) and emphasize the novelty of an
unconventional position of the cable-staying system. It should be noted that, in most of
these studies, structural behavior of the deck have been analyzed by means of
prestressed concrete element. The particular case of steel UDCS structures was mostly
considered with the approach of roof beam-string structures (Juozapaitis and Kvedaras
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1999, Wu 2008, Xue and Liu 2009, Saitoh and Okada 1999).

In all previously mentioned studies, structural behavior of the UDCS structures
relays on the prestressing of the stay cables as the way to control structural behavior of
the deck. This paper presents a new point of view for the possibility to control structural
response of the main steel girder of the UDCS bridges by means of eccentric anchoring
of the cable-staying system. In particular, this study aims at providing a contribution to a
better understanding of the structural behavior and more efficient analysis of the UDCS
bridges. Because when the under-deck stay cables are introduced into the deck, by
means of struts, thus the upward deviation force equal to the vertical reaction that
would have been provided by the eliminated pylons is initiated (Ruiz-Teran and
Aparicio 2010). Due to direct anchoring of cable-staying system when the external
forces are applied the structural behaviour of the main girder of the bridge approach the
structural behaviour of a beam-column element with the additional intermediate
supports (Misiunaite and Juozapaitis 2012) and this makes it inevitably nonlinear
problem.

This study deals only with the in-plane behavior of a simple-span UDCS bridge.
Paper primary focuses on emphasizing the relevance, in terms of both efficiency and
accuracy, of adequately determined values of rational eccentricity e to be embedded
in the direct analysis of the whole structure. In order to illustrate the concepts and
procedures addressed, an isolated one-span steel girder element by means of beam-
column with appropriate loading and support conditions is considered. A calculation
model of an isolated element is embedded into considering bridge structure, and the
analyses of the structural behaviour of such type of bridge using derived governing
equations is performed, and validated by the results of finite element analysis carried
out with a nonlinear solver of ANSYS. Moreover, the comparative analysis of simple-
span UDCS bridges with and without flexural response control is carried out to
emphasize the efficiency of the proposed technique. On the basis of the above studies,
it is possible to draw a number of conclusions concerning the efficiency, accuracy and
validity of structural response control and also to show that this efficiency is bound to
be significantly improved if direct analysis is used.

2. PROPOSED FAILURE SURFACE

Consider innovative steel structure of simple-span double-level UDCS bridge of four
equal spans (l). The connections between the span elements of the main girder
assumed to be hinged in contrary to structural schemes of conservative UDCS bridges.
This development increases a resistance of the main girder for bending about one
principle axis with applying effective technique of flexural response control. The
variation in the length of struts (ls;) determines the changes in the layout of the cable-
staying system of the double-level UDCS bridge. The structural schemes examined,
shown in Fig. 1 a) and b) are the bridges with passing and framing first level cable-
staying system, respectively. Fig.1 shows that the double-level UDCS bridge is formed
of three independent conservative simple-span UDCS structures with mono cable-
staying system (Fig. 2).
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Fig. 1 Structural schemes of the double-level UDCS bridge

The displacements and internal forces of the double-level UDCS bridge subjected to
external transverse distributed load can be determined by considering appropriate
calculation model of the conventional UDCS bridge structure with mono cable-staying

system shown in Fig. 2.
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Fig. 2 Calculation model of UDCS bridge with mono cable-staying system

The main girder of the considering bridge is subjected to simultaneous bending and
compression due to applied transverse distributed load and direct anchorage of the
cable-staying system. Distributed transversal load introduces axial compression into the
strut and tension into the cable stays. It is obvious that the value of this axial force is
inversely proportional to the length of the strut (Fig. 2).

To describe the technique for structural response control consider calculation model
of the individual member of the main girder undergoing large displacements shown in
Fig. 3 under simultaneous action of the distributed transversal load q and compression
force Nc applied with the appropriate eccentricity. The deflection (v) is measured from
the initially imperfect configuration (vO) with the amplitude of vmO.
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Fig. 3 Calculation model of an individual member of the main girder

3. ANALYSIS METHODOLOGY

This section discusses the requirements that must be satisfied for the flexural
response control using a direct analysis. For steel beam-column elements, AISC 360-
10 and EN 1993-1-1 (2003) Specifications defines specific elastic analysis and design
methods, these are:

(1) The direct analysis method, detailed in Section C 1.1 of AISC 360-10 (2010),
(2) The Global analysis, detailed in Section 5.2 of EN 1993-1-1 (2003).

Due to the improvements provided by the direct analysis method in the calculations
of the internal forces and moments, both previously mentioned Specifications base their
determination of structural response for checking the in-plane buckling on the actual
unsupported length in the plane of bending. In short, the need to use the effective
length concept is eliminated. According to this advantage of the direct analysis method
it may be generally applicable to many types of innovative and complex structures,
when the following nominal geometric imperfections, residual stresses and material
idealizations are included in the analysis (White et al. 2006):

e A sinusoidal or parabolic out-of- plumbness with maximum amplitude of

Vom =1/1000, where | is the unsupported length in the plane of bending.

e The Lehigh (Galambos and Ketter 1959) residual stress pattern

¢ An elastic-perfectly plastic material stress-strain response.

3.1 Imperfections
The geometrical imperfections will be assumed to be sinusoidal:

. Tl
Vo =V0mS|n7TI— (1)

The magnitude of the equivalent geometrical imperfections by introducing
generalized imperfection factor becomes:

W
Vom =71 (2)

The value of the generalized imperfection factor originally was obtained by
Robertson in 1925 and has been varying over the years and for this case assumed in
the form prepared by Maquoi-Ronald for EC3:
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77=a(Z—0,2) (3)

Where a=0,001a(7r2E/ fy)ll2 is an imperfection factor based on the column strength

curves and the multiplier 0.001 refers to the maximum tolerance for the elements out-
of-straightness specified in many design codes.

By substituting Eq. (3) into Eq. (2) the magnitude of the equivalent geometrical
imperfections factor can be rewritten as:

von =(1-02) (4)

3.2 Governing Equations

The governing equations derived applying the moderately large displacements
theory to isolated steel member shown in Fig. 3. Attention is paid to the requirements
set for the performance of the direct analysis and, in particular, eccentric application of
the axial compression (N¢). The deflection (v) is measured from the initially imperfect
configuration, and the normal force is constant along the length of the element, thus the
moment equilibrium equation becomes:

M;"=N¢(V+Vo)"+Nce+q=0 (5)

The relation between internal axial force (N;) and flexural rigidity (EI) can be
expressed as:

2 =2t )
Thus, Eq. (5) can be rewritten as:
vV 4+ k2v"+ k2 (Vom sin”TZ)"=k2e+% (7)
Introducing:
n=—— (®)
7
General solution of Eq. (7) is:
v=Clsinkz+Czcoskz+C32+C4+nv0msin”TZ+e+ G2° (9)

2Elk 2

By combining general solution of Eq. (7) with the boundary conditions for the simply
supported steel element shown in Fig. 3:

z=0 z=1
, (and 5 (10)
v=0andv"=k“e v=0andv"=k“e

Thus, the deflection is obtained as:
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ql? K/ o qzl® ( zj 7z
V= —e |(tg K/ sinkz + coskz —1) - ————| 1—— [+ nvgy Sin— 11
[El(kl)4 J( % ) 261 (k)20 1) )

Accordingly, by M, =-EIv", the moment is given by:

a2 Ele(k)® ) i/ a?  z 72
M, = — t sinkz +coskz |- +—Elnvgy sin— 12
Z {(kl)z |2 (g A ) (k|)2 |2 Oom I ( )

4. STRUCTURAL RESPONSE CONTROL

As a matter of fact, the main objective of this paper is to provide a contribution to
shed some new light on a number of issues related to the effective utilization of the
cross-sections in the design of steel structures. It is well-know that optimum distribution
of the internal forces increases efficiency in the structures design. Considering bending
moment diagram of the conservative multiple-span bridge it is clear that the bending
moment distribution would be much effective for the continuous structure than simple-
span. For the simple-span structure, the extreme hogging moment appears at the mid-
span of the girder and governs the utilization of the cross-section. The proposed
method aims to obtain the efficiency in cross-section utilization of the main girder and
distribution of the internal forces at different points of the structure (bending moment in
the midspan section, bending moment in the support section and axial force). Since the
loads acting upon the UDCS bridge depend on its geometry, this technique is iterative
and is presented in the flowchart shown in Fig. 4.
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Fig. 4 Flowchart for performing the structural response control of the double-level
UDCS bride

It should be noted that this method is valid just for the simple-span bridges.

4.1 Rational eccentricity

As previously mentioned, the simple-span structures have the ineffective distribution
of the internal forces: the extreme value of bending moment at the midspan sections
and zero at the support sections. The eccentric application of axial force by means of
eccentric anchoring of cable-staying system would evoke bending moments at the
support sections. Thus, if the cross-section of the girder is assumed to be constant, the
condition for the rational moment control becomes (Juozapaitis et al. 2007):

IM(z=0)[=|M(z=1/2)| (13)

By combining Eq. (12) with the condition (13) the rational eccentricity is given by:
. 7nvom cosk% . ql® (1—cos%)
e (kl)2(1+cosk%) El(kI)* (1+cosk%)

And the rational moment:

(14)
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#Elnvgy  A(c0sM5 1)+ Eleree (K)°
rac = |2 (15)

I cosk/

4.2 Variables

In order to enable a full grasp of all concepts involved in selecting the appropriate
erac values, some variables still requires further clarification. Equations for determining
the rational values of eccentricity and bending moment include the undetermined
variable kl, known as slenderness parameter.

Slenderness parameter relies on an internal axial force according to Eq. (17) and

can be expressed as:
N
Kl=1,|== 16
«/ = (16)

An internal axial force in conservative UDCS structure (Fig.2) for the first iteration
may be obtained considering element in its undeformed position:

aL®

N. =
“ 7 8l

(17)
Where L (m) is a span length of the structure and for the case shown in Fig. 1 is equal
to L=2I; Is; (m) is a length of a strut.

According to double-level UDCS bridge design principles (Misiunaite et al. 2012) it
follows that an axial force can be obtained as:

2 2
:ﬁ+ﬁ (18)

Cc
8ls1  8lst2

Where L; and L, are the span lengths of first and second level substructures, Is;; and
Ist» are the lengths of the strut of the first and second level substructures respectively.

The span to strut length relation shows that, for the constant span length the axial
response of the girder can be partially controlled by varying the length of the strut. It is
clear that increase in the length of the strut decreases the axial response.

5. NUMERICAL EVALUATION

The application of the rational eccentricity including variations in the morphology of
the cable-staying system by means of the struts length is demonstrated in this section
using a simple-span UDCS bridge of four spans with double-level cable-staying system
first reported by author et.al (2012). A symmetric distributed transverse load is applied
to illustrate in-plane structural behavior of the main girder. Several different base
modelling assumptions are implemented: slenderness parameter of the girder must be
greater than 1.0 for the sufficient effect of the axial force in the interaction of bending
and compression and the deflection of the bridge must meet the requirements for the
serviceability limit state.
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5.1 Structural properties and loads

The examining UDCS bridge has 12 m span sub-girder, and that makes the whole
length of the bridge 48 m. The cross-section of the girder is hot rolled European
standard wide flange H beam HEB 400; struts are the hollow sections and cable stays
are rods with the area of 18176 mm2 and 25447 mm2 respectively.

Two models of the considering bridge are generated with the only difference being
in the layout of cable-staying system by means of struts length. The first model of the
double-level UDCS bridge with passing cable-staying system shown in Fig.5 is
modelled using the 3000 mm strut length for the second level cable-staying systems
and 4500 mm for the first one. For the second model (Fig.6) strut lengths are 1800 mm
and 5000 mm for the second and first levels respectively and thus the cable-staying
system gets a framing layout. The differences in the length of struts refer to the axial
response in the girder and to the one of the base modeling assumption — slenderness
parameter. The main girder of the first model has the slenderness parameter of 1.45
obtained after the first iteration performed according to flowchart shown in Fig. 4. For
the convergence of the axial forces in second calculation model, two iterations were
required, and after that slenderness parameter became equal to 1.53.

20 kN/m
L A

€rac

4500

12000 j 12000 12000 ‘ 12000

Fig. 5 First calculation model of the double-level UDCS bridge

20 KN/m
e A

€rac

[=]
Ay < «© P

5000

12000 12000 12000

48000

Fig. 6 Second calculation model of the double-level UDCS bridge

5.2 Numerical model and analysis

The numerical analysis is performed by means of the FEM code ANSYS, using
beam elements for modelling main girder and link for the cable-staying system. Bridge
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girders contain the initial bow imperfections assumed to be sinusoidal and evaluated by
spline with the amplitude rely on a generalized imperfection factor and an elastic-
perfectly plastic stress-strain law (i.e., no strain hardening) is accounted. To avoid
unnecessary modelling difficulties, a 2D model is adopted.

The large displacement static analysis performed for the first and second models of
the double-level UDCS bridges to obtain structural response of the girder. The
structural response control procedure performed according to flowchart presented in
Fig. 4. Convergence was achieved when the relative difference between two
consecutive internal axial forces was smaller than a tolerance ¢, which was assumed
to be 1%.

Comparative analysis uses the same calculation models of the UDCS bridge without
flexural response control by means of centric anchorage of the cable-staying system.

5.3 Results

The flexural response control has been performed by eccentric anchoring of cable-

staying system and the rational eccentricity estimated by Eq. (14). For the first model,
the numerical value of the rational eccentricity (eroc) was 122 mm. The relative
deference between axial forces in the girder estimated by Eq. (18) and obtained after
analysis performed with ANSYS appeared to be 0.52% what was less than assumed
convergence tolerance, thus just one iteration has been required. The second model of
UDCS bridge (Fig. 6) for the first iteration had the rational eccentricity of 112 mm. For
the achievement of convergence of the axial forces in the girder, two iterations were
required, and finally the rational eccentricity became equal to 111 mm.
Fig. 7 shows the first model of double-level UDCS bridge analyzed (subjected to a
transverse distributed load q equal to 20 kN/m). The bending moment diagram
displayed in Fig. 7 (a) show the rational moment (Mrac) values obtained by the non-
linear solver of ANSYS and provided by the proposed expression of Eq. (15). The
difference between extreme values of the bending moment equal to 0.36% thus a
proper result of the flexural control is achieved. Moreover, the relative difference
between numerical values of rational moment, obtained by Eq. (15) and non-linear
solver ANSYS is 0.06%. This negligible difference shows that presented formula gives
an accurate and safe solution.

216 KNm 216 kNm 216 kNm 216 kNm 216 kNm

(a) UDCS bridge with structural response control
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(b) UDCS bridge without structural response control

Fig. 7 Comparison of the bending moment’s distribution into the main girder of UDCS
bridge with passing cable-staying system

Figs. 7(a) and (b) show a comparison between the flexural responses of the UDCS
bridge determined by adopting the described rational eccentricity and without it. It is
clear that the use of the proposed structural response control technique determines
effective utilization of the cross-section of the girder. Eccentric anchoring of the cable-
staying system initiates hogging moments at the supports and decreases sagging
bending moments at the mid-span sections 2.3 times in comparison to conservative
solution of simple-span double-level UDCS bridge.

Finally, by adopting the rational eccentricity, not just flexural response can be
decreased but deformational either. Figs. 8(a) and (b) show the comparison between
deformations of the double-level UDCS bridge with and without structural response
control respectively. It is obvious that controlling structural response of the bridge
increases its stability in comparison with conservative case. Stability is an issue of the
high importance concerning bridge design.

(b) UDCS bridge without structural response control

Fig. 8 Comparison of the displacement’s of UDCS bridge with
passing cable-staying system

Fig. 9 enables the comparison between the UDCS bridge (Fig. 6) with and without

structural response control respectively. As in a previous example by adopting the
rational eccentricity the effective distribution of the bending moments obtained, and the
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extreme value decreased 2.4 times in comparison to conservative solution.
Furthermore, the proposed technique gives an advantage in stability verification as
shown in Fig. 10.
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(b) UDCS bridge without structural response control

Fig. 8 Comparison of bending moment’s distribution into the main girder of UDCS
bridge with framing cable-staying system

(b) UDCS bridge without ctural response control

Fig. 10 Comparison of the displacement’s of UDCS bridge with
framing cable-staying system

Comparing structural behavior of two examined UDCS bridges presented in Fig. 5
and 6 several conclusions can be drawn concerning the influence of the morphology of
the cable-staying system on the structural response of the bridge. The variation in the
length of struts effects the axial response in the girder and slenderness parameter.
From the engineering point of view, framing cable-staying system can be easier
realized than passing one. Figures 7 to 10 show that with the appropriately chosen strut
lengths the structural behavior of both bridges differs negligibly. Thus by adopting
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appropriate rational eccentricity and geometry of cable-staying system, the proposed
technique can be a powerful tool for the engineers to achieve a better utilization of the
cross-sections in bridge design.

Consequently, the deformation at any point of the girder of the double-level UDCS
bridge may be estimated by governing equation (11). The accuracy of the results
yielded by the application of the formula to both example models of the bridge to
encounter the deflection at the point of z=I/2 provided in comparison with values
obtained by the non-linear solver of ANSYS. On the basis of this comparative analysis,
the relative differences between numerical values of the arbitrary deflections can be
declared being less than 1.4%.

6. CONCLUSIONS

In this paper, an approach based on the structural response control technique for
modelling the in-plane structural behavior of a double-level UDCS bridge is presented.
In addition, a practical application of the direct analysis method for the simple-span
UDCS bridges with unconventional layout of cable-staying system is outlined. Finally,
an example of simple-span UDCS bridge is analyzed with two different layouts of cable-
staying system to observe the influence of the rational eccentricity on the bending
moments distribution. The following conclusions can be drawn from the study described
in this paper:

e The flexural response control is a useful tool for an effective distribution of
bending moments in the main steel girder of the bridge. A presented approach
based on the eccentric anchoring of cable-staying system by adopting rational
eccentricity to achieve effective utilization of cross-section and structural
behavior of steel girder subjected to the simultaneous bending and compression.

e Using direct analysis method to obtain equations governing the in-plane
structural response of UDCS bridge results in practical application of this
recently being more research issue rather than practical design technique.

e The accuracy of the flexural and deformational response estimations provided by
governing equations is assessed by means of comparison with the results
yielded by finite element (FE) large displacements static analysis performed in
the commercial code ANSYS and including geometrical (initial out-of —
straightness), material (residual stresses) imperfections and eccentric anchoring
of cable-staying system.

e The analysis of two calculation models of the bridge with varying the length of
the struts shows that the partial axial response control in main girder is possible
alongside with flexural response control.

The consideration of flexural response control in the analysis and design can, in
general, lead to significant economies in the design of simple-supported steel UDCS
bridges. The examples shown in this paper illustrates that significant decreases (2.3-
2.4 times) can be obtained for extreme values of the bending moments in the main
girder of the simple-span UDCS bridge.
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