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ABSTRACT. Extradosed bridges offer a competitive alternative to traditional systems used in spans
ranging from 100 to 250 m. The trend in the world is the development of new materials and with it the
design of thin structures, which is a challenging change for further development. Extradosed bridge is a
relatively new type of construction (first in Odawara, Japan 1994), although there are many bridges
of this type in the world, there are no strict design rules in terms of statics and even less in terms of
dynamic behavior. To research this area closer, parametric analysis can be performed. Due to the
complexity of this task and the non-linear coupling of the design parameters, it is necessary to approach
it by an optimization method that, for predefined boundary conditions, optimizes the design response.

KEYwWORDS: Extradosed bridges, finite element method, optimization, non-linear cable analysis, tension

stiffening, prestressing forces.

1. INTRODUCTION

The aim of this work is to create a tool for designing
extradosed bridges and investigate the influence of
structural parameters on the behaviour and efficiency
of the structure. For arbitrary boundary conditions,
the optimal distribution of forces in the cables can be
found.

2. EXTRADOSED BRIDGES

Extradosed bridges with their shallow stay cables and
stiff decks offer an economical and aesthetically pleas-
ing alternative to conventional girder and cable-stayed
bridges for spans within 100 and 250 meters (Figure/[L).
In an extradosed bridge the deck is partially supported
by a system of cables anchored to relatively short py-
lons. Carrying the permanent loads of the bridge with
such shallow inclined cables leads to high cable forces
and high compression in the girder. At the anchorages,
the horizontal components of these cable forces are
introduced into the girder, thus contributing to its
post-tensioning [1].

The shallow cables allow for very low heights and
robust pylons, which are often placed in the centre of
the girder (single cable plane), because the already
strong box girder decks can also take torsional load
resulting from eccentric traffic. The deck girder and
pylons are often monolithically connected. This way,
the short pylon can be slender and stabilized against
buckling more economically than through cables. For
the version of the torsionally not rigid bridge deck,
it is necessary to ensure stability using two planes of
cables. The monolithic connection between the pylon
and the deck girder further improves robustness and
durability, but a bridge bearing is also used. Some
extradosed bridges are fully integral, that is, the deck
girder and piers are also monolithically connected.
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Neglecting the costs of the bridge pylons, deck gird-
ers of extradosed bridge are often cheaper than the
deck girders of a girder bridge. This is due to the con-
crete being the principal ingredient in the superstruc-
ture cost, so that extradosed bridges become more
efficient with increasing span. While the presence of
pylons and stay cables of extradosed bridges poses
additional costs compared to post-tensioned cantilever
bridges, shorter height of the pylons and adoption of
saddles instead of anchorages increase their economy
over those used for traditional cable-stayed bridges.

Indeed, there is a design freedom into varying the
relative stiffness of the deck, cables, and pylons to
optimize the behaviour of the bridge. This results in
a range of structural characteristics in between an in-
ternally post-tensioned balanced cantilever bridge and
a cable-stayed bridge, with ample room for innovation
and reducing cost for different boundary conditions
and design restriction. As noted above, unlike cable-
stayed bridges, extradosed bridges do not require back
stays to limit the horizontal movement at the top of
the pylon caused by uneven live loads, when the short
pylon is monolithically fixed to the deck because the
live loads are primarily carried in bending by the deck
girder. Thus, extradosed bridges are inherently well
suited to multi-span structures [1].

2.1. PYLONS

The pylon’s height measured above the bridge deck
level is between 0.07L and 0.13L, where L denotes the
lenght of the main span. This is considerably shorter
than in the classic cable-stayed bridges, where the
pylon has a height between 0.2L and 0.25L, which
explains why the pylons are easier to build for ex-
tradosed bridges. Having this geometrical arrange-
ment, extradosed bridge stays are slightly inclined
with respect to the roadway and, therefore, provide
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FIGURE 1. Comparison of three bridges with different dimensions [1].
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FIGURE 2. BMD (Bending Moment Deformation) before and after the restressing of cables under dead load [1].

smaller vertical stiffness to the deck when compared
to cable-stayed bridge. The stays are often anchored
and closely spaced in groups that subdivide the main
span length L into portions of 0.2L [I].

2.2. DECK

Most extradosed bridges that have been built so far
have stiffer and stronger girders in bending compared
to cable-stayed bridges. Desks generally carry live
loads primarily in bending. For girders of constant
thicknesses, typical are among L/40 to L/45. The ele-
gant Sunniberg Bridge by Christian Menn in Switzer-
land, with its slender concrete slab deck, is certainly
an exception that sets the current trend and serves as
the inspiration for this work. The ratio of the thick-
ness of the deck to the main length of the field for
the Sunniberg bridge is up to L/250, which cannot
be applied in all cases, but it is a challenge for saving

material [I} [2].

2.3. CABLES

Thanks to reduced fatigue due to the lower stress
range in the stay cables, they can be subjected to
higher stress, allowing for the use of simpler and more
economical anchorages. For the same reason anchor-
ages of extradosed bridges are typically subject to
fatigue test requirements, which are less demanding
than those for cable-stayed bridges [I1 [3].

All these properties that are disadvantageous to
cable-stayed bridges result in live loads that are car-
ried by the deck and, therefore, result in small stress
changes in the cables. The cables of extradosed bridges
are mainly present to carry permanent loads, reducing
so the bending moments in the deck (Figure [2). The
small stress changes in the cables due to live loads
reduce the risk of fatigue failure and, therefore, the
utilization of the cables can be higher than 45 % of
the Guaranteed Ultimate Tensile Strength (GUTS)
which is usually applied for cable- stayed bridges. This
represents a better use of the cable capacity in service
compared with cable-stayed bridges (Figure [3). How-
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F1GURE 3. Effect of cable inclination on the force components in a cable for a) a constant total force and b) a constant

vertical force [4].

ever, rather than simply raising the allowable stress to
60 % of GUTS, for example, it is desirable to provide
structural rationale. A thorough investigation of many
existing bridges confirms that there is no clear bound-
ary between extradosed and cable-stayed bridges and
shows that the maximum allowable stresses in service
should be based on the level of stress changes due to
live loads [I]].

2.4. NON-LINEAR CABLE ANALYSIS

In the case of rope elements, their stiffness is reduced
due to their sag. Thus, the replacement modulus of
elasticity is reduced. The introduced normal force
is partly exhausted by changing the geometry of the
element until the moment when the rope is dimin-
ished. Since then, it can be assumed that the element
behaves linearly and the full stiffness of the rope acts.
This behavior is generally referred to as tension stiff-
ening (Figure [5]. Stress stiffening, also known
as geometric stiffening, incremental stiffening, initial
stress stiffening, or differential stiffening according to
various authors, refers to the increase (or decrease) in
the stiffness of a structure due to its stress condition.
This phenomenon is particularly relevant in thin struc-
tures where bending stiffness is significantly smaller
compared to axial stiffness, such as cables, thin beams,
and shells, and it couples the in-plane and transverse
displacements. Additionally, stress stiffening com-
plements the conventional nonlinear stiffness matrix
resulting from large-strain or large-deflection effects.
To account for stress stiffening, an extra stiffness ma-
trix, referred to as the geometric stiffness matrix K,
is computed and incorporated into the overall stiffness
matrix [6].

Where [ is the horizontal length of the rope anchor-
age, h is the vertical height of the rope anchorage, s is
the rope length, « is the angle of inclination, H are the
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FIGURE 4. Non-linear behaviour analysis of the bridge
cable [5].

horizontal reaction forces, R; and Ry the vertical re-
action forces, gg is the dead load of the rope, G is the
resultant force, f is the vertical sag of the rope, and
w, is the perpendicular sag, which is approximately.

(1)

The deformable conditions of this calculation are
the initial length of the rope Ly = s and the length
of the parabola, which is length of the sagged rope.
Assuming a simplification, the sag of the rope will not
have the catenary shape, but will have a parabolic
course. The length of the parabola is then calculated

as
. Sw?
Lp:s(l—l— =2 )

The rotational equilibrium condition in point 1 is

w, =~ fcosa.

(2)
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Equilibrium condition of all vertical forces:

R+ Ry — Gy =0. (4)
The rotational equilibrium condition in point X
Ryl h gos 1
2+H<2‘f> S

From the system of equations, we obtain the value of
the horizontal reaction H at the anchorages, in which
f figures as unknown variable
Gol
H=—. 6
= (6)
Variance of geometric extension caused from self
weight is calculated as

ALS = Lp - L07 (7)
82
ALS = SW, (8)

where these geometric constants figure

- (9)

cosor

Change of extension by the force in the rope from
the attachment calculated as

ALy =

s, 10
4, (10)
where N is the force in the rope, E, is the Young’s
modulus of the material and A, is the cross-sectional
area of the rope. Relationship between the force N
and horizontal reaction H is

H

N = . 11
cos (11)

The total extension outgoing from geometric and
force in the rope must be the equal. By substituting

Eqgs. , and into the equation

ALy = AL;. (12)
We get
sH 8f2
= . 13
E,A,cosa 30172 (13)

Further, substituting Eq. @ into Eq.

Gol 82

= . 14
8fE,A,cosar 30412 (14)

After modifying the equation, we get an expression
for the rope sag without pretension

.| Gol36* 3
_ 3 .
F= E,A, 64 (15)

The change in extansion from a prestressing force N,
is

(16)

. Gl N,
- T\8fE,Aycosa E,A,)°

By substituting Eqs. and back into Eq. (13
we get a cubic equation for calculating rope sag f
depending on the prestressing force IV,

8 N, Gol
FS r p 0
(394l2> <EpAp> SEPAP COS & ( )

By calculating the sag f, all forces related to the
rope can be count backwards. In the end the pa-
rameter used further in the matrix of stiffness of the
cable elements representing the non-linear behaviour
of the cable is the reduced effective Young’s modulus
Eerr -

Ep

~y2I2Ep

B = —
L+ 1203

(18)

Where o is the tensile stress in the cable, v is the
volumetric weight of the cable, [. is the horizontal
projection of the length of the cable. All the variables
for calculating the length of the rope in Eq. are
solved. This calculation in combination with Eq.
are the essentials parameteres for correct usage of
non-linerar behaviour in the coputional analysis of the
bridge cables [5].

3. FEM MODEL

Based on the large amount of bridge data and case
studies from 2019 provided by TABSE [I], approxi-
mately 59 % of extradosed bridges have two pylons in
longitudinal direction, i.e. three spans, 19 % have one
pylon and two spans, and the remaining 22 % have
three or more pylons. The research deals only with
the most widespread variant, so the option of a 3 fields
bridge with 2 pylons is modeled here.

3.1. DESCRIPTION OF THE MODEL

The description of the model is simplified by using
three basic component types: deck, pylon and ca-
ble [8]. The predescribed size of spans and pylons is
divided into nodes according to the required density.
Due to the fact that the segments are usually 5m,
the nodes are in the same grid. Generated nodes and
finite elements are described in the planar coordinate
system. The elements modeling the cables that con-
nect the pylon and bridge deck are made up of one
piece element [7]. The geometric nonlinearity of the
cables is captured using the effective Young’s modu-
lus [8]. For each finite element, a local stiffness
is built based on the nodal coordinates utilizing the

11
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relevant geometric and material characteristics. The
local matrices are then transformed into the global co-
ordinate system using a transformation matrix. The
localization of the matrices into the global matrix
takes place using code numbers [9, [I0]. The numerical
model employs FEuler-Bernoulli frame elements with
three degrees of freedom at each node, resulting in
a stiffness matrix represented as a 6 x 6 matrix for
each element.

A 0 0 —A 0 0
I I I I
R T A S
_E - T
Ke=%la o 0o a o o 1
0 _ 121 61 0 127 61
[T TR
0 -8 or o 8L 4
where

E is Young’s modulus of the material [kPa],

I is the moment of inertia for the Y-axis in base of
the cross-section [m?]

A is the element area [m?],

L is the lenght of the element [m].

)

Further, the geometric stiffness reads as

0 0 0 0 0
0 3 3L 0 -36 3L
p |0 3L 41> 0 3L -I?
Ko=azlo 0o o o o o |0 @
0 —36 —3L 0 36 —3L
0 3L —L*> 0 —3L 4L?

P is the stressing/tension force in the element [kN].

Prestressing forces in the cables are defined as vector

of variables

P=(P,P,Ps,...

7Pn)a

(21)

where n is the number of cables. Each cable is digitized

using also a vector

C = (Cy,Cs,Cs,. ..,

Ch).

(22)

Forces are assigned to cables with the same index.
The local stiffness matrix further consists of

K=K, +K,.

(23)

Finally the element matrixes are transformed into
the global coordinate system using the transformation

matrix
cosa  sina
—sina  cosa
0 0
= 0 0
0 0
0 0

12

S oo~k OO

0 0 0

0 0 0

0 0 0
cosay  sina 0 (24)

—sina cosa 0

0 0 1

Ko =TK.T, (25)

K¢ is the global stiffness matrix.

3.2. KINEMATIC BOUNDARY CONDITIONS OF
NODES

At each end of the deck, there are free rotation and
horizontal displacements that represent the movement
of the expansion joints and bearings. The element
intersection of the pylon and the deck is fundamental
for the overall behaviour of the bridge. Further, there
are two variants: one maintains a rigid (monolitic)
connection, while the other support one is supported
by bearings. The anchoring places of the cables are
also different. They can be expected to rotate around
a joint, or the place is fixed in such a way that rota-
tion is prevented. In this case the entire structure is
supported on bearings and the cables are on pivots
allowing rotation.

3.3. LOAD/FORCE VECTOR

The cables are typically designed to carry 60-80 % of
the dead loads, which represent the dominant part of
loading. The rest of the dead load, with the increment
from the moving load from vehicles or trains, is carried
by the deck. The deck weight is generated in the nodes
as a load calculated according to the geometry and
density of the material. For the purposes of this work,
the dead load is the only load case.

3.4. LIMITING CONDITIONS AND OBJECTIVES

The condition for Serviceability Limit State (SLS)
is the limitation of this task. The maximum deck
deformation is limited to L/600 for prestressed bridges.
Cable-stayed bridges are prestressed usually at 45 %
of their characteristic strengths due to major live load
stress change. In girder, this limit is extended to
60 %. Extradosed bridges are somewhere in between.
Therefore the cable prestress range is usually between
45 % and 60 % of the characteristic strength [I].

3.5. MODEL SIMPLIFICATION

Mathematical and material models try to describe
reality as accurately as possible, yet sometimes achiev-
ing a small accuracy requires a large effort that is not
conventional.

3.5.1. CABLE ANCHORAGE-CHANGE IN SAG,
STRENGTH AND MODULUS OF ELASTICITY

From a construction point of view, it is very difficult
and sometimes even impossible to have the pylon an-
chorages close to each other. Anchoring is usually
approximately 1-5 m apart, according to the technical
requirements for anchoring. The purpose of this opti-
mization program is to generate a number of cables
from the top of the pylon for the desired results. The
problem requires define the next cables are located
far enough from each other, because this creates a lot
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FIGURE 5. Deflection of the extradosed bridge with the span of the main bridge L = 100 m. Scale factor x100.

of extra nodes that must be defined correctly. An
effective and advantageous solution can be that all
the cables are connected to the pylon at one point (we
can call it the saddle of the pylon) and thus create
a fan. From a construction point of view, this solution
is impractical, but from a numerical analysis point of
view, it is ideal for describing cables. In principle, it is
a change in the hinge angle. However for a 100-250 m
field, the difference is about 1-5m in the vertical di-
rection, so it has a little effect on the redistribution
of the prestressing force in the horizontal and vertical
directions.

3.5.2. CROSS-SECTION VARIABILITY

The variability of the cross-section is typical for these
types of construction. The pylon usually has a larger
cross-section (the so-called pierhead) for better load-
bearing capacity and rigidity, while the cross-section in
the field is thinner to reduce the self-weight load. The
finite elements are generated along the length of the
bridge deck with a constant cross-section. An average
ideal cross-section is assumed. This simplification is
not expected to have a major impact on the results.

3.5.3. LEVEL OF THE BRIDGE

The level of the bridge deck will be considered zero,
with no longitudinal slope. This will have a negligible
effect on the calculation.

3.6. STATIC ANALYSIS

Geometric and material characteristics similar to those
of the Sunniberg bridge were used as a model example:
rectangular slab bridge with dimensions of 8 x 0.5m,
concrete type C40/50 and 2 rows of cables with a di-
ameter of 0.2m [2]. The static response depends on
the structure’s stiffness and the load’s size. This is

expressed using the equilibrium equation

in which K is the global stiffness matrix, u is the dis-
placement vector and f is the force vector. Deflection
u of the deck is calculated and depicted is comparison
to the original not deformed structure (Figure [5)).

The maximal deflection without prestressing forces
in the cables ug 100 appear to be in the middle of the
span ug,100 = 0,112 m.

The deformation of the deck is limited by umax for
prestressed concrete structures [11], where the limiting
value is set as

L

umax - 600

with L denoting the lenght of the span in meters. For

the the main span L = 100m is the the maximal
deflection umax 100 = 0.166 m.

The deflection is clearly under the deflection limit.
Even so, taking into account the live load or with
a larger field span, the prestressing forces in the cables
must be set.

(27)

4. OPTIMALIZATION FUNCTION

Function fmincon is a Matlab inbuilt nonlinear pro-
gramming optimizer that finds a minimum of con-
strained nonlinear multi-variable function [12]. De-
scribed as finding the minimum of a problem specified
by:

minimize f(z)

subject to

b <z <ub.

The function f(x) is the deck deflection u in this
case. Deflection is monitored at 3 control points,
namely the nodes in the middle of each field. The
lower bound [}, is a vector of zeroes, this represents the
possibility of no force in the cables. The upper bound
up is the vector of maximum forces Fiax, which is
the maximum allowable force deriving the maximum
allowable tension in the cable. The result of the
optimization is the force vector for the cables, which
derives the minimum function f(x), i.e. the smallest
deflection in the 3 monitored points.

5. RESULTS

The force vector obtained from the optimization was
inserted into the structure calculation and the deflec-
tion in the middle was reduced after prestressing to
UF 100 = 0.048 m (Figure @

13



Kristian D’Amico, Jifi Méaca

ActA POoLYTECHNICA CTU PROCEEDINGS

—e—Original Structure (Deck)

E —eo—Original Structure (Pylon 1)
—a—Original Structure (Pylon 2)
—e—Deformed Structure (Deck)
---- Cables

20
10- .
0o—em ——
Q2 \o/
10
S
.§ -20
>
-30
-40
_50 L
-50 0 50 100 150

X-coordinate

FIGURE 6. Deflection of the extradosed bridge with the span of the main bridge L = 100 m after prestressing. Scale
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Variants of the extradosed bridge with main spans of
120m, 140 m, 160 m, 180 m and 200 m were also tested
for research purposes, each of them having a adequate
number of cables (200 m variant has a set of 36 pairs
of cables due to its dimensions). For example, the
deflection of the 200 m long main span of the bridge
is without prestressing ug 200 = 1.311m (Figure [7).
For the the main span L = 200 m is the the maximal
deflection umax 200 = 0.333 m.

The deflection is clearly upper the deflection limit,
the prestressing forces in the cables must be set to
achieve the deflection limit. After optimizing the
forces in the cables, the deflection in the middle of
the deck is reduced to up200 = 0.025 m (Figure .

The results in terms of magnitude of forces derived
from the optimization for different sizes and numbers
of cables are shown in the graph (Figure E[)

14

6. CONCLUSIONS

The research shows that as the length of the main
span increases, significantly greater force is required to
lift the cables closer to the center of the main span, in
order to reach the maximum vertical deflection limit.
This indicates that not all cables are fully utilized
in the current arrangement, and as the length of the
main span increases, a different cable distribution may
be required (see Figure [10).

For larger spans, a more uniform distribution of
cables along the bridge deck is preferable, which may
also require an increased number of cables. This, in
turn, necessitates additional space for anchoring the
cables to a taller pylon, making the structure more
similar to a cable-stayed bridge.

Such a design calls for a more detailed analysis
considering variable live loads [13], further evaluation
in terms of limit states, local analyses at several points
along the bridge deck, and optimization of the pylon
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height. The height of the pylon is a critical factor not
only for determining the type of bridge but also for
its economic feasibility.
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