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Abstract. Catenary pedestrian bridges are apparently spreading all over the world. These
structures are highly popular as they can form the landscape and provide the pedestrians with
excitement and adventure. Consequently, there is a strong need to increase the span length,
which might call for the reconsideration of the conventional approaches. A novel concept was
proposed with special focus on feasibility and proper static and dynamic performance of
slender catenary bridges. A dedicated physical model was built and measured in order to
demonstrate the advantages. A long span catenary bridge designed in the framework of a fea-
sibility study was also considered as an ideal candidate for our proposed method.
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1 INTRODUCTION

1.1 Catenary bridge structures

The main elements of these bridges are the catenary cables that are fixed at both ends.
These cables carry the vertical loads, such as the self-weight or ice loading. When necessary,
wind cables and connecting cables are also involved in order to provide extra stiffness to the
whole structure, which was studied in detail in [1]. The problem with these bridges is that the
connecting cables are complicated to tension evenly due to their mutual interaction. There can
be loose cables that may vibrate, and the others can be overloaded. On top of all, the overall
structural behavior is strongly temperature dependent. The novel approach has been first in-
troduced at the WIBE (World Innovation in Bridge Engineering) prize competition. In this
paper a more detailed introduction is addressed.

1.2 The proposed iso-tensioning system

To overcome the above mentioned problems, a novel concept is proposed shown in Figure
1. In contrast to conventional catenary bridges, the evenly distributed and temperature inde-
pendent connecting cable forces can be conveniently ensured by adopting pulleys that are
used for railway overhead electric wires for instance. Post-tensioning cables on both sides of
the catenary with ballasts at their end points are used to adjust the desired pre-stressing to the
structure.
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Figure 1: Structural setup of the proposed system.

2 PRELIMINARY PHYSICAL MODEL

The structural behavior was investigated by using physical models that are most common
in wind engineering [2]. A preliminary model was created in order to qualitatively demon-
strate that the proposed system behaved according to our expectations; the connecting cables
were indeed evenly pre-stressed, no loose cables were observed. A horizontal load test was
also carried out. All the cables were modeled by using fishing line, with lead as weight. The
proposed configuration consists of three pulleys in a group belonging to each connecting ca-
ble; two of them are joined together and to the catenary, and the third one is fixed to the upper
end of the connecting cable. Two post-tensioning cables were driven through the correspond-
ing pulleys with ballast weights at their end points providing the desired internal forces in the
connecting cables, resulting in a spatial pre-stressed structure. Although the results were in
line with the expectations as to the structural behavior, the unpredictable material of the ap-
plied fishing line hindered a precise comparison with numerical results. Therefore, a detailed
physical model was constructed based on the experiences gained on this preliminary model.
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3 DETAILED PHYSICAL MODEL

3.1 Model fabrication

In order to carry out quantitative validation, steel wire ropes were used for the main catena-
ry cable as well as the wind cables. Despite the fact that fishing line found to be improper due
to its nonlinear material properties, it was still used for the post-tensioning and the connecting
cables with respect to the moderate cable forces in these elements; the strain remained in the
linear range. Besides, a multi-strand fishing line is advantageous due to its bending flexibility,
which reduces the overall friction of the pulley system. The structure is shown in Figure 2
with coloring the different cable types for better visibility, which will be used later where
necessary. The span of the main catenary cable is L=14 m. The diameter of the catenary ca-
bles is 3.0 mm (EA=560 kN), and that of the wind cables is 1.0 mm (EA=75 kN). The fishing
line diameter of the post-tensioning and the connecting cables is 0.40 mm (EA=2 kN). When
the bridge was ready and the ballasts were released, the spatial pre-stressed structure was
qualitatively studied; the connecting cable forces were indeed close together as desired, loose
cables were not found.

Catenary
weight
3.0kg)

pulleysr’ % 4

-

ballast
weight
catenary cable m=0.8 kg
wind cable " — X each
vertical cable - —_— , b
connecting cable:
post-tensioning=cable

A

Figure 2. View of the 14 m long physical model with the monitored points and the colored cable types.

The projected schematic top view of the original and the proposed structural configuration
is shown in Figure 3. In case of the conventional structure, the connection between the main
catenary cable and the wind cables is made by using connecting cables. The desired internal
forces can be adjusted by pre-stressing the wind cables and the connecting cables, which is
tedious to carry out precisely due to the mutual interaction of the cables. The connecting cable
force distribution depends on the stiffness properties of the whole structure and the pre-stress
applied to the cables. The original system is referred to as model v1.
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model v

Figure 3: Conventional (top) and the proposed structural system with the connecting cable forces (s).

The proposed system requires ballast weights in order to set the desired cable forces. In
contrast to model v1, the connecting cables do not connect the wind cables and the catenary
directly, but two post-tensioning cables are included in the whole system belonging to the two
wind cables on the two sides of the catenary.

The post-tensioning cables are referred to as A-B and C-D, according to the points on the
ballast weights (Figure 3). The whole system of a post-tensioning cable and the belonging
connecting cables are referred to as branches A-B and C-D. There are two versions of the
proposed system; in case of model v2 all the four ballast weights move independently from
each other. Model v3 is different, as the neighboring ballasts are connected together; the mo-
tion of ballasts A and C is not independent, instead a common upward or downward motion is
allowed only. The same applies to ballasts B and D. Model v2 and v3 both produce equal
connecting cable forces within a branch if the friction of the pulleys is neglected. For model
v2 the connecting cable forces of the two branches are equal, that is sa-3=sc-p.

The pulley system gives an additional flexibility to the system, which may reduce the hori-
zontal stiffness of the main catenary. Therefore, it was of utmost importance to compare the
static and dynamic behavior of the proposed models v2 and v3 to the original one of v1. The
physical model was constructed with special attention to this need; the pulley system was
equipped with a constraint that was capable of fixing the post-tensioning cable, which made it
feasible to investigate and compare the behavior of model v1, v2 and v3. The structural details
of the physical model are shown in Figure 4.

Figure 4: Structural details of the physical model: catenary node, pulleys and ballast weights.

2066



Gergely Szabd, Gdbor Hochrein

3.2 Measurements

The slender catenary bridges are sensitive to wind loading; therefore the behavior due to
horizontal static loading was studied and compared. The catenary nodes were loaded horizon-
tally at each node. The load test can be seen in Figure 5. All the three configurations were
tested. Model vl was set by fixation of the post-tensioning cables around the pulleys. The
connecting cable forces are independent from each other in this case. For model v2 the above
mentioned fixation was released. Model v3 was set by joining the neighboring ballasts togeth-
er. The pulley friction can be an important factor in the proposed system; therefore the initial
friction value was measured by applying force difference onto the two ends of a test cable
hanging on the two sides of a solo V-groove ball bearing. The force difference reached 5 % at
the boundary of stall and motion, but drops to 1-2 % when even moderate motion appears.
Time-dependent behavior was also observed, which was explained by the presence of grease
in the bearings. Due to the high friction and viscous properties of the pulleys, the whole struc-
ture was given slight vibration at each static measurement in order to help the pulleys and the
post-tensioning cables arrange and approach to the ideal frictionless state. This was particular-
ly important for model v2. In case of model v1 the ballast weights do not move and there is no
pulley rotation either. In case of model v2, on the side the horizontal force pushes the struc-
ture toward, the ballasts move downwards as the distance between the catenary and the wind
cable decreases. The post-tensioning cable releases ballasts A and B down. On the opposite
side, the ballasts C and D are lifted upwards. The horizontal displacement of the catenary and
the corresponding vertical displacement of ballasts A and C can be seen in Figure 5. In case of
model v3 the neighboring ballasts are joined together, therefore no significant ballast motion
was observed.

Figure 5: Horizontal static deflection of the catenary and the vertical displacement of the ballasts for model v2.

The dynamic properties were studied by using an accelerometer attached to the middle ca-
tenary point P (see Figure 2 and 5). The first vibration mode of the bridge was considered on-
ly, which was excited simply by hand. The symmetrical sway mode was the same for every
model. In case of model v2, the sway motion of the catenary was accompanied by the vertical
motion of the ballasts with small amplitudes of 1-2 cm only, nevertheless. In case of model v1
and v3 there were no ballast motion amplitudes observed.
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4 STATIC NUMERICAL MODEL

4.1 Introduction of the numerical approach

The static behavior was studied on a 72 DOFs numerical model, which was written in Oc-
tave (Figure 6). The model consists of two-node spatial truss elements with tension capabili-
ties only. The structural elements are the main catenary cable (blue), the wind cables on both
sides (red), the connecting cables (black) and the vertical elements (green). The post-
tensioning cables and the ballasts are not shown in this model, but their effect is included as
described below.

Figure 6: Geometry of the numerical model.

4.2  Static equations with geometrical non-linearity

The considered mechanical system involves geometrical non-linearity; therefore the (load
control) New-ton-Raphson iterative approach was applied to find static equilibrium. The key
step of the process is solving the Ki(xi)AXi=A(req,i matrix-equation for the Ax; displacement
error vector due to the reduced force error vector of Aqredi =—GiF-'dti+Aqi. The iterative pro-
cess is to be continued until the Ati=t—(li-lo—Fsi) and Aqi=q—(—Gisi) unbalanced kinematic and
force vector norms are smaller than a tolerance. In the equations above x; = displacement vec-
tor of the 24 nodes (see Figure 6); I; = stressed cable length vector; lp = stress-free cable
length vector; t = kinematic load vector; q = external force vector; Gi = geometry matrix con-
taining the direction unit vectors of each cable; K; = tangential stiffness matrix; F = flexibility
matrix. All the matrices and vectors are to be updated at each i iteration step. The above de-
tailed Newton-Raphson iteration was carried out in two steps. At the first construction stage
the main catenary cable was activated with its vertical loading, which was complemented by
the wind cables and the connecting cables at the second stage. Therefore, the sizes of the ma-
trices and vectors are different in these two construction stages. The results of the first stage
(e.g. cable length and forces, geometry and stiffness matrices) are used as initial condition for
the second one. The first stage is the same for the three models. In case of model v1 the pre-
stressing 1s defined onto the wind cables and the connecting cables as kinematic loads, i.e.
cable shortening. The connecting cable force distribution strongly depends on how the kine-
matic loads are defined. In case of model v2 and v3, however, the connecting cable forces are
the same in every cable and depend on the ballast weight only. The additional horizontal forc-
es are applied at stage two.
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4.3 Formulation of stiffness matrices

The key step during the Newton-Raphson process is the formulation of the tangential stift-
ness matrix that belongs to the actual state of the structure, which can be assembled from the
element stiffness matrices. Spatial truss elements were used with an element stiffness matrix:

K. :[k—i}e'eT S 1)
L L

The spring stiffness is k = EA/L, with EA = normal stiffness; L = cable length; e = cable
orientation unit vector; s = cable force; I = identity matrix. The element matrix takes structur-
al and geometrical stiffness into account. For model v1 the formulation of the element matri-
ces is straightforward, the internal force variation of the j® connecting cable is Asj=f(AL)),
which is the function of the length variation. For model v2 and v3, however, special further
considerations have to be made. The force of the j™ connecting cable depends not only on the
displacement of the nodes of its two end points, but of every connecting cable. Therefore, a
compatibility equation of the coupled system of the post-tensioning and connecting cables has
to be solved at each iteration step in order to obtain the cable force changes based on the dis-
placement variation vector Ax;. The arrangement of branch A-B can be seen in Figure 7.

AD AD
W AD; AD; AD ADs A\Ds !
! M1 D ¢ v6 M7 !
(LTpB> F%A Sis Sas Sis M3 Syg| M4 Sis M5 Sus Sis BEW (C})B)

Figure 7: Schematic projected arrangement of branch A-B (D and h are displacement, s is the cable force).

The forces in the connecting cables of a branch are equal, provided that pulley friction is
neglected, which leads to the analogy of serial coupling in electricity. By using this principle,
the system shown in Figure 7 was reduced into an inhomogeneous spring, which includes all
the connecting cables and the tensioning cable of branch A-B (see Figure 8). The points M;
were merged into point M, and points A and B into A-B. The total displacement variation on-
to point M is calculated as Axa-s=XADj, where AD; = end points distance variation (see Figure
8 and 9) of the j connecting cable of branch A-B. The linear reduced stiffness can be calcu-
lated by using a reciprocal formula for the serially coupled linear springs of a branch as:

1
kred,A—B = L (2)

Z J LA—B
EA, 4EA,,

L; = length of a connecting cable; EAj = normal stiffness of a connecting cable, Lap =
length of the post-tensioning cable, EAa.s = normal stiffness of the post-tensioning cable.
Branch C-D can be handled likewise. Symmetrical horizontal loading was considered only.

M LJ,EAJ LA,B,EAA,B A M AfB
DXp_g B DXyg kred,AfB

Figure 8: Construction of the idealized spring (left) and its reduced model (right).
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Figure 9: Connecting cables of model v1 (left) and v2-v3 (right) with connecting and post-tensioning cables.

If there is no horizontal load, models v2 and v3 are the same as the force is s=2mg in every
connecting cable, where m = weight of one ballast and g=9.81 m/s. The behavior of these two
models, however, is different if horizontal load is also applied, which is illustrated in Figure
10. In case of model v2, branches A-B and C-D are independent; therefore the ballast weights
can move freely. Consequently the connecting cable forces do not change due to any structur-
al displacement field, that is Asa-s=0 and Asc.p=0. This can be modeled by simply eliminating
term k in the element stiffness matrix of the connecting cables (1), which means that the geo-
metrical stiffness belonging to the constant connecting cable forces exists only. It should be
noted, however, that instead of using zero value for k, a small nonzero value is better to use
for faster convergence. In case of model v3 points A-C and B-D are connected together; the
two inhomogeneous springs belonging to the branches A-B and C-D are now coupled in a
parallel way.

A-B M AR A-B M
Sizmg kred,A*B Szzmg SA*B kred,AfB
ﬂ’N\/\/\/\/\gID—» -
s=2mgq K red.c-D s=2mg Sc-o Kredcop

Figure 10: Difference between the behavior of model v2 (left) and v3 (right).

The internal force variation for branch A-B is Asa-g=f(AD;, j=1..2n) and that for the branch
C-D is Asc.p=g(ADj, j=1..2n), where n = number of the connecting cables on one side, namely
7 in our case. Unlike model v2, the connecting cable forces are not invariant of the reduced
displacement variation in case of model v3. If the reduced displacement variation of Axa.p
and Axc.p are not equal, a difference will appear between the connecting cable forces of the
two branches.

The reduced displacement variations for branch A-B is AXred,A-B=AXA-B—(Axa-B+AXc-D)/2
and for branch C-D is AXed,c-p=AXc-p—(Axa-B+Axc.p)/2. If symmetrical horizontal forces are
applied, the connecting cable force variations is be calculated as Asa-B=AXred,A-B*Kred,a-B and
Asc.p=AXred,c-D- Kred,c-p. Compared to model v2, stiffness k in the element stiffness matrix is
not zero. The normal stiffness k for each connecting cable of branch A-B and C-D were se-
lected as n-Kreq,a-B and n-keeq,c.p, respectively. This intuitive stiffness approximation of the
connecting cables gave fast convergence in case of symmetrical total horizontal loading.
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S DYNAMIC NUMERICAL MODEL

The dynamic behavior of the three models was studied by extending the static equations
with the inertia and damping forces. A non-iterative incremental time advancement version of
leap-frog scheme was used. Also, a nested Newton-Raphson scheme can also be developed.

Model v1 required to solve Equation (3):

MAa, + CAv, +K (x,)Ax, = AQ, 3)

In (3) M = mass matrix; C = damping matrix; a = acceleration vector; v = velocity vector; X =
displacement vector; Q = external load vector. As the structure is geometrically non-linear,
the stiffness matrix had to be updated at each time step based on the geometrical position of
the nodes (see Figure 6) and the cable forces. Although the explicit scheme was easy to im-
plement, the time step for a stable and accurate solution was typically 10 times less than usual
in linear dynamics.

Model v2 required the modification of the equation (3) into (4):

MAa, +CAv, +K (x,)Ax, + AP(a,,v,) = AQ, (4)

The elements of vector AP, are determined by solving AP=GAs;, where As; = internal
force vector increment belonging to the connecting cables. Unlike static behavior, the con-
necting cable forces do change due to inertia and damping forces accompanied by the ballast
weight motion, therefore APy is the function of a; and v of the structural nodes. In Figure 11
the coupled system of the post-tensioning cable and the connecting cables is shown for model
v2, which was reduced into an idealized spring system. The two ballasts of a branch move
identically due to symmetrical horizontal loading. The spring representing branch A-B is ex-
cited at point M with displacement increment of Axa.s=XADj, where D is illustrated in Figure
9. The spring of branch C-D is derived likewise. In order to improve the performance of mod-
el v2, each ballast can be equipped with a linear hydraulic damper (c) and a nonlinear spring
that is inactive until a prescribed displacement (6) is reached. The dynamic equation of mo-
tion is solved for the vertical ballast displacement variation Ah, from which the cable force
change in the reduced spring of a branch is As=(Ax—Ah)-kreq, which is equal to the connecting
cable force increments of the same branch. Based on the connecting cable force increments,
AP, can be compiled, and the displacement, velocity and acceleration increments of the 24
structural nodes and the four ballasts can be calculated at a time step.

Model v3 is simpler than v2 in case of horizontal loading, as the vertical motion of the bal-
last and the consequent dynamic forces can be neglected. Instead, the principles introduced at
the static numerical modeling apply here. The difference is that the internal forces of the con-
necting cables are taken into consideration in the AP; vector rather than in the term KAxq,
which means that the internal forces are handled as external loadings. This is important with
respect to the explicit time advancement scheme as there is no internal iteration within a time
step. The nonlinear dynamic calculation was tested by applying quasi-static test loading; the
results were in good agreement with that of the nonlinear static calculations for all the three
models.
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Figure 11: Dynamic model of the idealized spring for branch A-B (left) and its reduced model (right).
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6 VALIDATION

In the previous chapters the proposed structural system was investigated by means of phys-
ical and numerical approaches. The input for the numerical simulation was set in accordance
with the measured physical model; the normal stiffness of the steel wires and the multi-strand
fishing line were measured through tensional tests. The weight of each structural part was also
determined. Neither hydraulic damping, nor nonlinear springs were applied to the ballasts. A
horizontal static load of 5 N was applied to the catenary nodes. The horizontal displacement
showed linear tendency for every model for this load. In Table 1 the measured and calculated
horizontal displacement in mm of point P (see Figure 12) and vertical displacement of ballast
points A and C are compared. The measured and simulated displacement values are in good
agreement for model vl and v3. The results of model vl and v3 are close together, showing
that there is no significant loss in the overall stiffness due to the dominant horizontal loading
by applying the proposed post-tensioning system of model v3. Model v2, however, gave 2-3
times larger displacement, which can be explained by the unconstrained vertical displacement
of the ballasts and the consequently constant connecting cable forces. The connecting cables
with constant forces need to change spatial orientation in order to balance the horizontal load,
which is the source of the significantly larger horizontal displacement. The measured horizon-
tal displacement is lower by 35 percent than the calculated one due to the friction of the pul-
leys. The ballast displacement shows the difference between models v2 and v3; points A and
C move in the opposite direction and so do points B and D in case of model v2. On the other
hand, in case of model v3, points A-C and B-D are connected together, resulting in a small
common displacement, which constrains the horizontal displacement of the catenary.

Models Physical Numerical
P _hor A_vert C_vert P _hor A_vert C_vert
vl 21 - - 22 - -
v2 50 -190 178 67 -276 276
v3 28 3 3 29 8 8

Table 1: Horizontal displacement of point P and vertical displacement of points A and C [mm)].

The developed dynamic numerical method was also validated. The natural frequencies
were determined by FFT analysis of the time series of the geometrically non-linear time step-
ping method. The simulation was started on the completed bridge structure as a result of the
nonlinear static calculation. The time dependent horizontal load was applied to each catenary
node; it was ramped up in a quasi-steady manner and then set to zero in one time step, obtain-
ing a free decay oscillation to study.

Figure 12: Investigated points and displacement directions.
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The results are shown in Table 2 for the three models and with stagel for the catenary
alone state. The measured and simulated natural frequencies of the sway mode are in good
agreement. According to expectations, model v1 has the highest frequency as it has the high-
est stiffness. Model v3 showed higher static deflection and the frequency is consequently
lower. Model v2 is interesting as the sway mode has a frequency close to that of models v1
and v3. On the other hand, the extra freedom of the ballasts provided a slow vibration mode
that belongs to the vertical motion of the ballasts and the horizontal motion of the catenary.
The frequency is around 0.30 Hz, which is shown in Table 2 in parentheses. This mode was
spotted numerically but did not show up in the measurements, which is explained by the be-
havior of the pulleys; the bearings of this size give relatively high friction and viscosity,
which might hinder the whole pulley system from accommodating this vibration mode.

Models Physical Numerical

stagel 0.68 0.66
vl 1.50 1.44
v2 1.37 1.30(0.30)
v3 1.38 1.28

Table 2: Natural frequencies of the symmetrical sway mode.
7 INDUSTRIAL APPLICATION

7.1 The considered long-span catenary bridge

In this chapter an L=700 m main span catenary is considered that has been designed by
Pont-TERV Lid in the framework of a feasibility study in 2017 (see Figure 13). The bridge
geometry is similar to the physical model that was studied earlier. The proposed novel ten-
sioning system and the adequate numerical approach were adopted to this bridge structure. It
is highlighted that this span length maximization is under research in case of road bridges [4].

R

Figure 13: The considered long span catenary structure (Feasibility study, courtesy of Pont-TERV Ltd, 2017).
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7.2  Application of the proposed iso-tensioning system

At first, the horizontal displacement of the structure due to horizontal loading on the cate-
nary is illustrated in Figure 14. It can be seen that the catenary together with the wind cables

moves sideways.
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Figure 14: Horizontal deflection of the catenary.

The selected ballast weight is 4 t each. The static test loading was horizontal Qwp=14 kN at
the nodes of the catenary, and Qboom=31 kN at the nodes representing the bridge walkway.
The horizontal loading was ramped up within 20 seconds and then was kept constant. The
horizontal displacement of point P for models v1, v2 and v3 is shown in Figure 15. Both
models are common in reach a horizontal displacement around 60-80 cm when the ramped
load reaches its maximum value. This displacement belongs to the spatial deformation of the
whole bridge structure (see Figure 14).

The displacement values remain constant except for model v2, which shows increasing
tendency with time. This creep-like behavior is due to the ballast motion pulled by the post-
tensioning cables, which is explained in Figure 15 (right hand side); zo is the deflection due to
short-term load, z; is the long-term deflection. The displacement growth speed can be de-
creased by involving dampers shown in Figure 11. In our calculations a value of c=10 kNs/m
was selected. The maximum displacement of model v2 was reached when the orientation of
the connecting cables changed in order to reach equilibrium. It is important to note that there
is a limit for the static horizontal loads to be balanced by the connecting cables, as the forces
in these cables are constant under any external load conditions. To overcome this problem, the
ballast motion was constrained by using supports that were activated after a prescribed verti-
cal motion (h), which restricted the horizontal displacement of the catenary as well. At each
ballast, a spring with k=10000 kN/m was defined that was activated when the ballast vertical
displacement exceeded 0=2.00 m. With this non-linear constraint the creep-like behavior

could be well controlled. In Figure 15 (left hand side), the results of model v2 both with and

without constraint are shown (red and green curves).

1.20

1.00 z
t
0.80 A A GO catenar Zy
% 0.60 /_/ connecting &
0.40 % cable
0.20 /;,
0.00 : : : :
0 10 20 30 40 50
]
t[s] 9

wind cable

Figure 15: Horizontal displacement due to static load (v1: black, v2-constrained: red, v2: green, v3: blue).
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In Figure 16 the dynamic performance of the three models are compared. The model v2 is
investigated with the above mentioned constraint, the no-constrain condition is not shown
now. The test load is the same as the quasi-static one, but when its maximum was reached, the
load was dropped to zero in one time step, leading to a free decay oscillation. The results of
model vl and v3 are close together. Model v2 shows larger damping, which can be explained
by the damped motion of the ballasts; the horizontal displacement of the walkway are trans-
ferred by the post-tensioning cables to the ballasts that can move freely making the dampers
work. The neighboring ballasts are prevented from moving in the opposite direction in case of
model v3; therefore the hydraulic dampers do not increase the overall damping at all.

1.20

0.80 A
0.40
0.00 {
-0.40
-0.80 A
-1.20

z [m]

0 50 100 150 200
t[s]

Figure 16: Horizontal displacement due to sudden load (v1: black, v2-constrained: red, v3: blue).

Having studied the structural behavior of the three different models due to ideal loads, a

real test was also carried out. An along-wind time series was generated based on the turbulent
spectrum proposed by the Eurocode. By using the wind speed values at each time step, the
loading to the catenary and walkway nodes was determined. Unlike nonlinear aerodynamic
load models, a simplified along-wind loading of qx=0.5pU%cxA was chosen, where p = air
density; U = wind velocity; cx= static force coefficient of the certain structural element; A =
reference area. The effect of the displacement and velocity of the bridge on the aerodynamic
forces is neglected. The structural logarithmic damping value of 6=0.22 was selected as a sum
of the inherent structural damping (6=0.02) and the aero-dynamic damping.
All the parameters were chosen in accordance with Eurocode (terrain category: III, height
over ground: 80 m). Due to the high reduced wind speed, the simplified aerodynamic load
model is justified; therefore advanced three-dimensional fluid-structure interaction model [2]
can be omitted for this problem. The results are shown in Figure 17. For model v2 each bal-
last was equipped with a hydraulic damper and a non-linear spring that was introduced earlier.
The dynamic displacement values of model v1 and v3 show the same tendency, but that is ap-
parently lower in case of model v2 due to the additional effect of the dampers of the ballasts.

| .
mi n,wm.' iy
U A
R L

100 120 140 160 180 200
t [s]

2.00

1.50

1.00

z [m]

0.50

0.00

Figure 17: Horizontal displacement of point P due to buffeting (v1: black, v2-constrained: red, v3: blue).
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8 CONCLUSIONS

In this paper a novel post-tensioning method was proposed for long span catenary bridg-
es. The system involves pulleys that has a number of advantages. First of all, the pre-
stressing is temperature-independent. Seconly, the connecting cable forces are evenly
distributed, therefore any vibration of a loose cable is unlikely. The proposed structural
configuration was tested on a physical model. The evenly distributed connecting cable
forces were indeed observed, which was our main goal to achieve. An adequate numeri-
cal model was also developed. Three configurations were investigated; a conventional
one named model v1, and the novel pulley based system with and without fixing the
neighboring ballasts together, which are models v3 and v2, respectively. The measured
and calculated results were in good agreement.

The friction of the pulleys were not considered in the numerical models. Their effect will
be studied in our advanced models in the future.

The validated numerical model was tested on a catenary bridge of real sizes as well. It
was found that model v2 and v3 worked properly due to buffeting forces, as the dynamic
responses did not exceed that of model v1, which indicated that the loss in the horizontal
stiffness of the proposed systems can be avoided. The novel configuration v2 and v3 are
basically different in nature; v3 is simpler as the neighboring ballasts are connected to-
gether, which results in a stiffness close to model vl and a consequently similar static
and dynamic behavior. The more sophisticated v2, however, requires special treatment in
order to preserve stiffness; a constraint is necessary to the ballasts that controls the dis-
placement. On the other hand, applying hydraulic dampers too, the overall damping of
the bridge can be increased. The choice between model v2 and v3 therefore requires pro-
found design and economic considerations.

To conclude, the main goal of a temperature-independent and evenly distributed connect-
ing cable forces has been achieved by the proposed structural configuration(s) with at
least equivalent static and dynamic performance compared to the conventional catenary
bridges. The additional damping experienced in case of model v2 is beyond our expecta-
tions, which will be further investigated as it can be essential in span length maximiza-
tion.
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