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Featured Application: The conclusions of this paper could be useful for practicing structural
Engineers, mainly in early stages of the design of arch bridges.

Abstract: In the design process of an arch bridge, the designer may decide to stiffen the hangers
linking the arch and the deck, usually in order to reduce the internal forces or the deflections. In this
papet, the effect of stiffened hangers on the longitudinal in-plane structural behavior of arch bridges
is studied. Then, the effect of the stiffness of the hangers and the relevance of the arch—deck relative
stiffness are shown. The paper also describes how stiff hangers with a hinge—either at the bottom
or the top—combine very high structural efficiency and ease of execution. Once the advantages
of stiff hangers are described and a possible drawback is highlighted. The problem may arise for
stiffened hangers, as the bending moments near the ends of the deck might become more adverse
for symmetrical load cases than for asymmetrical load distributions, as this usually occurs in arch
bridges. To address this problem, this paper suggests a novel solution by designing a combination of
fixed and pinned hangers, which can be as efficient as a configuration where all the hangers are fixed,
while simultaneously reducing the bending moment at the end zones of the deck.
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1. Introduction

An arch bridge is mainly composed of two elements: the deck, which provides a surface for
traffic, and the arch, which is the supporting element. The arch can be over the deck or under it.
Regardless, its location at the end points of the arch with respect to the deck, known as springings,
tend to separate when the deck is loaded. It is very important to highlight that, to behave as an arch,
the horizontal movement of the springings must be restrained, for example, by the foundations located
at two hillsides. Thus, when the springing points are efficiently restrained, the arch is compressed,
which is the main way the arch supports loads (See, for example, Lacidogna et al. [1]). The arch
is fully compressed only when the arch thrust-line is entirely contained into the middle-third of
the arch section. Otherwise, tensile stresses must be taken into account (see Accornero et al. [2] or
Block et al. [3]). In the so-called ‘tied-arch’ bridge, studied in this paper, the arch is over the deck,
which ties the springing points into each other. Thus, the horizontal movements of the springing are
restrained by the deck. Therefore, in a tied-arch bridge the arch is compressed whereas the deck is
tensioned. A general description of the behavior of an arch structure can be found in Karnowsky [4].

The main elements of a tied-arch bridge are shown in Figure 1. The arch and the deck are linked
by a set of elements called hangers. The hangers are usually composed by steel cables, which are
anchored at both ends, at the arch and at the deck (see, for example the catalogue [5] to find examples
of these cables, or EC-3 [6]). An example of a tied-arch bridge, among thousands, is the bridge for the
Autobahn A 42 over the Rhine-Herne Canal, shown in Figure 2.
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Figure 1. Structural elements of a tied-arch bridge.

Figure 2. Bridge for the Autobahn A-42. Rhine-Herne Canal. Photo: N. Janberg (reproduced with
permission from Structurae [7], 2008).

In the early steps of the design process of an arch bridge, the most adverse load combination is
usually a live load acting upon half the deck, which causes bending moments both in the arch and the
deck. It will be seen that when the hangers are pinned at both ends, it can be accurately assumed that
the amount of bending supported by the arch is proportional to the ratio E14/(El4 + Elp), i.e., to the
ratio between the flexural stiffness of the cross-section of the arch with respect to the flexural stiffness
of the arch and the deck (where E is the Young’s modulus of steel, and I4 and Ip are, respectively,
the second moments of the area of the arch and the deck). Therefore, during the design process, it may
happen that the dimensions of the cross-sections cannot prevent the failure of the bridge. Similarly,
it may happen that the deflection of the deck are beyond allowable values. At this point, the designer
usually decides to redesign either the cross-section of the arch, the deck, or both, according to their
professional experience. However, and as an alternative, the designer may decide to stiffen the hangers
linking the arch and the deck, usually in order to reduce the internal forces or the deflections; such a
decision is the object of this paper.

In this paper, the effect of stiffened hangers on the longitudinal in-plane structural behavior
of arch bridges is described. The study has been carried out for a reference bridge, taken as being
representative of typical tied-arch bridges. Then, the effect of the stiffness of the hangers and the
relevance of the arch—deck relative stiffness are shown. The paper also describes how stiff hangers
with a hinge, either at the bottom or the top, combine very high structural efficiency and ease of
execution. Since in-plane buckling is seldom the reason for the failure of arch bridges as described in
Palkowski [8]; its effect is not considered in this study.

One of the most relevant contribution of this paper is to highlight a possible drawback of stiff
hangers. The problem arises because, for stiffened hangers, the bending moments near the ends of
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the deck might be more adverse for symmetrical load cases than for asymmetrical loads distributions,
as it usually happens in arch bridges. To address this problem, this paper suggests a novel solution
by designing a combination of fixed and pinned hangers, which can be practically as efficient as a
configuration where all the hangers are fixed, and simultaneously reduces the bending moment at the
end zones of the deck. Thus, this solution combines structural efficiency and ease of execution.

2. Reference Bridge and Load Cases

All the bridges shown in this paper are based on a given configuration, the so-called reference
bridge, shown in Figure 3. Since the study is mainly qualitative, the reference bridge is taken as
being representative of typical tied-arch bridges. This reference model is composed of a straight
deck supported by a vertical planar arch. The bridge belongs to the typology known as “tied-arch”
bridge, since the springing points of the arch are tied by a tensioned deck. The arch and the deck are
linked by a set of vertical hangers attached to the deck centerline. In the reference model, the hangers
are composed of cables and are pinned at both ends. This paper focuses on the effects of stiffening
these hangers.
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Figure 3. Geometrical definition of the reference arch bridge (see Table 1).

The reference model is a 100-m span (L, Figure 3) bridge. The deck spacing (s) between successive
anchorages of hangers is 5.0 m. The rise of the arch (f) is 20.0 m. The loaded width of the deck, b,
is 8.0 m. These dimensions have been inspired by real arch bridges, and are relatively common (see for
example Leonhart [9], or Lebet [10]). All the bridges have been designed according to EC-3-2 [11].

The dimensions of the structural elements of the bridge, which are also relatively normal in bridge
designs, are shown in Table 1.

Table 1. Materials and dimensions of the structural components of the reference arch bridge.

. . . Young’'s Modulus
Element Cross-Section Dimensions E (kN/m?)
Arch Square box hollow section (SHS) 1000 x 1000 mm, ;4 =ty 4 =25 mm 2.0 x 10°
Hangers Circular solid section 2 80 mm 1.6 x 10°
Deck Rectangular hollow section (RHS) 4000 x 1000 mm, trp =twp = 15 mm 2.0 x 105

Only static loads have been considered. For dynamic loads, Jong-Dar [12] and Roeder et al. [13]
can be consulted. The load cases that are listed below have been considered:

e The self-weight (g), is evaluated for a specific weigh of 78.5 kN/m?, plus the dead load (gp;)
on the deck (3 kN/m?). The value of the dead load corresponds to a concrete slab with 12 cm
of thickness.
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e  Regarding the objective of this research, it is not necessary to consider all the possible live load
cases than may appear in bridge design. Therefore, only pedestrian loads distributions will
be considered, since they illustrate accurately enough the effect on the longitudinal structural
behavior when the hangers are stiffened. Thus, three live loads distributions (41, 42, 43), shown in
Figure 4, have been considered, where the shadowed area is loaded with a vertical uniformly
distributed load g; of 5 kN/m? acting downwards, which corresponds to the pedestrian load
defined in IAP [14] and EC-1 [15].
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[] Loaded zone

Figure 4. Load cases considered (see IAP [14] and EC-1 [15]).

3. Stiff Hangers

In some cases, mainly because of structural reasons, the hangers are stiffened. In these cases,
the cables are substituted by H or hollow box-sections. In H-sections, the orientation of the hanger
determines the bending direction where the effect of the hanger is more relevant. Two examples of
Calatrava [16] illustrate this fact. In the first bridge, the Devesa footbridge (Figure 5) built in Ripoll,
in northern Spain, the orientation of its H-shaped hangers is defined to provide stiffness in order to
support out-of-plane bending. In the Alameda Bridge in Valencia, the hangers are fully fixed at the
arch (Figure 6), which provides longitudinal in-plane stiffness.

Figure 5. La Devesa footbridge (See Tzonis ([17] and Jorquera-Lucerga [18]) Photo: N, Janberg
(reproduced with permission from Structurae [7], 2011).
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e

Figure 6. La Alameda bridge. (See Tzonis [17], Jorquera-Lucerga [18] and Jodidio [19]). Photo:
J.J. Jorquera-Lucerga.

When hangers are stiffened, the structural behavior of both the arch and the deck is modified,
since they introduce concentrated bending moments at their ends. These partially counteract both the
bending moments that appear in the arch and the deck of a bridge with pinned hangers. Since the
bending moments are reduced, the deflection at the arch decrease accordingly. The structural behavior
would be similar to that of a Vierendeel truss, i.e., a frame with no diagonal elements, employing
rectangular voids. Unlike the conventional truss, it must resist significant bending forces.

In Figure 7, the Town Centre Link Bridge, in Stratford near London (UK) is shown, which is an
example of a bridge where the Vierendeel truss is the main structural system. In this bridge, the upper
chord is straight, as usually happens in Vierendeel trusses, whereas in an arch bridge the upper chord
is curved as it is shown in Figures 5 and 6.

Figure 7. Town Centre Link Bridge at Stratford (UK). Photo: N. Janberg (reproduced with permission
from Structurae [7], 2011).
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Therefore, since stiff hangers are an efficient way to reduce internal forces and deflections both in
the arch and in the deck, they can be considered as a tool for the designer, who can decide to use them
within a more general design process.

In Figure 8, the effect of stiffening the hangers in the reference bridge is shown, both for loads
distributions upon half (1) and the whole deck (g3). Regardless of the load case, it can be seen how
the bending moments are always smaller for the bridge with stiff hangers. All the internal forces
and deflections diagrams shown in this paper have been obtained with SAP2000 (see Computers and
Structures, Inc. [20]).
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Figure 8. Bending moment diagrams for pinned and fixed stiff hangers (800 x 800 x 20 mm). Live load
distributed on half deck, g1 (a,c), and the whole deck, g3 (c,d), both for cables (a,b) and stiff hangers (c,d).

3.1. Pinned vs. Stiff Hangers

In some cases, it not strictly necessary for stiff hangers to be fully fixed at both ends. The rotation
either at the bottom or the top end can be released—a decision made by the designer as a step of the
design process. Figure 9 compares four configurations: for fully fixed stiff hangers, hangers pinned at
the top end, the bottom end or at both ends (and composed of cables). The cross-section considered for
the stiff hangers is an all-steel rectangular hollow box, 800 x 800 x 20 mm.

For the most adverse load combination (q;), it can be easily seen that when half of the deck is
loaded, the bending moments both at the arch and at the deck can be reduced by stiffening the hangers.
In fact, the minimum bending moments are always achieved for hangers fixed at both ends. Hangers
with only one pinned end are not as efficient as fully fixed hangers. For example, when the hangers are
pinned at the arch end it can be seen that the bending moment diagram is smooth for the arch, whereas
it has a saw-teeth form for the deck, and vice versa. This is due to the introduction of concentrated
bending moments at the fixed end (the one at the bottom) of the hangers.

However, for the live load g3 acting on the whole deck, the positive bending moments near the
springings are higher for the fully fixed hangers. This effect can be explained because of the structural
behavior of Vierendeel trusses. This is a possible drawback of stiff hangers, and the process of design
of the structure must consider this fact.

The stiff hangers are also a very efficient way to reduce the deck deflections. Figure 10 shows the
effect of the hanger stiffness on the deflections of the deck under g; and g3. The maximum reduction
is always achieved for hangers fixed at both ends. Besides, for the same hanger configuration (i.e.,
for hinges located either at the top or at the bottom), an 800 x 800 x 20 hanger, with higher flexural
stiffness, is more efficient when reducing the deflections than a 400 x 400 x 20 hanger, with lower
flexural stiffness.
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Figure 9. Pinned and stiff hangers comparison: Bending moments at the arch and the deck.
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3.2. Effect of Hanger Stiffness.

The stiffness of the hangers is the most relevant factor governing their effectiveness in terms of
reducing internal forces and deflections. In Figure 11, the bending moments both for the arch and the
deck are drawn for two cross-sections of the hangers: the first one is a RHS of 800 x 800 x 20, and the
second one is a RHS of 400 x 400 x 20 mm.
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Figure 11. Effect of the hanger stiffness: bending moment distribution at the arch and deck.

It can be seen how the stiffer cross-section is always more efficient. In the case shown in this
example, the 400 x 400 cross-section is less efficient than the 800 x 800 section, even when it is fully
fixed and has only one hinge.

However, the internal forces in the hangers increases as they become more effective. Figure 12
shows the internal forces for the two cross-sections of the hangers and for the two load cases considered.
It can be seen how the 800 x 800 is the most effective cross-section, although at the expense of
supporting higher bending moments for every load case.
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Figure 12. Pinned and stiff hangers comparison: bending moment distribution at a hanger.

3.3. Effect of Hanger and Deck Stiffness

In an arch bridge, the relative stiffness between the arch and the deck, (i.e., the contribution of
the arch or the deck to the global flexural stiffness) is a factor of major importance when determining
the structural response. In conceptual design of arch bridges, the Equations (1)—(3) (that can found,
for example at Menn [21] and Manterola [22]) are considered to be accurate enough when estimating
the bending moments at the arch, and at the deck, respectively M4 and Mp, in a bridge similar to the

reference bridge:
El4

A= L+ Elp W
My = M-Cy @)
Mp = M-(1-Cy) ©)

where M represents the global bending moment and the ratio C4 represents the contribution of the
arch to global flexural stiffness of the arch—deck structural system.

Therefore, the flexural stiffness of the hangers must be carefully studied, according to the global
stiffness of the arch—deck structural system and their relative stiffness, in order to maximize its
efficiency. Figure 13 shows how the bending moments distributions are modified by the effect of stiff
hangers for different values of C4 = 0.20, 0.33 (reference bridge) and 0.50.
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Figure 13. Effect of a Rectangular Hollow Section (RHS) 800 x 800 x 20 mm, for C4 = 0.20,
0.33 (reference bridge) and 0.50.

4. Combination of Pinned and Stiff Hangers

In Section 3.1, it was shown that the live load acting on the whole deck, i.e., for symmetrical loads,
the maximum positive bending moments near the springings appear for stiff hangers fixed in both
ends. In certain cases, these bending moments could become the most adverse load combination in
this zone and, therefore, determine the dimensions of this cross-section near the springings. To tackle
this drawback of fixed stiff hangers, the bending moment distribution can be optimized at these zones
by stiffening the central hangers only. Obviously, the exact number of hangers where the rotations are
released and the location of the hinges must be specifically studied for a particular bridge. With this
typological solution, the bending moment for g5 can be reduced at the deck ends (Figure 14).

In Figure 14, it can be seen how the proposed configuration, where pinned and fixed hangers
are combined in the same bridge, is almost as efficient as the configuration in which all the hangers
are fixed at both ends. The bending moments are very similar. In addition, the bending moments
decrease at the zone near the deck ends for symmetrical loads distributions, as it was intended. Besides,
the effect of releasing rotation both at the top and the bottom of the hangers is shown.



Appl. Sci. 2018, 8,258 110f13

g”:SO 800 x 800 x 20 800 x 800 x 20 800 x 800 x 20
e m
/ I
800 x 800 x 20 800 x 800 x 20

A ZE 2K 2K 2K 2K 2K 2K 28 2K 3% 4

-2000

-1000 1

A

M [KN'm]

1000 1

2000

-50 -25 0 25 50 -50 -25 0 25 50

-5000 [ o

-250
-2500

M, [KN-m]
(=)
M, |kN-m|
<

2500 | 2507

5000 ; ! . 500 ; : ;
-50 =25 0 25 50 -50 -25 0 25 50
X [m] X [m]

Figure 14. Bending moments for stiff and pinned hanger distribution.

Figure 15 shows how for the reference model, the bending moments near the deck end (encircled
in a dotted line) are lower under g3 than under q; when all the hangers are fixed. This fact does not
change when the three last hangers at the deck end are pinned, and g; continues to be the most adverse
load case, as it is the usual in arch bridge design. On the contrary, when an alternative 1000 x 1000 x 20
cross-section for the hangers is used, g3 becomes the most adverse load combination for that zone.
In this case, a combination of pinned and fully fixed hangers can be used to correct this fact.
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Figure 15. Effect of mixed fixed-pinned hangers on the reduction of bending moments under gs.

5. Conclusions

The main conclusions of this paper can be listed as follows:

In this paper, the effect of stiffening hangers on the structural longitudinal in-plane behavior
of arch bridges has been studied. The effect of the stiffness of the hangers, the relevance of the
stiffness of arch and deck, and the consequences of hinges at the top or end or the hangers has
been shown.

Generally, stiff hangers are an efficient way to reduce the bending moments both at the arch and
the deck, and to reduce deflection under live loads.

The stiffness of the hanger is the most relevant factor governing its efficiency.

Pinned hangers at one of their ends offer an intermediate efficiency compared to hangers fixed
at both ends. In some cases, they can be an advantageous alternative, since the arch-hanger or
deck-hanger connection may be simpler when no bending moment has to be transferred.

In order to maximize its efficiency, the stiffness of the hangers must be carefully studied according
to the relative stiffness of the arch and the deck, and according to the global flexural stiffness of
the bridge.

The most adverse load combination usually happens in arch bridges when half the deck is loaded.
However, when the hangers are fixed and for symmetrical load cases, the values of the bending
moments near the ends of the deck might be more adverse than asymmetrical load distributions.
To solve this problem, this paper proposes a combination of fixed and pinned hangers, carefully
studied for a given bridge, which could be almost as efficient as a configuration wherein all the
hangers are fixed.
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