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Abstract. The structural behavior of tied-arch bridges is highly sensitive to early
design decisions, particularly those related to geometry, component technologies,
and erection strategies. This paper first provides a concise overview of the prin-
cipal components of tied-arch bridges and examines their influence on overall
structural performance. The second part focuses on erection methodologies
adopted in modern tied-arch bridge construction, with particular emphasis on
arch installation techniques and launching methods. To illustrate the practical ap-
plication of these approaches, case studies of completed tied-arch bridges are
presented, highlighting their successful implementation in modern bridge pro-
jects.
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1 Introduction

The ability of arch structures to resist external loads through compression forces
makes them highly efficient. In fact, when the pressure line lies within the central core
of inertia of each section, the entire structure is subjected exclusively to compression.
However, due to the variability of the traffic loads, bending stresses cannot be elimi-
nated. In ancient masonry arch bridges, this problem was overcome using massive
cross-sections to maintain the pressure line inside the central core of inertia. In modern
arch bridges, the ratio between dead load and traffic load is much higher, than the pres-
ence of tensile stresses in the cross-sections must be considered. Moreover, traditional
arch structures require strong soil characteristics, as the horizontal component of the
arch thrust at the foundations can be significant. To optimize the structure, it is logical
to introduce a horizontal element between the ends of the arch to absorb the horizontal
component, ensuring that only the vertical load is transferred to the foundations. A
bridge that employs this principle is called a tied-arch bridge or bowstring bridge. (Fig.
1).



Fig. 1. Typical Tied-Arch bridge Layout

In this configuration, the bridge deck acts as a tie, resisting the horizontal thrust gener-
ated by the arch, while the arch ribs are primarily subjected to compressive forces. In
recent decades, tied-arch bridges have become an increasingly important solution in
urban and infrastructure settings, particularly for medium- to long-span applications
where the ground cannot resist the horizontal component of the arch thrust and where
adequate vertical clearance beneath the structure is required. This makes them espe-
cially suitable for crossings over navigable watercourses, multilevel roadways, or
densely populated urban areas. The competitiveness of this typology arises from several
factors, including the reduction of horizontal thrust, economic and structural efficiency,
and an enhanced aesthetic that allows these structures to integrate into the urban land-
scape.

Fig. 2. Tied-Arch bridge crossing a watercourse



Fig. 3. Tied-Arch bridge crossing the highway

In the present work, an overview of the principles governing the behavior of tied-arch
bridges is first presented, with particular emphasis on design optimization and launch-
ing techniques in modern tied-arch structures. Furthermore, several representative ex-
amples are discussed to illustrate how these principles are applied in real-world bridge
engineering projects.



2 Structural design of the tied-arch bridge deck

The deck is a key element for the proper behavior of tied-arch bridges. It connects
the arch ribs and ensures that only vertical forces are transmitted to the foundations.
Consequently, the bridge deck is primarily subjected to tension, which is why steel
profiles are generally preferred as tie-beams. Typically, the bridge deck consists of a
steel-concrete composite section or an orthotropic steel plate deck. For medium- to
small-span tied-arch bridges, the preferred solution is a steel-concrete composite deck
composed of welded double-T beams, floor beams, and a concrete slab. This configu-
ration can optimize the overall structure and simplify prefabrication and erection. It is
also more efficient both economically and in terms of material use. An example of a
modern steel-concrete composite deck is the bridge crossing the Prino River in Imperia,
Italy (Fig. 4).

Fig. 5. Detail of the composite steel deck system used in the Arco della Pace Bridge, Italy



The structure is a tied-arch bridge with a single span of 55 meters between the supports.
The tie beams have a double-T cross section, as do the floor beams. The floor beams
are connected to the longitudinal tie beams so that their top flanges are aligned with
those of the tie beams. The entire beam system is connected to the concrete slab through
shear studs. The slab is cast in place on trapezoidal Hi-BOND metal sheets and is lon-
gitudinally reinforced between the cross beams. The thickness of the slab cast above
the steel sheet is approximately 15 cm. Considering the 3 cm of equivalent thickness
contributed by the concrete within the 7.5 cm profiled metal sheet, the effective struc-
tural thickness is approximately 18 cm. Overall, the total structural height of the rein-
forced concrete slab is about 23 cm.

A similar technology is employed in the new Arco della Pace Bridge in Rome, Italy
(Fig. 5). The steel-concrete composite deck consists of tie beams and floor beams con-
nected to the reinforced concrete slab through shear studs. The slab is cast in place over
trapezoidal metal sheeting. In this case, the webs of the girders and the anchoring gus-
sets of the hangers are inclined 10° with respect to the vertical, following the plane of
the arch ribs, while the flanges remain horizontal and are offset from the webs. This
configuration results in beam cross-sections with a shape intermediate between an I-
section and a C-section (Fig. 6).

It is important to note the different approaches to platform arrangement in the two tied-
arch bridges. In the bridge crossing the Prino River, the pedestrian and bicycle paths
are cantilevered outside the main structure. In contrast, in the Arco della Pace Bridge,
these paths are integrated within the main structure.

It is worth highlighting that the performance of these structures can be further enhanced
through the use of High-Performance Concrete (HPC). Despite the availability of de-
sign guidelines in several international codes and the widespread availability of HPC
products, its use in tied-arch bridges remains limited.

Fig. 6. Cross-section of the tie-beam used in the new Arco della pace Bridge



Fig. 8. Detail of trapezoidal metal sheeting and rebar used in the composite deck slab



3 Hanger arrangements

In tied-arch bridges, the suspension system transfers vertical loads from the deck to the
arch ribs. It is a fundamental structural element that ensures effective collaboration be-
tween the arch and the tie. The suspension system is typically composed of rods, metal
sections, cables, or strands. The choice of suspension system technology can signifi-
cantly influence the overall behavior of the structure. When rigid elements, such as rods
or metal profiles capable of resisting both tension and compression, are used, the arch-
beam system behaves similarly to a truss. Due to the variability of traffic loads, suspen-
sion system elements may be subjected to both tension and compression, necessitating
the design of adequately stiffened sections to prevent local instability and buckling.
Furthermore, the cyclic nature of accidental loads induces significant stress variations,
making the system susceptible to fatigue. Typically, modern tied-arch bridges use high-
strength steel cables, with negligible bending stiffness (hangers). The structural behav-
ior resulting from the use of hangers is structurally advantageous. The hangers resist
only tension, which eliminates the risk of developing bending moments. This allows
the use of slender elements, thereby significantly reducing the weight of the structure.
Moreover, similar to the stay cables in a cable-stayed bridge, the hangers can be con-
sidered as elastic supports with stiffness equal to their vertical stiffness. By pretension-
ing the hangers, it is possible to adjust the bending moments in both the tie beams and
the arches.

() (b)

(c) (d)
Fig. 9. Typical hanger arrangements and the corresponding arch anti-funicular shapes
in tied-arch bridges: (a) vertical hangers, (b) radial (converging) hangers, (c) radial (di-
verging) hangers, (d) inclined hangers.

Modern tied-arch bridge projects have employed a variety of hanger configurations. In
the classic configuration, the hangers are vertical in elevation, while in cross-section
they may follow the inclined plane of the arches. In the vertical configuration, the fu-
nicular shape of the arch lies between a parabola and a catenary (Fig. 9a). The parabola
represents the anti-funicular of a uniformly distributed load, corresponding to the self-
weight of the deck transferred to the arch by the hangers. The catenary represents the
anti-funicular of the arch’s self-weight, essentially the shape of a “tensioned chain”
under its own weight. Another particularly interesting configuration is the converging



radial layout (Fig. 9b), which resembles the pattern of a bicycle wheel. In this case, the
resulting anti-funicular shape tends to approximate a circular arc. The difference be-
tween the two anti-funicular shapes is notable but relatively small. For typical span-to-
rise ratios, the lateral displacement at the haunches ranges from approximately 1/200
to 1/150 of the span, increasing as the span-to-rise ratio increases. In terms of bending
moments in the tie, the converging radial arrangement results in higher bending mo-
ments and larger deformations, while producing similar compressive forces in the arch.
However, it offers the advantage of a cleaner and more aesthetically pleasing form. For
short- to medium-span bridges, these differences can be considered negligible. In the
diverging radial configuration, the funicular shape tends to approximate an acute arch
(Fig. 9¢).

By combining the efficiency of a tied-arch with that of a truss beam, a high-performance
structural solution is achieved, known as the Network Arch. In a network tied-arch
bridge, the hangers are inclined and intersect each other multiple times within the plane
of the arch. (Fig. 10). In this configuration, asymmetric traffic loading is effectively
balanced thanks to the optimal arrangement of the hangers, which leads to a significant
reduction of bending moments in both the tie beam and the arch. This technology allows
the use of very slender cross-sections, giving the bridge a distinctive and elegant aes-
thetic while ensuring significant material cost savings.

Fig. 10. Hanger arrangement and the corresponding anti-funicular arch shapes in
bow-string Network bridges

An interesting variant of network tied-arch bridges is the configuration with inclined
hangers on one side only (Fig. 9d). This arrangement modifies the distribution of axial
stresses in both the arches and the deck. Considering the anti-funicular shape, the por-
tion of the arch with greater curvature experiences lower compressive stress than the
opposite side, while the corresponding section of the deck experiences peak tensile
stress beneath the part of the arch with smaller curvature. However, the difference com-
pared to an equivalent tied-arch bridge with vertical hangers is negligible. A similar
behavior is observed in the bending moment envelope induced by traffic loads.



4 The arch cross-sections

Unlike deck tie-beams, where choosing between a symmetric or asymmetric I-

shaped section is the most advantageous choice, selecting the geometry of the arch sec-
tion is less straightforward.
Arches are subjected to both compressive and bending stresses, requiring careful con-
sideration to prevent instability. The hollow circular section is the most commonly
adopted shape that meets these requirements. However, using commercial tubes for
arch construction presents several weaknesses. The use of hollow circular sections is
limited by the high costs of the bending rolling process, in which a straight element is
mechanically shaped into a curved radius. Additionally, as the diameter and thickness
of the tube increase, the number of fabrication workshops capable of performing this
process decreases. Based on the authors' experience, the maximum tube diameter that
can be calendared at a reasonable cost is approximately 600 mm, with a wall thickness
of 20 mm. Furthermore, while still technically feasible for a small number of special-
ized companies, the cost increases significantly due to the need to manufacture custom
rolling machines, which would have very limited use. Another limitation of using com-
mercial profiles is the difficulty in increasing the diameter of the cross-section when
higher stiffness is required. For this reason, the use of commercial pipes, whether rolled
or not, is typically limited to structures with a maximum span of around 100 m, beyond
which welded box sections are more cost-effective. An alternative to bending the arch
profile is to approximate the curve using straight tubular segments, as demonstrated in
the tied-arch bridge crossing the Burana Canal (Fig. 11). When carefully designed with
moderate segment lengths and well-positioned joints, this solution can still achieve aes-
thetically pleasing results.

Fig. 11. The new Bridge crossing the Burana Canal
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When hollow circular sections become unsuitable, welded box sections can be used
instead. This geometry, which can have variable height and width, is simple to manu-
facture and assemble. However, it is not particularly efficient, as the anchorage points
for the hangers require adequate stiffening of the plates that form the cross-section.
Some of the issues associated with rectangular sections can be overcome by adopting
convex pentagonal-shaped sections with the vertex oriented toward the deck. The V'
shape formed by the intrados plates naturally aligns with the arch plane.

An example of this application can be found in the Arco della Pace bridge (Fig. 13). In
the case of small to medium-span arches, hanger connections can be made using exter-
nal gussets placed on the arch plane and welded directly to the internal stiffening dia-
phragms. For large-span arches, the entire anchorage system can be housed inside the
arch using strands (stay technology), resulting in a much cleaner final appearance. Ad-
ditionally, in both rectangular and pentagonal welded sections, the capabilities of CNC
cutting in the workshop allow for the fabrication of complex, variable 3D geometries
along the arch development (e.g., stiffening at the springings of the arches). This can
be achieved using simple flat plates with curved edges (webs) or singly curved plates
(flanges).

One of the most critical aspects of tied-arch bridges is the overall stability of the struc-
ture. Arches are subjected to significant compressive forces, which can lead to instabil-
ity, both in-plane (buckling within the arch plane) and out-of-plane (buckling outside
the arch plane). To improve the lateral stability of the system and its behavior with
regard to out-of-plane buckling, the arches are connected by a bracing system.

Fig. 12. Typical welded-box rectangular section
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Fig. 13. Pentagonal cross-section, Arco della Pace Bridge

Generally, the main challenge lies in selecting and implementing the appropriate
connection between the arches and the bracing elements. Typically, it is preferable to
connect the bracing members to the arches using hinges, allowing these elements to
primarily function as struts subjected only to axial forces. For this reason, hollow tub-
ular sections are the most commonly adopted profile for bracing members. Further-
more, the geometry of the bracing system significantly impacts both the static and dy-
namic response, as well as the overall stability of the tied-arch bridge. The most com-
mon geometries include the X-shape, Vierendeel configuration, and K-shaped layout.

Fig. 14. Example of the Joints connecting the arches and the wind bracing system.
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Fig. 16. Bracing system configuration used in the Arco della Pace Bridge.
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4.1  Arch installation and alignment process

The erection of tied-arch bridges often presents one of the greatest challenges of the
entire project. The process typically begins with the assembly of the steel deck struc-
ture, followed by the installation of the arches in elevation. The deck, typically made
of steel, is usually assembled by lifting from below. For long spans, temporary piers
are essential to support the deck structure, while for smaller structures, the deck may
be self-supported.

The most critical aspect of arch erection is its geometric adjustment, which refers to the
system used to position it in its final location. If an arch were constructed in its final,
undeformed shape and then loaded by removing the temporary supports, significant
bending moments would develop in both the arch and the tie under permanent loads.
Typically, two main processes are adopted in modern bowstring bridges to achieve the
correct arch geometry: the External Force-Based Method and the Geometry-Based
Method. The External Force-Based Method involves modifying the effective length of
one of the main tied-arch bridge elements. The External Force-Based Method can be
applied to the tie-beams using prestressing bars or cables, allowing the arch springings
to be brought closer together, ensuring the correct configuration (Fig. 17). This process
induces a geometrical distortion in the arch but may require significant forces. Addi-
tionally, the same concept can be applied directly to the arch itself, where a controlled
axial force is applied at the crown using hydraulic jacks. The Geometry-Based Method
involves assembling the arch in a geometrically distorted configuration relative to its
final service position. In this approach, the arch is constructed with a modified geome-
try, typically an upward deflection. Once the temporary structures are removed, the
arch naturally settles into its final configuration (Fig. 18).

Regardless of the approach adopted for controlling the arch geometry, bending mo-
ments can be managed by tensioning the hangers. This operation involves imposing a
controlled distortion on both the tie-beam and the arch by adjusting the forces transmit-
ted through the hangers. Although often treated separately, the adjustment operations
between the arch and the deck cannot be fully decoupled. A change in the tension of
the hangers can modify the funicular of the arch, thereby altering the internal equilib-
rium of the entire structure.

Fig. 17. Application of the External Force-Based Method
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Fig. 18. Application of the Geometry-Based Method
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5 Tied-arch bridge launching techniques

The erection of a tied-arch bridge is typically carried out using two main approaches.
The first approach consists of constructing the arch directly in its final position, while
the second involves assembling the bridge in a designated construction area and then
moving it to its final location. In the first case, the steel superstructure is built directly
in its final position using temporary supports, as seen in the case of the new bridge
crossing the Prino River (Fig. 19). This process is generally faster, as the segments are
assembled directly in place. The second method can be subdivided into several stages,
depending on various parameters. In many modern tied-arch bridges, the steel structure
is first assembled and then launched into its final position. The choice of strategy for
launching the structure depends on factors such as the type of obstacle to be crossed,
the available erection equipment, the cost of the operation, and the site characteristics.
For instance, if the obstacle is an active infrastructure, incremental launching is typi-
cally the most commonly used method. It is highly convenient and can be carried out
with minimal impact on traffic, as was the case with the Arco della Pace bridge. (Fig.
20).

Fig. 19. Bow-string bridge erection by means of falsework, Bridge over the Prino river, IT

The main disadvantage of this solution is that the deck may lack sufficient bending
resistance. Specifically, if the skids on which it slides are located far from the arch
springings, the bending moment could exceed the design value expected in service. As
a result, the erection stages become the governing factor in the entire design. In most
cases, it is necessary to install temporary bracing elements that connect the deck and
the arches in order to redistribute the bending stresses.

If the obstacle to be crossed is a watercourse, the structure can be moved using barges.
The barges act similarly to a rubber-tired straddle carrier, moving and supporting the
structure in a configuration similar to its final position (Fig. 21).
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Fig. 20. Tied-arch bridge launched over temporary pier

Fig. 21. Bowstring bridge launching on floating barges
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6 Conclusion

This study has highlighted that tied-arch bridges provide an efficient solution for me-
dium-to-long spans, particularly when the soil conditions are inadequate or there is a
need to ensure sufficient clearance beneath the structure, such as for watercourses or
existing infrastructure.

From a structural perspective, the use of steel-concrete composite decks prove to be
one of the most advantageous solutions for short to medium spans, due to the balance
between lightness, strength, and construction simplicity.

The arrangement of hangers plays a crucial role in the overall behavior of a tied-arch
bridge. Common configurations, such as vertical, radial, or network, directly influence
the arch’s funicular shape and the stress distribution in both the tie-beams and the arch
ribs. For short to medium spans, the differences between the vertical and radial config-
urations are generally minimal. However, the optimized layout of a network hanger
system significantly improves efficiency, especially in reducing bending stresses in
both the tie and the arch ribs.

Another key aspect is the geometry of the arch sections. Hollow circular sections are
well-suited for certain span lengths but become technically and economically limiting
as the span increases. For longer spans, welded box sections are generally more advan-
tageous. Moreover, ensuring the global stability of the compressed arches is crucial in
the design of these structures. The choice of a bracing system connecting the arches
ensures optimal performance against out-of-plane instability of the arch.

Finally, the arch installation phase and the erection technique represent some of the
most delicate stages of the entire construction process. To control the arch geometry,
both the External Force-Based Method and the Geometry-Based Method have been
successfully applied in modern tied-arch bridges. The erection technique can be divided
into two main approaches: the bridge is constructed directly in its final position, or it is
built in a different location and then launched into its final position. The choice of ap-
proach depends strictly on the specific site conditions and the obstacles to be overcome.
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