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Preface
Dear Colleagues,
We are delighted to welcome you to Porto for the 9 th International Conference on
Arch Bridges (ARCH 2019), under the theme Arch Bridges – Natural beauty for all
time. This event follows eight previous successful conferences held since 1995 to
2016 and we are very honoured to host this international conference at the campus of
the Faculty of Engineering of the University of Porto (FEUP) between 2 nd and 4th
October 2019.
This conference intends to be an international forum addressed to all those who
deal with arch bridge structures, namely scientists, designers, technicians,
stakeholders and contractors, seeking for related knowledge, experience and
specialized information exchange and diffusion. The event focuses on key topics
related to arch bridges, such as historical, analytical, numerical and experimental
investigations, design and construction, rehabilitation, maintenance and condition
assessment, and future trends.
All these topics are addressed in 5 plenary keynote lectures, 3 special sessions and
14 regular sessions. Full contributions presented in ARCH 2019, including 5 invited
keynote papers and 98 research and technical papers, were prepared by authors from
26 countries. The papers are included in the Conference Proceedings published online
as a volume of the Springer Structural Integrity book series entitled Proceedings of
ARCH 2019 – 9th International Conference on Arch Bridges, which is freely
available for conference delegates during and for 4 weeks after the conference.
This book collects the abstracts of the full papers presented in the conference. It is
organized in seven parts, the first one comprising the abstracts of the keynote lecture
papers and the second to the seventh parts including the abstracts corresponding to the
six different topics of the conference; two full papers, which could not appear in the
proceedings according to the authors instructions, are also included in this book. All
papers were reviewed by the Scientific Committee of ARCH 2019.
We would like to thank all the keynote lecturers, authors and participants for their
valuable contributions to this conference, the special session organizers for their
commitment, the Advisory and Scientific Committee members for their careful work,
all sponsors and exhibitors for their contributions and Springer for the support to the
Structural Integrity Book Series. Finally, we express our deep gratitude to all who
actively contributed for the organization of this event at FEUP and to FEUP/IC staff
for their precious support
The editors of the Book of Abstracts of the Proceedings of the 9 th International
Conference on Arch Bridges,
ANTÓNIO José Coelho Dias ARÊDE
RUI Artur Bártolo CALÇADA
CRISTINA Margarida Rodrigues COSTA
FILIPE Manuel Rodrigues Leite MAGALHÂES
ESMERALDA Maria Dias de Castro PAUPÉRIO Vila Pouca
RÚBEN Filipe Pereira da SILVA
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Masonry Bridges and Viaducts: Testing, Mechanics,
Retrofitting Towards an Extended Life
Antonio Brencich
University of Genoa, Polytechnic School, via Montallegro 1, 16145 Italy
brencich@dicca.unige.it
Keywords: Masonry bridge, Load Carrying Structure, Retrofitting.

1. Introduction
The assessment, retrofitting and upgrading of masonry bridges is one of the urging
needs of the European infrastructural road and railway network. Not only increased
loads and speed are needed, but also larger decks, installation of the safety barriers and
seismic performances are required. Since masonry arch bridges are no longer a central
issue of academic courses, the strategies for their retrofitting do not always consider
properly their mechanical response. AS an example, the arch is considered the load
carrying element while only 15% of the l.c.c. of a masonry bridge is due to the arch. In
this paper some of the most common assessment and retrofitting strategies are discussed
along with new trends grounded on experimental evidence. In this extended abstract,
only the latter issue is discussed.

2. The Load Carrying Structure of a Masonry Bridge
The collapse of multi-span viaducts show that a large part of the arch from the geometrical springing did not collapse: this means that the load carrying arch (l.c.a) is much
shorter than the geometric arch (g.a.). This suggests a retrofitting strategy: if we inject
the fill just close to the springings, Fig. 1, we can reduce the actual span of the l.c.c.
arch, thus increasing the capacity of the bridge, Fig. 2. Such a strategy does not ask the
traffic to be stopped and results in a substantial increase of l.c.c. at low cost.

Fig. 1. Uplift of the expected hinge as a result of injecion in the fill

Widening of the deck may be performed by an r.c. slab. If it rests on the spandrels,
the slab dead load and the live loads are transferred to the spandrels and not to the fill,
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as in the original setup of the bridge. This results in longitudinal cracking just below
the spandrels due to compatibility problems.
RING retrofitted
Strengthened arch

Load on the fill

RING

Load on the arch 1
Load on the arch 2

Fig. 2. Load-displacement diagrams for the strengthened arch as in fig.1 and for the RING model.
4.0m arch, rise-to-span ratio=0.3.

a)

b)

Fig. 3. Reinforced concrete slab enlarging a bridge. Borbera Bridge. a) transversal; b) longitudinal section of the slab.

To overcome this drawback, the slab should rest on the fill and be detached from the
spandrels by means of a layer of soft material, figure 3.a, so that the load transfer to the
bridge does not change the setup of the bridge. Since the slab is not restrained by the
bridge (but for the friction at the slab/fill interface), mainly in the horizontal direction
in case of either seismic action and impact loading of a vehicle, external restraints of
the slab are needed. Large concrete blocks connected to the bedrock through piles, figure 3.b, provide such a constraint. In this way, the slab simultaneously either a way to
widen the deck, a structure to which the safety barriers may be connected and a way to
increase the l.c.c. of the bridge (collapse mechanisms are prevented by the stiff r.c.
slab).
Further details of these approaches are discussed in the papers of this Conference.
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History of Arch Bridges in Portugal
Júlio Appleton1, 2
2

1 A2P Consult, Lda
Instituto Superior Técnico, Departamento de Engenharia Civil, Arquitectura e Georrecursos,
Lisboa
julio.appleton@a2p.pt

Keywords: bridges, history, arch.

This work. presents some arch bridges constructed in Portugal since the Roman Empire
period to recent times. For some masonry, steel and concrete bridges construction details are also presented. Bridges and all constructions requires permanent maintenance.
Some old bridges presents a reduced deck width requiring its enlargement. Live loads
increased along time requiring strengthening interventions in existing bridges. The
most severe action that led to some bridge destruction is river flooding and foundation
infraescavation.
Some examples of interventions are presented in the paper.
Two roman bridges are illustrated, the bridge over Ribeira da Seda near Alter do
Chão and bridge over Cávado River in Chaves.
Some illustrations of construction details and methods of construction are presented
together with some interventions for the enlargement of the deck and foundation consolidation of such bridges.

Fig. 1. Bridge over Ribeira de Seda in EN 369 between Ponte de Sôr and Alter do Chão

Steel arch bridges are outstanding structures constructed over Douro River between
Port and Gaia in the late XIX century. Its design and construction are engineering landmarks.
Two interesting bowstring bridges are also presented in the paper. The method of
assembling structure elements by riveting is illustrated.

Book of Abstracts

7

ARCH2019 – 9th International Conference on Arch Bridges

Fig. 2. Construction stage of Maria Pia bridge in 15/8/1877

Concrete arch bridges were constructed in Portugal since the beginning of the XX century. The most ancient were demolished or abandoned. The most important arch bridge
in Portugal is Arrábida Bridge over Douro River built in 1963.
The construction of concrete arch bridges required a falsework that represented a
significant cost and construction complexity.
Most recently concrete arch bridges are constructed using the technology of successive cantilevers and temporary stays up to the closure of the arch at the crown.
The paper concludes showing a relation between the span of the arches and
the date of construction of such bridges in Portugal

Fig. 3. The Arrábida Bridge over the Douro River

8
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Arch Bridges or Bridges with Arches, Elegant and
Efficient Solutions to Cross an Obstacle
Vincent de Ville de Goyet
Engineering Greisch, ULiege, Liege, Belgium
vdeville@greisch.com
Keywords: Arch bridges, Tied arch bridges, Design, Construction methods.

For 2000 years, the basic material to build a bridge was wood or stone. The typical
shape of stone bridges was the semi-circular arch. The first bridges made of metal were
again arch bridges where the internal forces are essentially compression forces. The
industrial revolution and the progress of the theoretical knowledge in the field of structural mechanics made it possible to design bridges with different shapes. Bridges with
large spans were mainly suspended and also arch bridges. The arched bridges are probably very well suited for crossing very deep valleys or rivers in an area without relief.
Some applications of steel arch bridges designed twenty years ago are presented. The
objective of the design was to obtain the most efficient structure, by using the last theoretical developments in the field of instability. The examples show that, even for similar bridges, it is often possible to improve any detail.
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Challenge and Development of Long Span Arch Bridges
in Statics, Dynamics and Aerodynamics
Yaojun Ge
Tongji University, Shanghai 200092, China
yaojunge@tongji.edu.cn
Keywords: Arch Bridge, Statics, Dynamics, Aerodynamics.

1

Introduction

Human beings have been building bridges in girder, arch, cable-stayed and suspension
types in order to cross streams and rivers for thousands of years. Arch bridge is an
ancient bridge type originating from stone arch, but modern arch bridges grow with
longer spans. With the increase of arch bridge span length, arch bridges are becoming
more flexible, which requires to investigate static stability, dynamic characteristics and
aerodynamic performance.

2

Static Stability of Concrete, Steel and CFST Arch Bridges

Arch ribs are main force-bearing members of arch bridges. They are generally in an
eccentric compression state under static load and face the challenge of structural static
stability. The static stability analysis needs to consider not only vertical structural dead
load and live vehicle load but also static wind loads including vertical static wind lift,
lateral wind drag and torsional wind moment. Three arch bridges respectively with concrete (2nd Yibin Bridge in Fig. 1), steel (Lupu Bridge in Fig. 2) and CFST (Xiangshan
North Gate Bridge in Fig. 3) ribs have been taken as examples to analyze their static
stability, and the corresponding results are presented in the paper.

Fig. 1. General arrangement of the 2nd Yibin Bridge

3

Dynamic Characteristics of Long Span Arch Bridges

Dynamic characteristics of arch bridges mainly refer to natural vibration frequency,
vibration mode and damping of the arch rib and the main girder. Those parameters are
the basis of structural dynamic response analysis and structural performance evaluation.
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Dynamic characteristic analysis mainly adopts FEM, where the structure is discrete into
a set of elements, including beams, links, shells and so on. This section is a summary
of structural dynamic characteristic analysis and its evaluation of these three bridges.

Fig. 2. General arrangement of Xiangshan North Gate Bridge

Fig. 3. General arrangement of Lupu Bridge

4

Aerodynamic Performance of Box Rib Arch Bridges

So far concrete and CFST arch bridges have not found any problem in aerodynamic
aspects, but steel box rib arch bridges do result in some troubles in aerodynamic performance, in particular in vortex-induced vibration (VIV). As experienced there are at
least three long span box rib arch bridges, including 550m spanned Shanghai Lupu
Bridge, 428m Guangzhou Xinguang Bridge and 386m Zhaoqing Xijiang Bridge, suffered in VIV problem. As an example, Shanghai Lupu Bridge is introduced with VIV
phenomena, numerical simulation and experimental confirmation.

5

Conclusions

Challenges and development of long span arch bridges have been introduced in static
stability, dynamic characteristics and aerodynamic performance. With performing
static stability analysis on concrete, steel and CFST arch bridges concrete bridges may
result in plastic material yielding instability during construction under strong winds
although completed bridges are safe enough. With the increase of span length, arch
bridges may face the challenge of static instability for concrete and even steel arch ribs.
Referred to structural dynamic characteristics most long span arch bridges have higher
structural stiffness and natural frequency than that of cable-stayed bridges with same
span length. Steel box rib arch bridges have been found with vortex-induced vibration,
and there is no other aerodynamic problems in long span arch bridges.
16
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Arch Bridges in Italy and the Role of Riccardo Morandi
in the Last Century
Enzo Siviero and Alberto Zanchettin
Università eCampus, Noverdate, CO, Italy
esiviero@esap.it
Keywords: History of last century’s arch bridges in Italy, innovative design.

1

Introduction

Human beings have been building bridges in girder, arch, cable-stayed and suspension
types in order to cross streams and rivers for thousands of years. Arch bridge is an
ancient bridge type originating from stone arch, but modern arch bridges grow with
longer spans. With the increase of arch bridge span length, arch bridges are becoming
more flexible, which requires to investigate static stability, dynamic characteristics and
aerodynamic performance.

2

From the origins of concrete to the development of a new
national infrastructural system

The first theoretical studies and applications of reinforced concrete were made in
France and Germany, which were pioneers for the development of the new technology
in Italy. Arturo Danusso (1880-1968), representative for Italy of the ‘Hennebique’
system was among the first to realize innovative works, such as the Astico Bridge in
Calvene in 1907, a 34,5 m span arch bridge with only 2m rise. Italy quickly covered
the technological gap with its neighbors and, in 1911, in Rome, the Risorgimento bridge
it was designed and built, with a span of 100m and 10 m rise.
In the years following the first world war, rapid economic reconstruction and the
shortage of raw materials, led contractors to often favor the use of reinforced concrete.
Amongst the most eminent figures in the reconstruction period there were Miozzi,
Danusso, Santarella and Krall, all of whom tried to avoid standardization of form and
current knowledge was adapted to achieve new innovative results in bridge design.
Following the Second World War, opening the country to various progressive innovations coming from abroad, proved to be a challenge. The high-paced building activities due to the re-construction efforts facilitated the evolution of technology of reinforced concrete.
Riccardo Morandi (1902-1989) was one of the leading figures of modern engineering, as he experimented vastly with the potential of reinforced concrete. Morandi was
a technician of great intuitive ability and great ambition. From 1935 to 1950 he dedicated his research to the obtainment of artificial states of stress in concrete as opposed
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to the ones due to dead load. He was also incredibly successful as a designer. His first
achievements were arch bridges of Maillart type, like the one on the Storms River in
South Africa of 1953, in which two semi arches are built vertically and then rotated to
the final position, employing a technique quite innovative for time. Taking point of
departure in the arch bridges of the Fifties, Morandi then moved to cable stayed bridges,
thereby contributing to their success, through his a continuous efforts in reinterpreting
different interpretations of structural themes.

Fig. 1. Storms river bridge Morandi, South Africa, 1953

The bridge over the Maracaibo lagoon built in 1957-62, probably constitutes one of the
most famous realizations of an Italian engineer abroad. As one of the first cable stayed
bridges realized in the world, it has a single cable per each vertical element and is completely realized in pre-stressed concrete. The entire structure is 9 km long and has 5
central spans of 255 m each. In the Polcevera viaduct of 1962-67, Morandi tried to
obtain the maximum simplification of lines, there-by realizing a structure with strong
aesthetic impact. At 1300 m long and 60m high with respect to the valley it overpasses,
the cable structure gives a sense of contrast with the surrounding environment. In 1962
Morandi realized the Fiumarella viaduct which constitutes one of the last main examples of arch bridges realized in Italy. Also worth noting in this respect are the S. Giuliano bridge of 1958-61attributed to Carlo Cestelli Guidi and the bridges over the Arno
river on the motorway “del Sole” at Incisa and Levane of 1962-63 designed by Zorzi.
The Fiumarella Viaduct in Catanzaro has a span of 231 m, and the arch was realized
with the classic system of concrete cast over a big formwork. The three mentioned
designers solved in a similar way their bridges, which posed the problem of the insertion in the surrounding environment, realizing hybrid typologies between the arch and
the beam.
In a period of great changes and challenges as it was the XIX Century, the success
of new theories and methodologies was instrumental in overcoming the previous, traditional building mentality and paved the way to the remarkable developments of contemporary Engineering. The gap that Italy had accumulated with reference to other European countries was quickly eliminated, and the scientific and technical developments
occurring in Italy at the time were widely acknowledged at the international level.
Thanks in particular to the work of outstanding designers, such as Riccardo Morandi,
we have today a new perspective for the future of bridge construction and for structural
architecture and design in general.

20
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Old bridges in Bragança – Building a Landscape
Heritage
Daniel Vale1
1

Centro de Estudos de Arquitectura e Urbanismo da Faculdade de Arquitectura da
Universidade do Porto, Porto, Portugal
dvale@arq.up.pt
Keywords: Old bridges, Ancient Roads, Heritage Landscape Units.

Bragança is a land of mountains, valleys and rivers that have been crossed throughout
the centuries and millennia. Old bridges are, therefore, an important part of our territory and our common past. They represent ways by which men have been occupying
and transforming this territory. Bridges are part and parcel of the road systems and
roads are, from the very beginning of our civilization, perhaps the main matrix to
organize our landscape.
The history of bridges in Bragança is the history of ancient roads and paths. Sometimes it stretches, when a given bridge is included in a transnational road system, like
the Roman Road network. Other times, it is part of a national network, like the Portuguese Railway network. In both cases, the given bridges and transportation systems
have a vast scale and less commitment with local realities. They may be called political systems. Other bridges are just meant to serve and resolve local communities and,
consequently, they are more flexible, shaped according with the local geographical
relief. These ones may be called vernacular systems and serve as evidence for centuries of communitarian life and solidarity between local villagers, in this hard land.
Being a major part of our identity as a community, bridges have major impact on the
landscape and on our lives.
By presenting existing examples of historical bridges in Bragança, and recognizing
them as “Heritage Landscape Units”, our main objective is to raise collective awareness and interest for this common heritage, preserving not only the historical bridges
but, as far as it is still possible, the road systems in which they were included in the
first place. Public policies, regionally and nationally, ought to be found in order to
preserve, to protect and promote their generalized knowledge.
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1

Introduction

The heritage conservation presupposes a prior knowledge and understanding of the
monument, where the intervention is going to take place and knowledge that will determine the programming of the future actions. It is through this prior reading that the
project solutions and consequent actions are determined. However, many researchers
have gone through historical studies in depth, or have consulted documentary sources
related to the monument, or made several analyses of the constructive aspects, to carry
out the work that will reveal the monument, giving us information that was previously
not perceptible, such as aspects related to partially unknown construction phases or
hidden constructive systems. Ultimately, the construction phase can determine adjustments to the initial design, because of the new data, that can then occur or confirm
evidence that they were not sufficiently embodied in studies, and determine the project
resets to contribute effectively to their protection. These were aspects witnessed in the
course of the work, that took place in the Bridge of Arco and are now intended to convey.

2

Project and the work

In 2017, the Rota do Românico commissioned the project for the conservation, safeguarding and enhancement of the Bridge of Arco. The inspection and respective diagnosis identified considerable deformations in the pointed arch, with displacement of the
closing stone and some adjacent areas, namely, in the vertical planes of the elevations,
with projections outside the same vertical planes, that in the medium term could lead
to the collapse of the structure. This situation was aggravated rapidly by the continuous
passage of vehicles on the pavement of the bridge.
The project consisted essentially of correcting the detected structural anomalies, with
the removal of visible concrete pavement, subsequent partial dismounting of the bridge
arch, board and meeting, with integral assembly to correct the deformations, followed
by the execution of granite pavement, reformulation of the granite guard with the existing elements and the walls of delivery to the inclined slopes.
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These works would be obligatorily accompanied by an archaeology team. This rigorous and exhaustive monitoring and sharing with the rest of the design team were also
valuable in identifying the possible original pavement and configuration of the first
lateral accesses to the bridge, as well as other elements that could clarify correctly the
previous interventions and eventual revisions to the initial project, based on the information which were not perceptible before and that the dismount of the monument
would provide. This was essential to eliminate possible mistakes or decisions defined
in the project, but that should be adapted to the new reality unveiled with the work. This
adaptability of the project to the reality, that the work would demonstrate was considered by the design team as the best solution for their protection.

3

Conclusion

The heritage conservation at the Bridge of Arco demonstrates the need for the rigorous
conservation, safeguarding and enhancement of the architectural heritage projects, to
the extent that they can withstand the adaptability of the project at work, when in the
design phase it becomes difficult to have a complete knowledge of all elements that
constitute the monument. It is during the work, when carried out with a scrupulous
accompaniment, that the material and historical knowledge of the monument is enriched, sometimes leading to the adaptability of the initial project, in the sense of better
protecting the monument.
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1

Introduction

There is currently a considerable number of cases of stone masonry arch bridges in
operation in the rail infrastructures across Europe. In fact, a European project [1] points
out that masonry is the most common material found in railway bridges, and about 65 %
of these bridges are older than 100 years. For the bridge assessment under service conditions, the structural response under static loadings does not take in account the dynamic effects caused by the railway traffic. The vibrations generated by train passages
lead to displacements and stresses that are higher than those obtained under static loading.
In this paper, a nonlinear modelling strategy resorting to FE continuous homogeneous models is applied to the Durrães railway bridge, for its in service assessment, under
traffic loading. The Durrães bridge, illustrated in Fig. 1a, was built in granite stone in
1878 and is located in the Minho railway line. For that purpose, it is used a numerical
model of the Durrães bridge, Fig.1b, which had already been developed and calibrated
through information collected from dynamic tests and through an optimization process [2]. Additional information about the material properties was considered from an
in-situ experimental campaign carried out in Durrães bridge for material characterization, which is available in [3]. Nonlinear simulation of the bridge behaviour was made
using a Drucker-Prager model for both masonry and infill materials.

a)

b)

Fig. 1. Durrães railway bridge: a) general view and b) 3D FE numerical model (in Ansys).
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A simplified methodology was used for the dynamic analysis in which the train is
represented by a set of moving loads traveling over the bridge, though without considering the interaction between train and bridge. Another testing campaign, involving
dynamic and quasi-static monitoring under traffic loading, was carried out in the Durrães bridge for which some of the preliminary results are shown in another paper of this
conference [4].

2

Conclusions

The results show that the bridge model exhibits nonlinearity for the trains passages, and
these plastic strains are concentrated in the central zone of some arches of the bridge.
Relatively high values of tensile stresses were found in at least one of the bridge arches,
with values around 0.27 MPa for a train passage with a speed of 100 km/h. These significant values, although conditioned by the adopted Drucker-Prager model features
(which include prescribing a non-null tension cut-off), are in accordance with cracking
in the arch intrados actually observed in the bridge.
These preliminary results using a simplified methodology and without considering
neither the interaction between train and bridge nor the track irregularities, are very
promising as they support the importance of performing dynamic analysis using nonlinear models for old bridges like the Durrães one (over 100 years old). It is worth
mentioning that, in terms of computational times, the use of a homogeneous global
model of Durrães bridge (with about 90 000 elements) led to the nonlinear dynamic
analyses taking around 2 to 4 hours to complete, which proved as very efficient.
Future work will consist in performing dynamic analysis considering the bridge and
vehicle interaction, using a 3D FE model to simulate the Sgnss series freight wagon and
taking in consideration the track irregularities profile. For the adopted material parameters of the nonlinear Drucker-Prager model, sensitivity analyses will be done in order
to study different numerical responses of the bridge.
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1

Introduction

This paper reports on the numerical simulation of the structural response of a single
span stone arch railway bridge, the São Pedro da Torre or PK124 bridge (see Fig. 1a).
The study aimed at identifying adequate numerical modelling strategies to simulate
the bridge structural behaviour by means of computational resources, based on the
Finite Element Method (FEM) and Distinct Element Method (DEM), taking into account the nonlinear behaviour of the bridge materials and suitable conditions for the
geometrical discretization. The bridge modelling was supported by experimental data
gathered from in situ and lab testing obtained within the framework of the
StonArcRail project (see Fig. 1b).
The study is part of an ongoing research from which the exploratory analysis allowed so far to achieve some conclusions to point out practical questions related with
the adopted modelling strategies herein addressed.

a)

b)
Fig. 1. PK124 bridge a) general view and b) locations of in situ test.

2

Numerical modelling

The bridge models include the discretization of each stone block considering suitable
interface conditions, controlled by normal and shear contact stresses and the corresponding normal and shear displacements (opening/closure and sliding between
blocks), to account for the nonlinear behaviour; modelling parameters were evaluated
by in situ bridge testing and lab testing of its materials within the framework of the
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research project StonArcRail. The infill was modelled using nonlinear homogeneous
materials also having defined the material properties based on experimental results.
Discrete FE and DE models defined for PK124 bridge are shown in Fig. 2 both
representing the geometric data gathered from topographic survey, project drawings
and field tests. 2D DE detailed models, representing the bridge in the interior axis
through the infill zone, were also used to evaluate the bridge response for comparative
purposes.

a)

b)

Fig. 2. PK124 bridge models. a) Detailed FEM, b) detailed DEM.

The main points of the study for discretization the FE and DE meshes, as well as to
define the material models are presented in the paper.
Aiming to update the modelling parameters, the FE model is used for modal analysis. By comparing the numerical modal characteristics with identical proprieties experimentally estimated based on in situ vibration tests, good correlation is found with
updated values of the material proprieties.
The bridge response under incremental static railway loads is based on the results
of the DE modelling. Although the results correspond to an exploratory analysis of an
ongoing study, the numerical response with initial values of material properties allowed to verify no evidences of collapse for very high values of the intensity multipliers of a freight train loading. The analysis allowed evaluating the bridge response
under the freight train loading action up to the intensity level of 10P (i.e. 10 times the
nominal train load P). High intensity levels were not achieved in 3D DE models due
to excessive overlap between layers of the infill material as well as between the sleepers and ballast. The analysis with 2D DE models allowed to observe, in the bridge
longitudinal direction, the formation of an arch hinge mechanism and plasticity development in the infill materials for high values of load multipliers of 10 (which corresponds to an equivalent factor of about 70 considering a bridge width of 4.4 m).
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1

Introduction

Engineering structures made of corrugated steel plates interacting with the soil have
been applied for over 100 years in transport infrastructure. They are used for the design of bridges, culverts, flyovers, tunnels, as well as casings in opencast mines, etc.
[1-4].
The purpose of this paper is to present the influence of boundary conditions on the
response of a soil-steel bridge under seismic excitation. An adequate selection of
boundary conditions is an extremely important aspect in the design of this type of
bridges. In addition, the application of selected boundary conditions may help in making a decision regarding the use of additional reinforcements for soil-steel bridges
located on seismic areas. For this purpose, non-linear Time-History analyses were
performed in the DIANA FEA numerical program based on the finite element method.

2

Results of numerical analysis

Based on the conducted research, it can be concluded that the application of the specific boundary conditions has a significant impact on the behaviour of the soil-steel
bridge during an earthquake. In particular, it can be underlined that:
 the level of shell displacement for all considered bridge models was at a low level.
The largest displacements were obtained for the case of model #4. The application
of boundary conditions (models #1-4) did not affect the permissible displacement
range of the bridge,
 the use of RC collars at the ends of the CSP shell and end walls on the bridge
slopes (model #1) has a positive effect on reducing the maximum stress in the
shell, as well as on their regular distribution,
 the bending moments in the CSP shell were at a very low level. This proves the
statement that soil-steel bridges carry loads as a result of the axial forces,
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 the highest vibration velocity of the CSP shell was obtained in the most flexible
model, i.e. #4 (only the base of the numerical model was supported). In the other
models, the maximum vibration velocity was significantly lower,
 the maximum acceleration of the CSP shell was recorded in model #3. In this model, only the inlet and outlet of the shell were stiffened. The smallest acceleration
was achieved in model #1, in which all the walls (front and side) and the base of
the model were modelled as hinged supports,

Fig. 1. Maximum values of displacements (model #4) obtained in the CSP shell.

Fig. 2. Maximum values of acceleration (model #3) in the CSP shell.

 as a consequence of the stiffening the ends of the CSP shell (RC collars) at the inlet
and outlet, a beneficial effect is obtained by the reducing displacements, axial forces and vibration velocities (models #3 and 4).
Based on the obtained results from above-reported numerical analysis and from the
paper [1], it can be concluded that the boundary conditions of model #3 are the closest
to the real behaviour of the soil-steel bridge. Moreover, further parametric analyses of
the influence of boundary conditions on the behaviour of soil-steel bridges during the
earthquake are needed. This is because only a few types of boundary conditions of the
soil-steel bridge are shown in this numerical analysis. Sometimes designers adopt
boundary conditions other from those that should be accepted and they are not aware
of the mistake. As a result, the increase in the values of internal forces is obtained in
the CSP and the bridge needs to be redesigned, which results in excessive construction costs.
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The parabolic three-pinned arches are used in bridge and structural engineering, however, its in-plane nonlinear buckling is not explored in the available publications. This
paper investigates the closed-form solutions of in-plane nonlinear elastic buckling of
the parabolic three-pinned arches.
In the Cartesian coordinate system oyz (Fig. 1), the membrane and bending strain
of non-circular arch can be written as
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Fig. 1. Geometry of three-pinned parabolic arch

The in-plane nonlinear equilibrium differential equation can be derived by substituting Eq. (1) into the virtual energy principle
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The analytical solution of this differential equation is

v
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(3)

Substituting Eq. (3) into the basic principle of parabolic arch [3], one has

A 2  B  C  0

(4)

where the coefficients A , B and C are given by
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(5)

The finite element results are taken as exact solutions to verify the proposed method for there is no suitable data in the available literature. Fig.2 shows that the proposed method has a good agreement with the finite element results in both loaddisplacement curve and buckling behavior curve.
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Fig. 2. Verification of proposed method
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The paper presents a problem of a simplified modelling of masonry arch bridges utilising a linear elastic material (EL) model which may lead to dangerous overestimation of
the load carrying capacity. Explanation of this effect is illustrated through a comparison
with results obtained by means of an advanced nonlinear (NL) elastic-plastic non-tensile-resistant model most properly representing masonry [1, 2, 3]. Two-dimensional FE
plane model is adopted in the analyses (see Fig. 1). The arch barrel is modelled using a
meso-modelling technique [4] based on division of the arch barrel area into masonry
segments with homogenised properties separated by layers of radial joints. In NL model
the material of the joints is defined as a plastic-damage model of concrete.

Fig. 1. FE model of a masonry arch bridge applied in analyses (deformed shape at the ultimate
load level).
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Fig. 2. Distribution of the thrust in arch sections in phases I-III for EL and NL models.

The analysis is oriented on evaluation of the differences between EL and NL models’
response to concentrated external load on the basis of results including: thrust eccentricity e (Fig. 2), distribution of stresses x along both edges of the arch (Fig. 3) and
throughout the critical sections (Fig. 4) numbered according to Fig. 1. The results given
in the figures are for a selected case of a wider parametric study i.e. an arch with
f/L = 1/4 and d = 40 cm. Furthermore, specific three phases of the bridge loading are
considered: phase I – at force PI level corresponding to reaching by the edge stresses
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the compressive strength fc in the NL model, phase II – at force PII = Pult corresponding
to loss of stability of the arch in the NL model, phase III – at force PIII related to the
edge stresses reaching the compressive strength fc in the EL model.
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Fig. 3. Distribution of edge stresses in phase II for EL and NL models along extrados (top) and
intrados (bottom).
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Fig. 4. Distribution of stresses in critical sections in phases I-III.

The study shows that the differences appearing in EL models against the real behaviour
of these non-tensile-resistant structures are so large, that the simplification is unacceptable. Agreement between the EL and NL models takes place only before the tensile
stresses are below the tensile strength. EL models provide lower compressive stresses
in critical sections than NL models for the given load what makes the application of EL
models in analysis of masonry arch bridges the non-conservative approach.
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Numerical Investigation on the Behavior
of Skewed Concrete Tied Arch Bridges
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1

Introduction

Tied arch bridges are the most delightful bridges that have been ever shaped on the
earth. Analysis and design of tied arch bridge is further intricate especially when the
bridge is skewed. While assessing typical skew concrete tied arch bridges, Elewa et al.
[1] & Macchi et al. [2] have observed overestimated design for the main resisting elements of tied arch bridges were done in the original analysis, as a result of neglecting
the skew effect. Conversely, they found that for the grid system of the deck, torsional
and bending moments were largely underestimated. Thus, the need to evaluate skew
effect on the response of concrete tied arch bridges is crucial. In this research paper, the
behavior of skewed concrete tied arch bridge is presented. Numerical investigation
through 3-D FEMs were performed to examine the behavior of the skewed concrete
tied arch bridge. The study involved five simply supported railway concrete tied arch
bridges with five different span lengths of 30, 35,40,45, and 50 m, and skew angles
from 0°-to- 60°. The effect of skew, and the aspect ratio (span length / width), under
the LM71 with the dynamic factor [23] on the response of the bridge was examined.
The bridges were designated as B-1 to B-5.

2

Bridge Modeling

3-D (FEMs) were performed using SAP2000 [4]. All bridge components were discretized as frame elements, except deck slab that was discretized as shells. The two supports of each arch rib were modeled as hinged at one end and movable in x direction at
the other. Fig.1 illustrates the schematic view of the 3-D model of the bridge.

Fig. 1. 3-D Finite element model of the bridge.
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3

Results and Discussion

The overall and local behavior of bridges was evaluated under the impact load. The
main results are explained below.
3.1

Vertical Deflections and Reactions

Fig.2 (a), shows the skew effect on the vertical deflections. The vertical deflections for
all bridge models were significantly influenced by the angle of skew. An increase in
skew produced decrease in vertical deflections.
The vertical reactions of the bridge models were studied as shown in Fig.2 (b). All
bridges exhibited significant decreases in the amount of the vertical reactions at the
acute corners and significant increases of those at the obtuse corners.
As the aspect ratio was decreased, the effect of the skew on the vertical reactions
increased and vice versa.
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Fig. 2. Effect of Skew on Vertical Deflection and Reactions.

The following conclusions can be drawn:
1) The vertical deflections and reactions were significantly influenced by the skew.
The vertical deflection decreased as the angle of skew increased. Also, vertical
reactions at acute corners decreased, while those at the obtuse corners increased.
2) Moments of arch rib in the vicinity of both acute and obtuse corners were significantly affected by varying the skew angle bridge.
3) As the aspect ratio decreased, the effect of the skew on the ridge response increased
and vice versa.
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1

Introduction

The debonding phenomenon between steel tube and core concrete seriously affects their
combination performance [1], and the temperature difference is considered as the major
reason resulting in debonding, which is unavoidable [2-5]. In this paper, based on the
prototype of a concrete-filled steel tube (CFST) truss arch bridge, a finite element
model considering the different debonding degree is established to discuss the effects
of these two factors on the mechanical properties of CFST arch bridge.

2

The Prototype Bridge and Finite Element Model

The overall layout of the prototype CFST Bridge is shown in Fig.1. The arch axis shape
of main span is a catenary with “m” coefficient of 1.5, and the rise-to-span ratio is 1/4.
It is equal width and variable height space truss structure. Each rib has a width of 4.0m.

Fig. 1. Overall layout of a fly-bird type CFST arch bridge.

The debonding length is presented as Ld, and its value is shown in Fig.2 (a). A total
of 5 debonding lengths, respectively 0 (completely bonding), L/4, L/2, 3L/4and L (completely debonding) and 5 situations of debonding location with debonding length of L/8
are considered (Fig.2 (b)).
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Ld=0
Ld=L/4
Ld=L/2
Ld=3L/4
Ld=L

(a) Debonding length
Arch crown
L/4 section

3L/4 section

0
（skewback section）

L
(skewback section)

(b) Debonding location
Fig. 2. Diagram of the debonding length and the debonding location.

3

Conclusions

The larger debonding length is, the more uneven the axial force distribution of steel
tubular is, and the more uniform the axial force distribution of core concrete is. The
total axial force of each chord is essentially unchanged, and the total bending mo-ment
distribution is more uneven.
Compared with the completely bonded case, the maximum deflection under the completely debonding case increase by 88%, and the ultimate bearing capacity de-creases
by 24%.
Different debonding locations with L/8 debonding length result in the axial force of
steel tube increases, while the axial force of core concrete decreases. The debonding
location has little effect on the total axial force of each chord, and the total bending
moment distribution of each chord at the debonding location is more uneven.
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1

The challenge

Masonry arch bridges form a significant portion of the European transport infrastructure network. Many of these bridges are relatively old but still in service in their original
configuration. Increasing vehicle loads and speeds have highlighted the need for reliable estimates of their service condition. Past research demonstrated that load-carrying
capacity of a masonry arch bridge is significantly affected not only by the backfill material but also by the backfill to arch ring interaction. Today, the approaches used for
the simulation of soil in masonry arch bridges is over-simplistic and most of them do
not take into account the soil-structure interaction phenomena [1].

2

The proposed Approach for Modelling Backfill in Masonry
Arch Bridges

A novel modelling approach for the simulation of backfill in masonry arch bridges has
been proposed. The approach is based on the discrete element method [2]. Bricks in the
barrel vault are represented as an assembly of distinct blocks separated by zero thickness interfaces at each mortar joint while backfill is represented as an assemblage of
densely packed discrete irregular deformable particles. The mechanical behaviour of
the backfill is influenced by the size and properties of the irregular soil particles and
contacts. A series of computational models were developed and their results are compared against full-scale experimental results. A good agreement between the experimental and the numerical results was obtained demonstrating the huge potential of this
novel modelling approach proposed. A representation of the failure mode of the bridge
model developed in the computational model is shown in Figure 1.
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Fig. 1. Failure mode of the Prestwood bridge as obtained from the computational model; according to the approach initiation and propagation of cracking in the mortar joints and backfill can be
obtained.
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Behavior of Concrete Tied Arch Railway
Bridges Under Moving Loads
Mohamed A. Azim Elewa and Eslam Sayed Youssef
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1

Introduction

The demand for high speed trains has significantly been increasing globally for the last
two decades. High speed trains have great impact on bridges [1]. Therefore, investigation of bridge performance under high speed trains is crucial. In this paper, the behavior
of concrete railway tied arch bridge under moving trains is presented. Analytical study
through detailed three-dimensional FEMs were developed to examine the dynamic behavior of railway tied arch bridges. Number of coaches, damping, and speeds were
considered. Dynamic characteristics, such as mode shapes, dynamic amplification factor, resonance and its cancellation phenomenon were evaluated. The optimal bridge
span length that suppresses the response at resonance was also proposed.

2

Bridge Description and Modeling

The bridge models are of span lengths 36, 50, and 60 m and denoted as MB-1, MB-2,
and MB-3. Tied arch is of two arch girders connected at their ends by two tie girders
and by hangers at the middle. The floor system consists of a deck slab, and longitudinal
and cross beams. The rise-to-span (f / L) is 1/5 for the models. Concrete of fc`= 70 MPA,
and steel of fy = 517 MPA were used for the bridge components (see Fig. 1).
MIDAS Civil [2] was used to evaluate the bridge response. All structural members
were discretized as frame elements, except bridge deck slab that was simulated by
shells. The two supports of each arch girder were modeled as movable at one end and
hinged at the other. Damping was assumed 5%.

Fig. 1. Three-dimensional model of the bridges.
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3

Results and Discussion

The resonance and cancellation speeds for bridge models were calculated [3]. Also, the
effect of damping and number of coaches, optimal span length of tied arch bridge was
also evaluated. Fig. 2 shows DAF versus train speed km/h for MB-1, it is obvious that
the dynamic response reached the maximum when the load frequency coincided with
the natural frequencies of bridge. Fig. 3 and Fig. 4 show DAF versus train speed for
MB-1. It can be seen, that the DAF decreased with increasing damping ratio and increased with increasing number of coaches crossing the bridge.
Fig. 5 shows comparison between dynamic displacements of bridges models. It can
be seen, that the dynamic displacement of bridge MB-2, with length 50 m was less than
the other two bridge models and the lowest DAF was obtained.

Fig. 2. DAF versus Train speed (MB-1).

Fig. 4. Effect of Number of Coach on the
bridge response (MB-1).

Fig. 3. Effect of Damping on the bridge response (MB-1).

Fig. 5. Comparison between dynamic displacements of MB-1, MB-2, and MB-3.

The conclusions of the study are summarized as follows:
1. The damping ratios of tied arch bridges has great impact on the maximum
response merely on the conditions of moving trains at the resonance speed.
2. Number of coaches crossing the bridge is a major factor that influence the
bridge dynamic response. The bridge response was successively amplified
with increasing the number of coaches.
3. The minimum bridge response under moving train occurred when the span
length of a tied arch bridge is equal /or close to (2, 4, 6…) coach length.

References
1. Mao, Lie., and Lu, Yong.: Critical Speed and Resonance Criteria of Railway Bridge Response to Moving Trains. ASCE, ISSN 1084-0702/2013/2-131_141 (2013).
2. MIDAS, Inc.: MIDAS FEA User’s Guide, (2017).
3. Goicolea, J. M., Dominguez, J., Navarro, J. A., & Gabaldon, F.: New dynamic analysis
methods for railway bridges in codes IAPF and Eurocode 1. Railway Bridges Design, Construction and Maintenance, Madrid, 1-43 (2002).
48

Book of Abstracts
Back to CONTENTS

ARCH2019 – 9th International Conference on Arch Bridges

Experimental and Numerical Assessment
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The study presents complex assessment of an over 100-year old railway backfilled concrete arch bridge including experimental testing and numerical analysis. The bridge is
characterized by very poor technical condition (related to numerous transverse or skew
cracks and delamination of the arch barrel) and resulting deficient load carrying capacity. The problem is especially interesting taking into account specific features of the
bridge: very narrow and long arch spans exceeding 30 m, 2-track railway line, unreinforced concrete material and intense and non-uniform cracking of the superstructure.
2D and 3D FE models are used in analysis of the bridge (Fig. 1) utilizing mesomodelling technique [1] for representation of the arches. Some results presenting extreme effects of dead loads, uniform thermal action and live loads are given in Fig. 2.

Fig. 1. 2D and 3D FE models of the bridge used in analysis

Fig. 2. Distribution of 22 stresses within the arch barrel caused by dead loads together with
uniform heating (left) and LM71 live load model [2] on both tracks (right)
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Fig. 3. Results of measurements and analyses under ET-22
(notation Pi-Tj refers to controlled point no i and load located on track no j)

locomotive

The experimental testing based on strain, displacement and acceleration measurements of the arch triggered by various vehicles enabled calibration of the numerical
models and provided information on performance of this damaged structure (acc. to [3]
and [4]). Selected results of measurements (compared also to analysis results) corresponding to controlled points located at the crown of the arch (P1, P5, P7 – at track No.
1 and P2, P6, P8 – at track No. 2) are given in Fig. 3. The lack of expected symmetry
of the results may be explained by more intense cracking of the arch under track No. 2.
Two major problems discovered during the analysis of this structure are related to
its significant degradation and vulnerability to thermal effects. The degradation is characterised by its non-uniform distribution within the structure confirmed by means of
visual inspection and examination of the bridge response to live loads. Surprisingly
large effect of the temperature variation on the bridge performance resulting insignificant limitation of its load capacity (acc. to [5]) could also contribute to the structure
degradation by formation of transverse cracks within the arch barrel.
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1

Extended abstract

Historically, medium span bridges were generally composed of arch structures made of
stones, masonry, and concrete or of metal construction. Despites the inherent efficiency
of the form, modern traffic development in combination with the evolution of materials,
arches were gradually replaced by frames and girder structures.
Now in the UK, the most commonly road and rail bridge solution for medium spans
(range between 30m to 80m) is the steel-concrete composite deck type with conventional plate girders connected to reinforced concrete deck slabs. This form of construction has dominated the UK construction market for the past 25 years. However, tomorrow construction challenges for our modern societies depends on delivering sustainable
designs with consideration for resources efficiency.
Arches and shells are “form-active” providing higher degrees of structural efficiency than the girder system. Could this be a new opportunity for arch bridges to become more competitive?
This study compares the efficiency of a recently constructed 50m span flat arch road
bridge [1] as shown in Fig 1 with a selection of alternatives in forms and in materials.
Each option is presented considering the quantities of material, the estimated construction costs, the estimated duration of site works, the whole life cost aspects and consideration for the risk assessment factor. The efficiency ratio of each option is then compared to the flat arch bridge solution.

Fig. 1. The steel-concrete composite arch.
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The study considers 6 efficiency parameters as follows: the construction cost, the
construction timescale, the embodied carbon, the maintenance cost, the structural efficiency and the risk rating.
These parameters are calculated for the steel-concrete composite flat arch bridge as
well as for 9 alternatives arrangement, as follows: prestressed concrete flat arch, solid
reinforced concrete arch, concrete deck-stiffened arch (see Fig. 2), steel half-through
tied arch, steel network arch, steel tubular truss arch, rigid steel frame, V shape concrete
frame and three spans steel-concrete composite deck.
The study compares overall how the arch structure compare in individual efficiency
against other structural forms and gives an overview comparison between steel and
concrete. The paper suggests an objective method with combination of the various individual parameters. It is also suggested to disregard the structural efficiency in the
combination as it is a theoretical ratio that may only be interested to designers rather
than bridge owners.
In the short-term comparison, the construction cost and the construction time-scales
have been combined with the risk ratio. In the medium term, the whole life parameter
has been introduced and in the long term the environment was added to the combination.

Fig. 2. Vessy Bridge (concrete deck-stiffened arch option) - (photo credit wikimedia - Ikiwaner).
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Assessment of masonry railway arch bridges are typically conducted using static loads.
To account for the increase in structural response due to the dynamic application of
loads, amplification factors are prescribed by the codes. In the UK, the relevant codes
are provided by Network Rail, in the document NR_GN_CIV_025, Structural Assessment of Underbridges [1]. The amplification factors in this document has been derived
from extensive large-scale laboratory testing on model concrete and steel bridges, carried out in the 1970s.
Analytical solutions to the dynamic response of an undamped simply supported
beam to moving loads demonstrate general agreement with these tests, and form the
basis of the formulae used to determine dynamic amplification factors. These formulations require the critical definition of determinant length and vibration frequency of the
structure, which are inter-related and significantly influence results. This paper investigates the suitability of applying the dynamic amplification formulae to masonry
arches. In particular, the code provision for choosing determinant length as half the
span length is critically evaluated.
To achieve this, the dynamic response of a damped two-hinged circular arch due to
a moving point load is evaluated using Galerkin’s method. After a brief survey of existing analytical solutions to similar problems [3], it is identified that the existing analytical solutions for curved beams feature important simplifications. These relate to absence of damping and the linearization of problem geometry in the formulations, which
limit their applicability. The existing formulations were improved and a numerical procedure was proposed to solve the resulting differential equations.
Analysis of a semi-circular arch from Ireland is then presented. Analytical solutions
are compared to finite element analysis results for an instrumented single span arch.
The comparisons clearly demonstrate the interaction between multiple axles, and highlight the dynamic amplification of loads. A good agreement was observed between the
analytically obtained modal parameters, experimentally determined modal frequency
and FEM simulated mode shape.
Finally, dynamic amplification results from the analytical formulation due to a single axle vehicle passing over the investigated bridge for different train speeds is explored. The results reveal dynamic amplifications over 50% for regular line speed,
whilst codified assessment formulae typically underestimate the dynamic amplifica-
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tion, depending on the chosen parameters for the determinant length and vibration frequency. It is suggested to develop the proposed analytical formulation further to set a
rational basis for codified dynamic amplification formulae for masonry arches. This
will require further testing and computational analysis.
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Significant portion of the European railway bridge stock is represented by masonry arch
bridges even nowadays. Over the past century the axle loads and the train speeds have
been continuously increased [1], while the structural elements of these bridges have
been gone through severe deterioration [2]. The statistic research of Orbán [3] showed
that the occurrence of the structural problems connected to the spandrel walls is more
common than the failure of the arch barrel caused by overloading. Still, until now engineers and researchers typically focused on the behavior of the arches and on the archsoil interaction, while the behavior and mechanical role of the spandrel walls of the
masonry bridges were less investigated. According to the visual inspection of bridge
assessment engineers, the failure mechanism of the spandrel walls can be grouped into
four main group [4], as it can be seen in Fig. 1.:

a.)
b.)
c.)
d.)
Fig. 1. Failure mechanisms [4]: tilting (a.); bulging (b.); sliding (c.); detachment (d.).

The aim of this paper is to develop a numerical model able to capture the previously
mentioned four failure mode of spandrel wall and able to demonstrate the beneficial
role of the spandrel walls regarding the load bearing capacity and the structural stiffness
of the masonry bridge.
In this work, the masonry arch bridge was analyzed with the help of a three-dimensional software (3DEC) based on the discrete element method. Every stone of the arch
barrel and the spandrel walls was represented by linear elastic discrete elements. The
backfill appeared in the model as a single, deformable element, with Mohr-Coulomb
failure criteria. The interface elements between the stone blocks and the backfill permit
the interpenetration of the elements, while let the soil slide upon the stones. The ballast,
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the sleepers and other constructional elements were neglected in this study. The supporting effects of different type of wing walls were modelled with appropriate boundary
conditions.
At the beginning of each simulation, only gravitational effects were applied and the
structure was brought into equilibrium. After it, a displacement-controlled loading was
started with a loading element at quarter span. The response of the structure was analyzed by load-displacement curves. Moreover, the lateral displacements of the spandrel
at quarter span were recorded.
Comparing the differences between parallel and perpendicular wing walls (Fig. 2) it
can be seen that lateral displacement of the spandrel walls is smaller in the case of wing
walls parallel to the abutments. In accordance with this, the load bearing capacity of the
parallel wing wall models were typically ~5-10% greater (Fig. 2a). Fig. 2b shows the
distorted shape of spandrel wall. It is evident that the spandrel wall slided upon the arch
barrel, and this movement was combined with a small forward rotation (in the case of
wing wall parallel to the abutments).

a.)
b.)
c.)
Fig. 2. Load-displacement curve of the bridge (a) and lateral displacements of the parallel (b) and
the perpendicular (c) spandrel walls

The presented study demonstrated that the developed numerical model gives back
those failure mechanisms of spandrel walls, which were observed and documented [4]
earlier by bridge inspection engineers and it can be applied to determine the load bearing capacity and the structural stiffness of masonry arch bridges.

References
1. Jensen JS, Casas JR, Karoumi R, Plos M, Cremona C, Melbourne C. Guideline for load and
resistance assessment of existing european railway bridges. Fourth International Conference
on Bridge Maintenance, Safety and Management. France2008. p. pp 3658-65.
2. Brencich A, Morbiducci R. Masonry Arches: Historical Rules and Modern Mechanics. International Journal of Architectural Heritage. 2007;1:165-89.
3. Orbán Z. Assessment, reliability and maintenance of masonry arch railway bridges in Europe. In: P. Roca CM, editor. ARCH 04: 4th International Conference on Arch Bridges.
Barcelona, Spain2004. p. 152-61.
4. Gibson DS, Wilkins AG. Spandrel Walls - Managing the Risks. Mott MacDonald, Network
Rail; 2012.

56

Book of Abstracts
Back to CONTENTS

ARCH2019 – 9th International Conference on Arch Bridges

Geometric Non-linear Form-finding Design for Optimal
Tied Arch Bridge
Esko Järvenpää1, Rauno Heikkilä2 and Matti-Esko Järvenpää3
1

WSP Finland and University of Oulu, Vesalantie 10, FI-90410 Oulu, Finland
esko.jarvenpaa@wsp.com
2 University of Oulu, PL 8000, FI-90014, Oulu, Finland
3 WSP Finland, Heikkiläntie 7, FI-00210, Helsinki, Finland

Keywords: Tied arch, Form-finding, Composite arch, Optimum rise relation

1

Introduction

Computer-aided design and computation of complex structures are capable in
producing structures that meet the requirements set by standards. The architect
and the engineer do not necessarily have to consider the basic questions of what
kind of structure would be optimal. Traditionally rise relations from l/4 to l/6 have
been considered to give the optimum height for the arch structure. The article indicates
reasonably higher arches.
This article discusses about the optimization of tied arches with vertical hangers. The
papers published about tied arches often mention that the design is optimized, without
further information how it is done. In the article tied arch is optimized solely for
permanent loads. This may be justified because the permanent gravity loading often rises to level of 60-80 % from the total loads.
Depending on bridge site, tied arch bridges can be cost effective, competitive
alternatives to cable-stayed bridges [1].

2

New Method for Optimal Tied Arch Bridge Form-Finding

The concept of force-length is an effective tool for finding the optimum rise for the
arch structures. The axial force-length 𝒇𝒍 is defined as:
𝑓𝑙 = ∑𝑛𝑖=1 ⎸|𝑁𝑖 | ∗ 𝐿𝑖

(1)

where 𝑁𝑖 is the member axial force, 𝐿𝑖 is the member length, and n is the number of
the members. The optimum rise relation l/h is found by finding the minimum for 𝑓𝑙 .
This is valid only for the funicular shape of the structures. Parabolic arch is funicular
only if the load is vertical and uniform. For parabolic arch, when hangers are calculated
as curtain structure, the mathematical solution for the volume of load bearing materials
is
𝑉 = 2𝑞(

𝑙3

16ℎ
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where ϱ is the unit weight and σ the stress of the arch, tie and hangers. The optimum
rise relation for min material volume l/h with equal stresses and unit weights is 4⁄√3.

Fig. 1. Parabolic arch with curtain hangers and form-found constant stress arch.

3

Form-Finding of Moment-Less Arch

Mathematical solution for moment-less pure arch with general case of loading have
been derived [2]. A numerical vector algebra iteration is a practical tool for tied arch
form-finding. Only information of the estimated loads and span length is needed. One
need to calculate the support reactions and then solve the coordinates of the crossing
point of the axial resultant force vector and the arch lumped mass self-weight vertical
load line and continue calculation over the whole arch. Each calculation round gives
new coordinates. Because the arch member lengths change in calculation one need to
do a couple of calculation rounds before the change is acceptably small. The weight of
arch can be calculated using lumped masses and concentrate the lumped masses to the
weight point of each member. This leads to geometric non-linear iteration, where after
every iteration the number of members, nodes and their coordinates x and y changes.

4

Results and Conclusion

Calculated example, a concrete filled steel tube tied arch with span of 250 m and deck
weigh of 200 kN/m led to optimum rise relation l/h =2,55. The shape of the arch and
the cross-sections of the arch were designed as constant stress structure [3]. The cost
increase of the load bearing material compared to the bridge with the rise relation of
5,0 was 31,8 %. Optimum tied arch is higher than traditionally used. The calculation to
find the moment-less shape of arch for permanent loads is an important step in the
design. An iterative, vector algebra solution is a good tool for form-finding of the arch.
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1

Introduction

Presented in this paper displacement computing algorithm is based on the results of
measurements of the bridge located in Ostróda (Poland) Fig.1. This bridge structure
held the world record for shell span until March 2019 [3].

Fig. 1. Cross section of the structure and location of the live load vehicle.

Influence functions can be determined on the basis of measurements performed on
soil-steel structures being in service, subjected to a load in the form of a system of
concentrated forces comes from the vehicle wheels.

2

Shell Displacement

Corrugated plates in soil-steel structure models are modelled as orthotropic shells
or as beam elements. In order to determine the displacement of any shell point in
radial direction r one uses the classic (Mohr’s) integral algorithm as in the equation for the beam elements approach.
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r

1
1
 M p M r ds   N p N r ds
EI
EA

(1)

Fig. 2 shows the geometrical relation (based on the planar cross section principle)
for unit strains in the cross section of the circumferential section.

Fig 2. Geometry of circumferential sections and strain plot in corrugated steel plate.

3

Shell Deformations as a Result of Strain Gauges’
Measurements

In order to illustrate the mentioned above, computational algorithm it is applied
here to the results of measurements carried out on the motorway soil-steel bridge
in Ostróda (Poland).

4

Summary

The algorithm for converting strains into displacements. Proposed in this paper allows
to obtain accurate results. The advantage of this measuring method (strain gauge monitoring) is that there is no need for the solid scaffold used for displacement measurements.
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1

Introduction

The construction phase, when the height of cover is minimal and there is no pavement,
is studied in this paper. During backfilling the steel structure is subject to considerable
strains since it is a geometrical form restraining the soil in the structure under construction.

Fig. 1. Loads occurring during construction of soil-steel structure.

2

Effects of Backfilling on Arch

In soil-steel structure models we can distinguish two structural subsystems: the
backfill plus road superstructure, and the shell. As a computational model of the
soil-steel structure during its service a 3D model is used. For the soil-steel structure during its construction a simplified model in the form of its circumferential
section, i.e. a 2D model, can be assumed.
A measuring system installed around the periphery is used to investigate internal
forces in shells made of corrugated plates.
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a)

b)

Fig. 2. Geometry of soil-steel structure a) Model and interactions. b) Corrugated steel plate cross
section and strains distribution.

3

Soil-Steel Bridge in Ostróda

In order to illustrate mentioned above computational algorithm it is applied here
to the results of measurements carried out on the motorway soil-steel bridge in
Ostróda (Poland).

p [kPa]

11.8Zg [m]
10.4
9.2
number of point

7.5

Fig. 4. Plots of contact interactions along steel shell periphery.

Fig. 4 shows plots of interfacial interaction (normal p) components versus backfill
thickness zg (as in Fig. 2a).

4

Conclusion

Present in this paper algorithm is used to convert the results of strain gauge measurements performed on the corrugation’s crest and valley into soil-steel structure.
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1

Experimental Campaign

Net-arch bridges are slender bridges with inclined hangers which cross each other at
least twice suited road and rail bridges due to small amount of used steel [1].
Nowadays due to the increased spans and compression loads, big and/or heavy sections are required in the arch design. While using very economic HD sections for the
arches, butt weld splices need specific weld access holes, which have impact on the
fatigue behavior. These weld access holes reduce triaxial stress state in the splice, when
comparing them to a butt weld splice without access holes.

2

Numerical simulations

Numerical simulations have been performed using Sysweld software for an automatic
beam splice butt weld, Fig. 1. The aim of this analysis was mainly to determine the
residual stresses in the beam after the welding process. It can be observed that near the
access holes significant residual stress levels appear

Fig. 1. a) welded specimen; b) clamping conditions; c) Hydraulic stress after appendix cutting.
Book of Abstracts
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3

Experimental Campaign

Experimental tests were needed for validating the numerical results and for a better
understanding of the residual stresses in the welded connection and the shape of the
access hole, Fig. 2. The aim is to be able to assess the fatigue behavior holistically in
the numerical model. The experimental campaign consisted in a butt weld splice of two
profiles HD 400x744 in HISTAR®460 grade, using automatic welding. The welding
properties were characterized according to EN ISO 15614-1 [2].

Fig. 2. a) Beam splice configuration; b) welding sequence.

4

Conclusions and Future Steps

The main purpose of the experimental test is to evaluate the residual stresses and compare them with the numerical model. It has been observed that in the zone of the access
holes the plastic strains were higher after the welding process. In order to optimize the
fatigue behavior, a new geometrical configuration of the access holes will be analyzed
with the numerical model in order to reduce the level of stress concentration. An optimized weld access hole geometry shall be proposed.
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1

Introduction

For steel truss structures, the boundary conditions of truss joints are the most un-known
parameter that may create huge impacts on the results of structural analysis especially
dynamic analysis. Therefore, this paper analyses and selects boundary con-ditions of
truss joints that can reflect accurately the dynamic characteristics of truss structures.

2

Operational Modal Analysis of the Nam O Bridge

2.1

Description of the Nam O Bridge

The Nam O railway Bridge (Fig. 1) is a long-span steel truss bridge connecting the train
traffic from the South to the North in Vietnam.

Fig. 1. The layout of Nam O Bridge.
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2.2

The Ambient Vibration Test

Excitation sources are ambient vibration of wind or the free vibration of the bridge after
train passing (Fig. 2).

Fig. 2. The measurement grid: red: reference points; blue: roving points [1].

3

Stiffness Identification of Truss Joints

3.1

Scenarios of the stiffness conditions

Because of the uncertainty of boundary conditions of truss joints, three possible scenarios of stiffness conditions of truss joints are evaluated: pin, rigid, and semi-rigid.
3.2

Stiffness identification of truss joints

Model updating is applied for Nam O Bridge to identify 8 uncertain parameters (Fig.
3).

(a)

(b)
Fig. 3. Uncertain parameters chosen for model updating in Nam O Bridge [1].

After model updating, uncertain parameters of the Bridge are adjusted as listed in
Table 1.
Table 1. Value of unknown parameters before and after updating [1]
Before
After

k1
1.3
1.20

k2
1.3
1.16

k3
1.3
1.12

k4
1.3
1.16

k5
1.5
1.40

k6
1.5
1.33

k7
8
7.6

E
2
1.98
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1

Using Standard Shapes

This extended abstract summarizes the contents of the paper with the same title that
deals with the use of better shapes for structural analysis input. At the core of the
thoughts presented in this paper is the fact that basing structural analysis on standard
arch shapes may be convenient and expeditious for the design of new structures but
may not be sufficiently precise for older ones, especially if some deformations have
occurred over time.

2

Use of Photogrammetric Shapes

One existing and well-known method is photogrammetric mapping. However, the photogrammetric collection of actual shape data is very rare, despite the many advantages,
which include much less invasive and quick data collection and an improved identification of structural weaknesses. One such study was done on a historic stone bridge,
the Ely’s Bridge in Monti-cello, Iowa, USA, built in 1893, and that is listed in the National Register of Historic Places.
Hand-held photographs were collected after establishing a minimum of ground control. Bridge edges where then digitized using photogrammetric software. This resulted
in a complete wire-frame that was fed into a selection of structural analysis packages.
One such result appears in Figure 1, showing the nominal circular arches geometry (a)
and the real geometry with imperfections (b).
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Fig. 1. Geometries used in the analysis: (a) nominal geometry with circular arches, failure occurred in the third arch, and (b) real geometry with imperfections, as captured from photogrammetric readings, failure occurred in the second arch.
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1

Bridges Included in The Study

The geometric information of 20 steel arch bridges, shown in Fig. 1, was collected
and used to investigate the correlation between proportions and behaviour. The sample bridges are deck arches, half-through arches, and suspended arches from existing
provincial steel arch bridges in Ontario, Canada and other steel arch bridges familiar
to the authors.
The empirical trends of flatness (span-to-rise ratio), arch depth and girder depth,
bending stiffness, slenderness, and shallowness were computed and plotted versus
span length. These trends can be used for evaluating feasibility of a steel arch bridge,
initial proportioning, and for validating designs. This work is inspired by research on
concrete arch bridges [1].

Fig. 1. Images of bridges included in the study
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Fig. 2. Arch depth (□), girder depth (+), and system depth (●) vs. span length.

2

Findings

The significant spread of results is reflective of the flexibility of steel design and the
significantly different appearance of the bridges. Observed trends of the study that
may be useful in preliminary design include the following.
 Span-to-depth ratios typically lie between 4 to 8, with an average of 6.
 Both arch-stiffened and deck-stiffened steel arches are common for spans less than
80 m, but arch-stiffened arch bridges are more common with increasing span.
 The system depth is always greater than 1 m and increases with span length above
80 m and may be governed by other consideration for spans less than 80 m.
 The system depth varied between 25 and 50, beyond the range of 30 to 45 recommended by [2].
 The combined graphs provide a reasonable means of assessing the efficiency of a
proposed arch. Arch bridges with apparent visual slenderness generally had lower
span to system depth ratios and lower effective stiffness depth, which indicates an
effective use the stiffness in both the arch and deck.
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1

Introduction

The mechanism method has been extensively applied for the stability assessment of
masonry arches, assuming no tensile strength for the material [1-4]. Later, a finite
strength of masonry has been considered for a single span bridge [5-9]. Little interest
has been devoted to the limit analysis of multi-span masonry arch bridges [10,11].
In this paper a mechanism approach based on finite compressive strength of masonry
is proposed for two-span bridges, resorting to non-dimensional parameters. The model
does not take into account the contributions of fill and spandrel walls to the whole load
carrying capacity of the bridge.

2

Limit Analysis

The actual load factor is the only which is contemporarily kinematically and statically
admissible. The solution is searched iteratively assuming a starting set of hinge positions. Then, the corresponding load multiplier is calculated using the kinematic theorem
and external forces are found according to equilibrium conditions.
As an example, consider a two-span arch bridge with the following characteristics:
̂𝑝 = 0.5; 𝛾 = 0.5
𝑓̂ = 0.25; ℎ̂ = 0.05; 𝑡̂ = 0.06; 𝑡̂𝑝 = 0.13; 𝐻
The bridge is loaded on a strip of length 0.125×L centered at quarter of the first span.
The load is spread with a ratio 1:2. Let consider a non-dimensional compressive
strength of the masonry 𝜎 = 𝑓𝑢 ⁄𝛾𝑤 𝐿 = 7 (𝑓𝑢 = ultimate stress of masonry). The load
multiplier is 0.61 whereas in the case of infinite strength it is 0.93. The line of thrust is
shown in Fig. 1a. Finally, some results varying the strength of the material were obtained. Fig, 1b shows the load multiplier, normalized with respect to the Heyman’s
solution, versus the masonry strength.
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3

Conclusions

The application of the mechanism method in the case of finite compression strength of
masonry for a two-span arch bridge has been presented in the paper. Results are shown
for a selected case, varying the material strength, with reference to non-dimensional
parameters. Further development will be the derivation of results for a large set of parameters in the ranges of practical interest.

a)

b)
Fig. 1. Line of thrust (a) and collapse load multiplier (b).
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Nowadays, an ever-increasing attention is dedicated to a reliability assessment of structures, with specific reference to a set of performance targets. Engineers have thus to
guarantee adequate safety levels for the entire service-life of the structure of inter-est.
When dealing with seismic reliability analysis, the main contributions to consider are
the likelihood of each ground shaking level at the construction site, and the most probable structural response due to a specific shaking value. The goal of the seismic reliability analysis is thus to couple these two aspects and find suitable indicators for representing the structural safety level. In this context, one of the most adopted risk indicators is the so-called annual failure rate 𝜆𝑓 that represents the annual rate of exceeding a
specific damage state for the structure. This indicator is usually computed assuming
that the occurrence of the main earthquakes at the construction site can be represented
by a Homogenous Poisson Process (HPP) and that there is not damage accumulation
on the structure. 𝜆𝑓 can thus be computed as
𝜆𝑓 = ∫𝑖𝑚 𝑃[𝑓|𝑖𝑚]|𝑑𝜆𝑖𝑚 |

(1)

where 𝜆𝑖𝑚 is the so-called hazard curve and represents the seismicity at the construction
site, and 𝑃[𝑓|𝑖𝑚] represents the structural vulnerability, i.e. the probability of reach and
exceed a specific damage level conditioned on a given value of ground motion intensity
measure 𝑖𝑚.
The present work wants to apply the previously mentioned consolidated procedure
to the specific case study of an open spandrel RC arch bridge located in Vicenza (IT),
adopting as suitable engineering demand parameter the inter-storey drift ratio of the
columns between the RC arches and the RC beams grillage. The paper is mainly divided
in two parts. In the first part, a summary of the mathematical procedure is provided,
while in the second a wide description of the case study is reported. In the case study
application, the Probabilistic Seismic Hazard Analysis, adopted for characterizing the
construction site seismicity, and the Cloud Analysis, performed for deriving the fragility curves via the use of non-linear time histories analyses, are widely discussed.
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1

Introduction

Limit analysis provides a simple yet effective means of verifying the safety of masonry
arch bridges. However, a disadvantage of traditional rigid block limit analysis methods
is that any soil fill surrounding the arch barrel in a bridge cannot readily be modelled
directly, since the locations of potential failure planes in the soil are not known in advance. Also, it will seldom be feasible to model every individual unit in the masonry
parts of a bridge with a rigid block. In this contribution discontinuity layout optimization (DLO) is used to extend the scope of the traditional rigid block analysis method,
enabling direct modelling of both masonry and soil elements. DLO involves discretizing a solid body using nodes, and then interconnecting pairs of nodes with potential
failure plane discontinuities. Optimization can then be used to identify the critical subset of discontinuities at failure which defines the geometry of the critical failure mechanism.

2

Application to masonry arch bridges

In this contribution DLO is used to analyse a range of masonry arch bridge problems,
illustrating its range of applicability; sample output is provided in Fig. 1.

3

Conclusions

Discontinuity layout optimization (DLO) is a powerful numerical limit analysis technique that can be usefully applied to the analysis of masonry arch bridges. In this contribution the flexibility of the procedure is outlined, with masonry and soil elements
both modelled directly. In the case of masonry elements, both rigid block and homogenized models have been demonstrated, where the latter is likely to provide more conservative estimates of capacity.
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(a) W = 176 kN/m

(b) W = 213 kN/m

(c) W = 153 kN/m

(d) W = 141 kN/m
Fig. 1. Masonry arch bridge DLO models, indicating the applied load W at collapse for bridges
with (a) soil backfill, (b) soil backfill and inclined backing (homogenized masonry model),
(c) rigid block spandrel model, (d) homogenized masonry spandrel model.
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1

Introduction

Masonry arch bridges continue to form a vital part of the transport networks of the UK
and other countries around the world, where most masonry arch bridges have typically
been in service for well over 100 years. To verify that they can safely carry modern
traffic they need to be regularly assessed; however, assessment is not always straightforward, due to the wide range of geometrical configurations encountered and the many
variables that influence structural behaviour. Specifically, whereas research in recent
years has predominantly focused on the behaviour of arch bridges containing soil backfill, much less attention has been paid to bridges containing internal spandrel walls,
which have different performance characteristics (Ruddock 1974).
In the present study the discontinuity layout optimization (DLO) limit analysis technique (Smith and Gilbert 2007) is applied to bridges incorporating internal and/or external spandrel walls. DLO is an upper bound method capable of model-ling both soil
and masonry elements, enabling comparisons between the behaviour of bridges containing soil fill and internal spandrels to be drawn.

2

Numerical Modelling

The DLO numerical limit analysis method has been applied to a range of bridges tested
in the laboratory and in the field, and then to a case study example, Dinging Vale Viaduct, a bridge built to carry railway traffic in the UK (Jee 1846).
The study suggests that the collapse behaviour of bridges with internal spandrel
walls will often be broadly similar to that of bridges with soil backfill; in both cases
bridges are likely to fail in hinged mechanisms, though slight differences in mechanism
geometry are likely to be observed (e.g. see Fig. 1).
Also, the numerical models suggest that internal spandrels may increase bridge load
carrying capacity, though this effect will be dependent on the extent of the voids in the
bridge superstructure.
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Fig. 1. Dinting Vale Viaduct: predicted DLO failure mechanism of representative part of the
bridge. Load applied near crown of central span, with (a) soil backfill (hypothetical), collapse
load = 1641 kN/m; or (b) internal spandrel walls, collapse load = 1987 kN/m (+21% cf. soil
backfill).

3

Conclusions

 Numerical limit analysis provides a comparatively computationally inexpensive
means of modelling the inherently discontinuous modes of response which occur in
masonry arch bridges at the point of collapse. Discontinuity layout optimization
(DLO) is a powerful numerical limit analysis procedure capable of computing the
load carrying capacity of bridges with soil fill and/or internal spandrels.
 Application of DLO to masonry arch bridges has shown that the collapse behaviour
of bridges with soil backfill is broadly similar to that of bridges with internal spandrel walls, with both failing in hinged mechanisms; however slight differences in
the geometry of the failure mechanism are likely to be observed.
 A bridge with internal spandrel walls is likely to have a higher load carrying capacity than a comparable bridge with soil backfill, though this is dependent on the extent of the voids in the bridge superstructure, and also on the boundary conditions
involved.
 This study forms the first stage of an investigation into the performance of masonry
arch bridges containing internal spandrel walls. Future work will include load tests
on model bridges constructed with internal spandrel walls.
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1

Introduction

Limit analysis has been used for many years to rapidly estimate the ultimate load-carrying of masonry arch bridges. However, often only masonry elements are modelled
directly, with the surrounding soil backfill modelled in a simplified, indirect, manner.
Due to the importance of the soil backfill, this may lead to inaccurate predictions of the
load-carrying capacity of a bridge. In this contribution, a soil backfill model based on
lower-bound (stress field) theory is proposed, similar to that used to compute the bearing capacity of shallow foundations. In the model the Mohr-Coulomb criterion is
strictly obeyed in the stress fields in the soil fill surrounding the masonry elements of
bridge. The model is applied to backfilled masonry arch bridges, with results compared
with the upper-bound (failure mechanism) solutions obtained using the discontinuity
layout optimization (DLO) numerical limit analysis procedure [1].

2

Application

Figure 1 shows the influence of loading position on predicted upper and lower bound
(UB, LB) predictions of carrying capacity; Fig. 2 shows sample UB mechanisms.

Fig. 1. Case study bridge: load carrying capacity at different load positions.
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Fig. 2 Failure mechanisms for case study arch bridge obtained via LimitState:GEO: (a) global
failure; (b) local failure.

In this case the gap between upper- and lower-bound solutions is approximately
10%. The load-carrying capacity of the bridge was reported to be 149kN [1]. Note that
in the lower bound stress field models the Mohr-Coulomb criterion was verified numerically to be satisfied throughout the soil-fill surrounding the masonry arch barrel.

3

Conclusions

It has been demonstrated that lower-bound stress fields can be used in conjunction with
the rigid block analysis method to provide rapid lower bound estimates of the load carrying capacity of masonry arch bridges. The lower bound results obtained for a case
study bridge model were found to be quite close to corresponding upper-bound solutions obtained using the discontinuity layout optimization (DLO) limit analysis procedure. It was also observed that global and local failure could be modelled using lowerbound stress fields (e.g. signaling cases where failure of the traffic surface would in
practice occur before failure of the bridge, or alternatively signaling that unrealistically
low soil strength properties were used in the model).
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1

Situation

Due to increasing traffic loads on road bridges in Germany, existing bridges need to
be reassessed. These structural reassessments based on the current German standard
DIN EN 1992-2/NA for concrete bridges often uncover substantial deficits in terms of
the required shear reinforcement in longitudinal direction. Such deficits are indeed
only partly caused by the increase of traffic loads in current German standards for
road bridges. Most of it is attributed to the evolution of structural shear capacity calculation models, whereas the most crucial change in German shear design procedure
can be detected as switching from principal stress design to the truss model with corresponding modifications regarding the shear reinforcement shapes.
It is a matter of great public interest to investigate whether additional load bearing
capacities can be applied to current approaches for shear assessments without undercutting the required safety level. The Arch Action Model, which is presented in the
article at hand, allows a more accurate shear resistance calculation and is considering
arching effects at beams with parallel chords. Thus in many cases existing bridges can
be prevented from expensive strengthening or even premature replacement.

2

Assessment

The truss model as defined by DIN EN 1992-2/NA is largely based on the assessment
of shear force experiments carried out on untensioned reinforced single-span concrete
beams. Hence, this model does not take into sufficient account the specific structural
behavior characteristics of large prestressed continuous concrete beams. Concrete
beams (with parallel chords) provide a significant concrete contribution to the shear
load bearing capacity due to arching effects, which is of particular interest at prestressed concrete beams. This compressive membrane action is not considered for
bridge design acc. to DIN EN 1992-2 and the corresponding German NA. As part of
several research programs [2-6] the authors developed the analytical Arch Action
Model (AAM), which can be applied to assess the ultimate shear capacity of a prestressed member with parallel or inclined chords close to reality (see Fig. 1). Therefor
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large-scale experiments on prestressed continuous concrete beams have been executed. Using the examples of two test beams, analytical assessments based on the AAM
and DIN EN 1992-2/NA have been undertaken.

Fig. 1. Idealized truss model of a prestressed concrete beam subjected to bending and shear [6].

3

Results

The shear resistances acc. to DIN EN 1992-2/NA were far below the true shear capacities the test specimen possesses, the shear resistances of the prestressed concrete
beams acc. to the AAM were in good agreement to the experimentally determined
values. The analytically determined arch shapes were also in good accordance to experimentally measured arch shapes [7]. It was shown that a significant concrete shear
capacity Vcc due to arching effects could be applied in order to determine the shear
resistance of a member close to reality. Applying such models is advisable in order to
determine the shear capacity of existing structures close to reality.
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1

Introduction

Italian railways network includes over 19 thousands of bridges and almost 2 thousands of tunnels that make it possible to trains to overcome the complex and winding
Italian territory. In compliance with the Italian law OPCM 3274/2003 (Ordinance of
Presidency of the Council of Ministers No. 3274, 2003) the seismic vulnerability of
about 5600 bridges is currently being assessed by RFI (Italian Infrastructure Manager). Masonry arch bridges represent about 36% of the railway bridges population and
therefore the mitigation of the seismic risk for this category of bridge takes on great
importance. The paper will present in the first part the seismic assessment procedure
comprising the methods of analysis. In the second part, a brief overview on the
strengthening intervention strategy is shown, in order to meet the requirements imposed by current legislation, without losing sight of the infrastructure use requirements.

2

Seismic Assessment Procedure

In compliance with the Circular n. 7 [3] investigations are carried out aiming at deriving the geometry, site category and material properties of the structures. To this purpose, both in situ tests and laboratory tests are carried out. Kinematic analysis is used
for the analysis of single span bridge with low skew angle in accordance to [4,5,6,7].
More precisely two types of collapse mechanisms are analyzed: the first one reproduces the collapse of the arch only, while the second one involves also the abutments
that overturn with the formation of hinges inside them. In the case of multi span
bridges or single span irregular bridges, non-linear static pushover analyses are adopted.
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3

Strengthening Intervention

In order to improve the response of those structures exhibiting a capacity that is lower
than the demand defined by the Italian standard, the following intervention strategy is
currently being implemented. In most cases, the intervention aims to prevent the overturning mechanism of the spandrel walls and consists of anchoring metal tie bars to
the masonry by means of clamp plates. In the other cases, when a global vulnerability
is encountered, interventions with increasing impact are designed depending on the
structural capacity of the original bridge.

4

Conclusion

The seismic vulnerability of 5600 bridges are currently being assessed by RFI (Italian
Infrastructure Manager) in compliance with the Ordinance 3274 (Presidency of the
Council of Ministers 2003), which requires the assessment of the strategic structures
belonging to the National Railways System. The first results obtained for about 300
analyses confirm that rounded arches exhibit lower capacity than segmental ones in
the longitudinal direction, while in the transversal direction the shape of the barrel has
a marginal effect on the overall capacity of the structure. Eventually, an intervention
strategy that is currently being implemented by RFI to improve the response of masonry arch bridges is described.
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1

Collapse Multiplier for Single-Span Masonry Arch Bridges

In the Kinematic Method applied to arch-type structures, Heyman computed the virtual
work of the external applied forces using “any system of bending moments” balancing
the forces themselves [1]. Similarly, the Consecutive Plastic Hinges (C.P.H) theorem
[2] can use “any thrust line”, balancing the forces themselves, in order to obtain the
virtual work through the moments of the forces applied to an arch with respect to the
plastic hinges, without computing the virtual displacements. If the thrust line runs
through three of the four plastic hinges of the arch, the virtual work of all the vertical
and horizontal forces applied to the arch can be written as a simple single product.
As a result of the C.P.H theorem, the kinematic multiplier is obtained without computing any virtual displacement. Assuming infinite compressive strength, one obtains
the further simplification of zero virtual internal work. Hence, if the resistance is infinite, the kinematic collapse multiplier has been obtained not only without calculating
any displacement, but even without calculating any rotation.
V+H

V

R1

H

Q

d1

d1

Q

R1

Fig.1. Virtual works using thrust lines.
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The paper focuses on masonry arch bridges (see Fig.1) and the thrust lines are obtained
– separately for dead loads (V+H) and for live load Q – through three of the four plastic
hinges of the arch. The kinematic collapse multiplier is given by the ratio between the
moments of the resulting thrust force 𝑅1 due to permanent loads V+H and the one due
to live loads Q, with respect to the remaining hinge (hinge 1):
𝜆𝑄 = −

2

(𝐿𝑉 + 𝐿𝐻 )
(𝑅1 ∙ 𝑑1 )𝑉+𝐻
=−
(𝑅1 ∙ 𝑑1 )𝑄
𝐿𝑄

(1)

Collapse Multiplier for Multi-Span Masonry Arch Bridges

Even in the case of a collapse mechanism involving successive arches, the CPH theorem allows one to calculate the kinematic multiplier without determining any virtual
displacements. In the paper a real railway bridge is examined. At first, the train position
corresponding to the collapse mechanism associated with the minimum multiplier is
found. Then, leaving the position of the railway load unchanged, we use the Minimum
Equilibrated Compression theorem [3], [4] to obtain the static collapse multiplier for
any compressive strength value (even, at the asymptote, for infinite strength). This multiplier is checked via the kinematic method by drawing thrust lines (separately for the
dead and live forces) through the three plastic hinges positioned on the arches themselves.

3

Conclusions: Application for Masonry Bridge Retrofitting

The application of the described procedure for retrofitting masonry arch bridges in a
practical setting requires further verification of the base hypotheses. The uniform distribution of compression across the sections where the plastic hinges are formed assumes that the material ductility is sufficiently large [5]. In the case of shallow arches,
the classic assumption of hinge-mechanism is not always fulfilled, as it could be anticipated by local instability or by masonry crushing. In addition, the two-dimensional
model is obtained by neglecting some contribution to the bridge load carrying capacity,
mainly the in-plane resistance of the spandrels.
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1

Introduction

Network arch bridges are arch bridges where hangers intersect each other at least twice.
This definition has been introduced for the first time by Per Tveit during his PhD. He
looked for an innovative design of arch bridges starting from the Nielsen bridges, which
also display an intersection between cables. Due to excessive axial force developed in
the arches, they are sensitive to undergo instability phenomenon, either in plane or outof-plane or both. For this reason, it is necessary to provide an optimum cable arrangement, which gives a minimum stress distribution into structural elements. Several authors [1-3] focused their researches to deliver an optimal cable distribution within the
arch.
The global behavior of network arch bridges under traffic loads has been studied
throughout extensive nonlinear analyses in order to point out the structural performance
of this bridge typology. Firstly, an initial imperfection has been assigned to the arch
before the nonlinear analysis then the influence of the lateral bracing typologies and its
position to the lateral displacement have been developed. One of the principal outcomes
from performed analyses showed that the lateral displacement of the arch in network
arch bridges subjected to vertical loads increases with an increase of live loads up to
the critical load.

2

Methodology

Due to the lack of physical resources, the numerical analysis has been adopted in this
study. The bridge considered in this study is a 100 m span simply supported steel bridge.
The height of the arch has been chosen to have a desired span/height ratio equal to 0.20.
The bridge consists of two arch layouts with network arrangement of hangers. The two
arches are welded directly to two lateral girder beams inter-connected throughout 10 m
equally spaced transversal beams, which represent the width of the bridge.
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3

Findings

The key finding from the study is that the lateral sensitivity of both braced and unbraced
arch bridges subjected to vertical loads is characterized by 3 states: one linear and two
non-linear. From a stress point of view, the load increases linearly with the lateral displacement until the material reaches the yielding stress. Thus, the first hinge is formed
with the partial plasticization of the section and will end the linear phase.

4

Conclusion

The global out-of-plane behavior of network arch bridge has been studied in this paper
through intensive nonlinear analysis. The results from finite element models show a
gradual yielding of arch either from the support toward the arch midspan or from the
arch midspan toward the support. The yielding process is fast for the early case and the
hinges are formed rapidly until the braced region of the arch while in the latter case, the
development of yielding is prevented by the bracing system. On the other hand, for
arches without lateral bracing, multi-shape modes are observed.
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1

Introduction

The beneficial composite action requires force transfer between the steel tube and the
core concrete, while the debonding will have unfavorable effect on it [1-4]. Actually,
debonding caused by some unavoidable reasons defined in Literature [1] is almost
unavoidable in CFST structures. The research on the debonding CFST long columns
was carried out in this paper.

2

Test Programme and Results

A total of 8 specimens were prepared for the test, of which the outer diameter (D) was
chosen as 219 mm. The debonding thickness of all specimens was chosen at 3 mm.
Furthermore, the debonding length of all specimens in the longitudinal section was
the same as the total length of the specimens. The debonding arc-length ratio was set
as 0.25. The slenderness ratio and steel ratio were chosen as the key parameters. The
details of all test specimens are listed in Table 1.
Table 1. Summary of specimens.
Number Label
1

N219-4-876-A

2

D219-4-876-A

3

N219-5-876-A

4

D219-5-876-A

5

N219-6-876-A

6

D219-6-876-A

7

N219-4-1752-A

8

D219-4-1752-A
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α

λ

3197

0.073
0.091

2678
16

3298
2816
3698

0.11
0.073

Nu or ND (kN)

3268
32

3094
2692

KN
0.837
0.854
0.884
0.870

DL(mm) KD
1.89
1.64
1.52
1.23
1.41
1.11
2.06
3.26

0.87
0.81
0.79
0.69
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All the tests were performed on a 10000 kN capacity testing machine in the structure engineering testing laboratory of Fuzhou University, China. The test set-up are
illustrated in Fig. 1. The load–longitudinal displacement curves of non-debonding and
debonding specimens are compared in Fig. 2.

Fig. 1. Test set-up.

3

Fig. 2. Load-longitudinal displacement curves.

Conclusion

The failure modes of the specimens show that the specimens under axial load are
subjected to bending failure. Compared with the non-debonding specimens, the
debonding specimens experience a strong concrete crushing during the loading process. The ultimate load-bearing capacity of debonding specimens is less than that of
non-debonding specimens. With the increase of steel ratio or the decrease of slenderness ratio, the ultimate load-bearing capacity of the specimens increases. With the
increase of steel ratio or slenderness ratio, the influence of debonding on the ultimate
load-bearing capacity decreases. The lateral deflection of debonding specimens is less
than that of non-debonding specimens. With the increase of steel ratio or slenderness
ratio, the influence of debonding on the lateral deflection increases.
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1

Introduction

X-shaped arch has been widely used in long span arch bridges with a small width-tospan ratio. However, the out-of-plane force performance is an important part of the
design theory of CFST arch bridges [1,2]. Most of the relevant researches are currently
designed and analyzed for specific real bridges [3,4]. We have experimentally investigated the non-directional force effect on the spatial mechanical behavior of CFST Xshaped arches with a dumbbell-shaped cross section [5]. In this experiment, the mechanical behavior and failure mechanism of CFST X-shaped arches subjected to nondirectional forces of hangers are investigated.

2

Experiment

2.1

Construction of X-shaped arch model

An X-shaped arch model of the prototype at a scale of 1: 10 is constructed, where the
clear span is L=850 cm; the rise-to-span ratio is 1/4.5; The lower margin of the arch rib
is expected to form a quadratic parabola (y=−0.101x2). The two arch ribs are inclined
inwardly at an angle of 7.5°, The X-shaped arch model is schematically shown in Fig. 1.

(a) Front view

(b) Cross section
Fig.1. Test setup.
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3

Experimental Results and Analysis

Notably, no cracks, wrinkles or local buckling are observed at the welding interface of
the arch model and other devices throughout the experimental process.
The deformation of arch rib show that the out-of-plane stiffness of the X-shaped arch
can be improved due to the inward inclination of the two arch ribs, it is still much lower
than the in-plane stiffness.
The strains of steel tubes show that arch ribs are mainly subjected to axial compression during the tensioning process and they are less affected by out-of-plane bending
moment. The failure of the X-shaped arch model is associated with the out-of-plane
extreme point instability and it has a low initial geometric imperfection sensitivity.
Arch ribs are affected by out-of-plane bending moment during lateral loading and
the whole cross section is affected by the out-of-plane bending moment, the strains of
mid-span cross section are larger than the yield strain of steel tubes when specimen
failed
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The sunflower arch bridge is a new type of reinforced concrete arch bridge named after
its beautiful shape, which resembles a sunflower petal (as shown in Fig. 1). Such
bridges are particularly suitable for medium-span and urban landscape applications.
Several sunflower arch bridges have been built in China, such as the Jiefang bridge in
Guilin, the Yingbin bridge in Jiangshan, and the Ziya River bridge in Tianjin.
Unlike the traditional open-spandrel arch bridge, which has a deck supported by several vertical columns rising from the main arch, the deck of a sunflower arch bridge is
supported by a spandrel arch rising from the main arch. The mechanical behavior of the
sunflower arch bridge is more complicated than that of an open-spandrel arch bridge,
especially in the connection between the main and spandrel arches.
deck
main arch

spandrel arch

Fig.1. Sunflower arch bridge.

The Fenghuang II Bridge, which is located in the Nansha district of Guangzhou city
(shown in Fig. 2), is the world’s longest sunflower arch bridge. The total length of the
bridge is 312 m, with spans consisting of 40m+4×58 m+40m. The joint between the
main arch and the spandrel arch is constructed in two phases to decrease the bending
moment at the end of the spandrel arch. The part of the joint shown in cyan in Fig. 2 is
constructed first as a partially complete joint. After all components of the bridge are
completed, the post-cast concrete (the red part) is then filled through the grout hole to
make the joint fully rigid. That is, for dead loads, the joint of the bridge is a partially
complete joint, and for live loads, the joint of the bridge is a fully rigid joint. This is the
first time that such a staged construction method has been adopted, and no existing
experiments can be used as references. Therefore, a thorough experimental study is
necessary to fully understand the mechanical behavior of the joint of the arch bridge
and validate the numerical modeling of such bridges.
In this paper, a 1:5 scaled model of a segment for the superstructure of pier #2 of the
Fenghuang II Bridge (shown Fig. 2) was tested to determine the potential problems
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with the joint. The mechanical behavior of the joint between the main arch and the
spandrel arch under dead loads and the worst-case live loads was systematically and
comprehensively studied. Furthermore, through parametric analysis using FE models,
an optimal design scheme was proposed for the joint.
deck
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Ⅳ
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Fig.2. Fenghuang II Bridge in Guangzhou (unit: cm).
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1

Introduction

For their aesthetic values, both arches and stress-ribbon decks are widely used in design of pedestrian bridges. The combination of the two systems provides the solution
of a self-anchored structure [1]. In 2013, a stress ribbon and butterfly arch pedestrian
bridge was designed and constructed in the Qishan campus of the Fuzhou University
[2]. The lightness, elegant shape and great harmony with the surrounding environment
are well appreciated since its inauguration (see Fig. 1).

Fig. 1. A stress ribbon and butterfly arch pedestrian bridge inside Fuzhou Univ., China.
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2

Operational Modal Analysis

In the current paper, the dynamic characteristics of the bridge are investigated by
means of operational modal analysis. Four wireless sensing units were deployed on
the bridge deck for measurement of the acceleration responses in the vertical, transversal and longitudinal directions of the bridge. Two of the reference nodes that are
common to all the experimental setups are located on Nr. 2 and Nr. 16. Both are on
the cross sections where for the modal frequencies of interests the almost maximum
modal responses are expected according to the prediction of the FE model (see Fig.
2). The bridge was tested under ambient excitations, i.e., mild winds and low-density
pedestrians. The traffic situations are classified as “individual pedestrians and small
groups” [3]. Modal parameters, including natural frequencies, mode shapes and
damping ratios are extracted from the measurements.

Fig. 2. Top view of the bridge: design drawing (measurement nodes are labeled from 1~22).

3

Conclusions

By comparing the experimental modal results to their numerical counterparts obtained
from a finite element model built on design stage [4], interesting results are found
both related to the flexibility of the whole system and the stiffness contribution of the
non-structural elements. The findings also serve as the basis of the serviceability assessment of the pedestrian bridge.
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1

Introduction

Concrete-filled steel tube (CFT) members are efficient structural components to be used
in arch bridges. Many experiments indicated that creep has an important influence on
the long-term performance of CFT structures. In the actual arch bridge structure, the
CFT arch rib is basically working in the state of eccentric compression (Chen, 2016).
However, most of the research on creep of CFT structures is concentrate on the axial
compression. There are few studies on creep of eccentrically compression for CFT
members. Therefore, the creep experiments of eccentrically loaded CFT members are
carried out in this paper.

2

Conclusion

The eccentric compression creep test of CFT shows that the creep strain increases rapidly in the first 60 days and then slowly. Eccentricity has the greatest influence on the
maximum creep strain of specimens. The creep strain with eccentricity of 0.1 is the
reference group. The creep strain with eccentricity of 0.2 and 0.3 increases by 26.88%
and 53.83% respectively on 250 days.
An experimental database was also compiled to further evaluate the creep prediction
models. The database consisted of 7 tests from this research and 16 tests from other
paper. The evaluation showed that the ACI 209R-92, fib MC2010 model and CEB-FIP
MC 90 model has the best mean prediction quality. Therefore, it is not possible to recommend a most suitable model for CFT members. Further investigations are required
to evaluate the effects of factors such as the steel ratio.
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1

Extended Abstract

Numerous research works have been devoted to analyzing the mechanics of masonry
arches, which are among the most used structural and architectural systems in many
heritage buildings and bridges. Yet, not all the aspects related to the structural behavior
of these systems have been completely explored, such as the effects of support displacements on the arch dynamics. As settlements represent one of the main causes of collapse
in arched structures, the correct dynamic characterization of the nonlinear behavior of
masonry arches when subjected to this phenomenon is crucial to timely detect the occurrence of serious damage mechanisms and prevent unexpected failures.
This paper investigates the three-dimensional behavior of a segmental masonry arch
undergoing horizontal settlements of one support by combining experimental and numerical analyses. To this end, a masonry arch specimen featuring 1900 mm span, 430
mm rise and 75 mm thickness was built and subjected to progressive Damage Scenarios
(DSs) by applying uniform displacement rates to the right abutment. Three cracks
crossing the entire arch width appeared during the test. Test layout, arch geometry and
final crack pattern of the settled specimen are shown in Fig.1.

Fig. 1. Test layout and geometry of the masonry arch with final crack pattern (red dots) after
settlement of the right support.
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In order to follow the evolution of the modal properties of the arch with progressive
support sliding, ambient vibration tests were conducted after each displacement stage.
The dynamic response of the arch was acquired in both normal and tangential directions
by means of high-sensitivity accelerometers deployed in 26 points along the front and
back edges of the arch, for a total of 52 accelerations. As the support slid, the arch
started to damage with consequent degradation of the structural stiffness. This phenomenon soundly affected the arch dynamics, recording frequency decreases up to 36% and
22% for modes 1 and 4 (Table 1).
Table 1. Frequency variation for the identified modes over progressive damage scenarios.
Frequencies [Hz]

Scenario
RSW
DS1
DS3
DS5
Δf [%]

Mode 1

Mode 2

Mode 3

Mode 4

Mode 5

Mode 7

30.06
26.31
21.44
19.16
-36.26

50.95
50.28
45.14
43.19
-15.23

59.44
59.04
58.27
57.54
-3.20

95.23
80.47
74.97
74.09
-22.20

120.62
113.16
110.60
110.86
-8.09

134.02
136.40
128.84
129.00
-3.75

As the dynamic properties of masonry structures are dependent on the nonlinear behaviour of their constituent materials, standard modal analysis approaches - suitable in
the context of linear elasticity - can result unrealistic in the presence of damage. Thus,
to rigorously investigate the dynamics of the masonry arch subjected to settlement-induced cracks, a numerical procedure coupling linear perturbation and modal analysis
was applied to reproduce the observed experimental behavior both in terms of frequencies and mode shapes, while taking into account the actual crack distribution and the
non-linear behavior of the materials.
The agreement between numerical and experimental results (Table 2) demonstrates
that the adopted procedure is able to adequately replicate the dynamic behavior of the
damaged masonry arch and the consequent change in the structural stiffness due to the
imposed horizontal settlement.
Table 2. Comparison between experimental and numerical results of the first vibration mode of
the arch for the different damage scenarios.

RS
RSW
DS3
DS5

fexp [Hz]

fN [Hz]

|Δf| [%]

MAC

37.03
30.06
21.44
19.16

36.55
30.84
22.13
17.44

1.30
2.59
3.21
8.98

0.94
0.95
0.97
0.98
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Marsh Lane viaduct is a typical example of a 19th century brick masonry railway arch
in the UK [1]. It frequently carries passenger trains to and from Leeds Station. Visible
structural damage is evident in Arches 37 and 38 which are explored in this paper.
Significant transverse rotations are observed in the pier between 37 and 38, especially
around the relieving arch, resulting in a sagging springing line. A transverse arch barrel
crack is also present above the backing, where water ingress and loss of mortar joints
is evident. Recent structural interventions have seen filling of the relieving arch with
reinforced concrete and the stitching of cracks to stop damage propagation. There is a
need to understand the dynamic response of the structure after these interventions.
This paper broadly discusses the sensing techniques and associated analysis procedures used to (i) identify the reasons for existing damage, (ii) quantify their impact on
the dynamic response of the structure and (iii) measure degradation of the response over
a period of one year. To identify existing damage, distortions in geometry of the structure are examined with new point cloud processing techniques [2]. The distortions are
identified with a respect to an ideal geometry represented by a primitive geometric
shape (e.g. a cylinder). With the aid of kinematic analyses on three hinge arch mechanisms, these distortions are interpreted, and past support movements which may have
caused the distortions are identified.
Then, to measure the dynamic response of the bridge, quasi-distributed fibre optic
strain sensing and digital image correlation displacement measurement techniques are
utilised. Combined use of these techniques enable measurement of local (e.g. strain
around cracks), and global (e.g. span opening and closing) quantities simultaneously
[3]. These measurements demonstrate the key role of span opening and closing, which
governs behavior and imposes significant longitudinal compressive strains on the transverse crack. Small tensile strains are observed on the longitudinal crack tip. However,
it is not clear if these measurements indicate damage propagation.
To track deterioration, a solar-powered data acquisition system was developed [4,5].
This enabled continuous fibre optic strain measurements between November 2017 and
2018. These measurements revealed the important influence of temperature changes on
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peak dynamic strain amplitudes. After compensating for these effects, it was observed
that the changes in mechanical response of the structure during the one year monitoring
period was not statistically significant. Further monitoring (with fibre optics and acoustic emission sensors) is currently underway to observe deterioration over longer durations and understand the mechanisms involved in this process.
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1

The Project “Zwierzyniecki Bridge Copy – Paste”

The Zwierzyniecki Bridge (Fig. 1) was constructed in years 1895 – 1898 and is one
of the most charming and impressive structures in Wrocław, Poland.

Fig. 1. The Zwierzyniecki Bridge – real structure and project of the bridge model (credit:
P. Wesołowski).

The project “Zwierzyniecki Bridge Copy – Paste” has been held as a part of the
program “Bridges” organised by “Wrocław – European Capital of Culture 2016”. The
main objective was to prepare the Zwierzyniecki Bridge model in scale 1:4, which
should faithfully reflect the real structure. Bridge replica measured 15 m long, 3 m
width and 3 m height. By using a light structural material (PVC-U water pipes),
model has become mobile. During the event a model of the Zwierzyniecki Bridge was
wheeled through the streets of Wrocław (see Fig. 2). Besides creating of impressive
spatial model, general idea of the event has been focused on interaction with pedestrians. The concept of the project was proposed by architects from Wrocław University
of Science and Technology, who were supported in the arch model calculations
by members of a student scientific group „Young Bridge Builders”.
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Fig. 2. Model of the Zwierzyniecki Bridge on the Grunwaldzki Bridge (credit: I. Szajner) and
on the Market Square (credit: P. Chrobak).

2

“Students’ Steel Bridge Competition” – Arch Bridges Edition

Each year at Wrocław University of Science and Technology is being held popular
academic “Students’ Steel Bridge Competition”. The topic of the 5th edition was
“Arch Bridges”. The competition is organised with the general formula “Design –
Construct – Test”. The main competition assumption is to be as much as possible
similar to bridge investment process – from design, through construction to proofload tests. Five person students’ teams should calculate in advanced FEM programs,
then build and test in a laboratory projects of 2.5 m long bridge models (see Fig. 3).

Fig. 3. Construction and testing of bridge models (credit: M. Teichgraeber).

3

Conclusions

Active participation in the additional university initiatives allows to: improve
knowledge about testing models, use computer systems supporting bridge designing
(CAD, FEM software), develop technical and manual abilities and encourage future
engineers to carry out technical works. Interactivity and ability of teamwork experienced during competition are very important. Organising and participation in the uncommon university initiatives has didactic, scientific, technical and practical values.
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1

Introduction

This paper presents an extensive monitoring installation at a skewed, masonry arch
railway bridge. The first objective of this study was to compare and evaluate a suite of
monitoring technologies to enable more informed decisions to be taken by asset owners
who wish to commission monitoring of their arch bridges. A second objective of the
study is to understand the behavior and state of the existing bridge. The installation plan
in Fig. 1 gives an overview of the sensors that were used. Implementations of sensors,
to measure the dynamic response of the bridge, are discussed in detail.

2

Main Findings

Direct comparison of several measurements was possible, in cases where multiple sensing technologies were installed in close proximity. Fig. 2 indicates such a comparison,
for measurements recorded during the passage of a 4-carriage cross-country (class 222)
train. The measurements generally agree well. However, data discrepancies, and the
resulting impacts these may have on data interpretation, are discussed.
In general, the results indicate that sensible measurements of the bridge response can
be gathered by a variety of monitoring technologies, although the methods measure
different response parameters. The characteristics of each sensing technology are also
discussed in the paper, providing information that may aid in the design of a sensor
system to measure a specific issue for specific bridges. Therefore, the paper may be of
interest to practitioners who, in general, wish to specify dynamic monitoring technologies for masonry arch structures.

Book of Abstracts

107

ARCH2019 – 9th International Conference on Arch Bridges

Fig. 1. Installation plan for monitoring at Barkston Road Bridge.

Fig. 2. Direct comparison of measurements recorded using different monitoring technologies, for
the passage of a 4-carriage class 222 train on the southern track.
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The development of efficient vibration-based Structural Health Monitoring (SHM)
methodologies, capable to timely detecting the onset of anomalies and possible damage in structures, is still a challenging task especially for civil engineering structures
and infrastructures. SHM strategies are often based on automated operational modal
analysis (OMA, i.e. the extraction of the modal parameters from the signals collected
in operational conditions) and monitoring the resonant frequencies, since these features provide relevant information about the structural condition. On the other hand,
the resonant frequencies are also affected by external sources other than structural
changes, in a way that could mask the occurrence of structural damage. When a well
distributed measurement grid is available on the structure, an alternative strategy for
damage assessment should rely on evaluating the mode shape changes as mode
shapes provide both local and global information; in addition, the mode shapes seem
to be less sensitive to environmental/operational changes and their identification
could offer an instantaneous image about the healthy state of the structure.
Within this context, the paper is focused on the structural anomaly detection based
on mode shape variation; the mode shape variation is defined by using the MAC index as well as the complexity associated to the imaginary part of the identified mode
shapes (i.e., MPC and/or MPD). The reliability of this approach is exemplified
through the application to experimental data continuously collected during some
months of continuous dynamic monitoring of the San Michele bridge, a historic iron
arch bridge dating back to 1889 and located in the neighborhood of Milan, Italy. The
continuous monitoring of the bridge’s dynamic characteristics was performed through
a fully automated procedure based on the interpretation of the stabilization diagrams
(SSI-Cov algorithm) and self-adaptable modal tracking thresholds. The results
demonstrate the robustness of the adopted tools, which were capable to track the
modal parameters evolution under strong environmental changes as well as to detect
the effects associated to structural changes.
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1

Motivation and Objectives

Recently, the development of cracks on the masonry arches of the Olla bridge in the
Province of Cuneo (Piedmont, north-west Italy) caused the detachment and the fall of
some bricks. The relatively minor damages on the structure aroused concerns on the
state of preservation of the bridge, since it is a critical infrastructure that guarantees
the access to the Stura di Demonte valley. The structure was indeed built at the end of
the 19th century [1] and underwent heavy damages during the 2nd World War (i.e., the
collapse and subsequent reconstruction of the central arched span [1]). Consequently,
an extensive research program was planned to assess the state of preservation of the
bridge.
Generally, the main difficulties to perform structural assessment of a masonry
bridge are related to the description of geometry and internal morphology, the identification of material properties, and the interpretation of past interventions and present
damages. Therefore, the present research involved (1) documentary research, (2) geometry survey, (3) dynamic characterization through ambient vibration testing (AVT)
and (4) development and calibration of a simplified finite element (FE) model of the
structure.

2

The Methodology

Firstly, documentary research was performed to clarify the evolution of the structure.
In addition, historical manuals [2] were analyzed to better understand the construction
process and technical details. At the same time the actual geometry of the structure
was obtained through geomatic survey and Laser scanning. Secondly, the dynamic
characteristics of the structure were investigated using ambient vibration tests (AVT)
and modal parameters (i.e., natural frequencies and mode shapes) were identified with
the FDD technique [3]. Finally a simplified numerical model of the bridge was developed and calibrated on the experimental results using the Douglas-Reid method [4].
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3

Summary of the Results

The results from the above methodology suggested the following conclusions: (1) the
documentary research revealed the collapse of the central arch occurred during the
2nd World War, reconstructed in 1945; (2) from the AVT performed with one lane
open to traffic, 5 lateral vibration modes were identified in the range of 0-12 Hz; (3)
beyond the simplified nature of the model and the limited number of tests performed
to clarify the internal morphology of the structure, it was possible to obtain a quite
good correlation with the experimental dynamic characteristics (Fig. 1).
fEXP = 2.63 Hz fFEM = 2.62 Hz fEXP = 3.83 Hz fFEM = 3.53 Hz fEXP = 5.75 Hz fFEM = 5.69 Hz
fL1 = 0.2%
fL2 = 7.8%
fL3 = 1.0%

fEXP = 7.18 Hz fFEM = 7.81 Hz fEXP = 8.98 Hz fFEM = 9.23 Hz
fL4 = 8.8%
fL5 = 2.7%

Fig. 1. Lateral vibration modes of the updated finite element model (FEM) and comparison
with experimental results (EXP) in terms of natural frequencies.
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1

Geometrical Survey

In this paper a multidisciplinary non-destructive test approach is presented and applied to a stone masonry arch bridge in order to collect information for safety assessment purposes.
1.1

Laser Scanning

Within this process, the external geometry of the bridge was surveyed using point
cloud collected by 3D laser scanning. This point cloud was later segmented to classify
and label each point based on structural elements of the bridge (i.e. spandrel wall,
arch, pier, cutwater or pathway). Afterwards, damages in piers and transversal deformations of the spandrel walls were quantified using presented approaches in [1]. In
this regard, damage types were distinguished in piers and several longitudinal cuts at
different elevations of the spandrel walls were taken into account to investigate their
out-of-plane deformations. It was noted that spandrel walls on both upstream and
downstream sides clearly have deformed with identical amounts but on opposite directions.
1.2

GPR

Prior geometrical surveys were enhanced using ground penetrating radar, which provides information on internal geometry and enabled measuring thicknesses of spandrel walls and arches. The conducted measurements revealed that thickness of the
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spandrel walls varies in elevation (between 0.5-1.0 m) or the wall was constituted by
two layers of stones. Furthermore, the acquired vertical and horizontal profiles from
measurements below the arches allowed estimating the thickness of the stones, which
varied between [0.4-1.0] m. These measurements also were employed to identify the
interface between the arches and the backing.

2

Sonic Test

In spite of considering masonry as an isotropic homogeneous material, sonic tests
were used to provide an estimation of the dynamic Young’s modulus of masonry [2].
In the current study, indirect sonic tests were conducted on the piers and spandrel
walls, resulting that the dynamic Young’s modulus of piers and spandrel walls vary
between [1112-2494] MPa and [931-3480] MPa, respectively.

3

Dynamic Identification Tests

Dynamic identification tests were carried out in the bridge, aiming at estimating the
dynamic properties (frequencies, mode shapes and damping ratios). For this objective,
vertical and transversal vibrations were measured in 28 points located on both sides of
the bridge deck. These measurements were divided into two test setups in which 4
points (including two transversal and two vertical) were remained unchanged as reference points. Then, acquired vibrations from the ambient exciting sources were processed using the Enhanced Frequency Domain Decomposition (EFDD) method [3].
Thus, six modes were distinguished in which their frequencies vary from 3.0 Hz to
8.5 Hz. The first four modes were in transverse direction while modes 5 and 6 were
mainly in the vertical direction.
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1

Introduction

The subject of this research paper is a road bridge over the ravine in Rabka Zdrój, in
Poland. The scope of the paper covers the static and dynamic load proof testing of the
arch bridge. The main objective of these investigation works undertaken on-site was
to assess the structural integrity and overall performance of the arch superstructure
against its design assumptions and to verify the agreement of the test results against
the requirements detailed in the proof load test design report.

2

General Description of the Structure

The structure under consideration was designed as a single-span, open-spandrel deckstiffened road arch bridge (Fig. 1), with a clear span of 40.0 m between its springing
points. The overall width of its deck is 14.24 m, whereas the width of the double carriageway situated on the deck slab is 12.0 m. The skew angle of the bridge and the
angle between the bridge central line and the ravine are 90.00 deg.

Fig. 1. Arch bridge under consideration and side view of the structure.
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3

Analysis Models

Robot Structural Analysis software was used for the modelling and simulating the
structural behaviour of the bridge subject to proof test load. Three independent FE
models were developed for this purpose: a plane 2D frame model, a spatial 3D beamshell model and a spatial 3D shell-solid model (Fig. 2).

Fig. 2. Bridge models used in FE analyses: beam-shell model and shell-solid model.

4

The Scope of Testing

Two static proof load test schemes were performed on site. The testing of the structural performance of both arch girders supporting the deck slab was carried out during
the implementation phases for the schemes S-I and S-II (Fig. 3).
Dynamic load testing was carried out after the static testing with the use of 1 no.
truck vehicle (Fig. 3). Six various scenarios of dynamic excitations were implemented
on-site, including 3 no. crossings of the heavy truck moving on a smooth surface of
the carriageway and 3 no. crossings of the heavy truck over an artificial road bump at
the varied speeds of 10, 30, 50 km/h.

Fig. 3. Static and dynamic site load testing.

5

Summary

The static and dynamic tests were performed as a part of the load proof testing procedure for the bridge. The measurement results obtained from the on-site testing proved
sufficient structural integrity and robustness of the bridge in relation to its structural
and dynamic performance during the testing.
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1

Investigations

The truss model as defined by DIN EN 1992-2/NA is largely based on the assessment
of shear force experiments carried out on untensioned reinforced single-span concrete
beams. Hence, this model does not take into sufficient account the specific structural
behavior characteristics of large prestressed continuous concrete beams. Additionally,
concrete beams provide a significant concrete contribution to the shear load bearing
capacity due to arching effects, which is of particular interest at prestressed concrete
beams. This compressive membrane action is not taken into account for bridge design
according to DIN EN 1992-2 and the corresponding German National Annex.
As part of several research programs experimental investigations into the shear
load bearing behavior of four large-scale prestressed continuous concrete beams had
been carried out at the Chair of Concrete Structures at TU Dortmund University [1-4].

Fig. 1. Test setup [3].
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Some results of two of four beams are presented. The test setup of those beams is
visualized in Fig. 1. The overall target was to analyze the extremely favorable arching
effects which are also of huge importance at prestressed concrete beams with parallel
chords. Such aching effects could be measured, visualized and documented using
suitable measurement technique [5].

2

Results

Arching effects could be detected at both prestressed beams with parallel chords. The
measured, load dependent arch profiles in ULS are presented in Fig. 2. The arch profile (arch profile = profile of the resulting inclined compression force) can be idealized by a direct strut from loading to support in case of single loadings and by an
inclined curve in case of an UDL. With respect to shear capacity calculations, the
acting shear force can be reduced by the vertical component Vcc of the resulting inclined compression force (arch compression force). Hence, the acting shear force can
be reduced. Generally said, this reduction is of significant margin in the areas of beam
supports [5-6]. As a result, the consideration of the arch action leads to a reduction of
the required shear reinforcement. The value of this very reduction depends on the
individual beam position and the corresponding arch inclination.
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Fig. 2. Arch profiles in ULS of test beams DLT 3 and DLT 4 [3].
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In recent years, quite a lot of research work has been produced on model updating,

including many applications to historical structures [1]. This paper presents the results
of dynamic test conducted on a historical arch bridge located in the Tuscan Emilian
Apennines, province of Parma (Italy), preparing the most relevant work in view of a
model-driven structural health monitoring, which will be based on an updated FE
model. The bridge, named Lamberti, represents an important infrastructure element for
the local mobility. The bridge, entirely made of reinforced concrete, is constituted by
three spans of 38 meters long each, which are supported by three arches each A first
inspection, which took place in September 2018, revealed that the three spans are disconnected at the level of both the slab and the vertical elements. About two months
later the dynamic test was conducted, making use of mono-axial piezoelectric accelerometers and Linear Variable Displacement Transducers (LVDT) transducers for dynamic displacement measurements. Four acquisition setups were designed in order to
obtain an optimal distribution of the accelerometers on the deck. The signals, lasting
approximately 45 minutes, were acquired in the presence of vehicular traffic with a
sampling frequency of 512 Hz. The dynamic identification of the structure was carried
out in the time domain, in terms of frequencies, modal shapes, and damping. In particular, an algorithm of the Stochastic Subspace Identification (SSI) family is employed
for the bridge, as it is proven to be an efficient system identification method and is
widely used in the modal parameter identification of structures [2]. In order to improve
the reliability of the results obtained with the unknown (or output-only) input methods,
a statistical analysis of the results obtained in several identification sessions was carried
out, as well as on the stability of the modes by changing the system order [3]. The
diagrams of Power Spectral Density (PSD) are used to detect peaks corresponding to
frequencies with high energy content and stabilization diagrams are plotted over them,
highlighting the overlap between peaks and identifications relating to the stable modes.
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In this way, the main modal shapes have been identified as shown in Figure 1, expanding them to the non-instrumented positions with polynomial laws. The observed complexity in the dynamic behavior of the Lamberti bridge is found to be ascribed to several
factors, including: the presence of multi-connected elements and the consequent local
dynamics; the uncertainties related to the rigidity of restraints and connections; the
presence of joints between the different arch spans; the apparent degradation state of
the materials. Despite this, the results allow the following observations: the first horizontal vibration mode is governed by the deformability of the joints, which prove to be
effective in separating the transverse dynamic behavior of the deck in three parts; furthermore, this mode is markedly asymmetrical, which indicates deviations in the dynamic behaviour of the three arches. This observation is confirmed in the second horizontal mode; the damping results in relatively high values, between 3% and 6%, depending on the vibration mode. The results show that the obtained modal features can
provide a favorable reference for future model updating of the bridge.

Fig. 1. Schematic representation of the first 4 modal shapes.
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1

Introduction

The commonly used retrofitting techniques are: i) concrete saddling/overlaying; ii)
transversal and through-the-thickness reinforcement; iii) near-surface reinforcement by
means of steel bars or CFRPs; iv) mixed strategies. The first procedure leads an increase
of load carrying capacity but strongly modifies the structure, asks the traffic to be
stopped while retrofitting the bridge with high economical demands. The third procedure aims at locking the activation of the plastic hinges needed for a mechanism to
activate. But since shallow arches often (if not always) collapse due to compressive
crushing of the material far before the 4 hinges are activated, such a procedure, results
in a very limited increase of the l.c.c.
Taking into account these basic concepts and observing the behaviour of collapsed
bridges, an experimental campaign was carried out to characterize a new retrofitting
method looking at reducing the span of the structural arch by injecting the fill close to
the springing, Fig. 1.

Fig. 1. Uplift of the expected hinge as a result of injecion in the fill – geometry.

2

Experimental Campaign

Model
A.A.C:
fc= 2.4 [MPa]; γaac= 3.8 [kN/m3];
FILL: φ = 52 [°]; γfill=14.2[kN/m3];
av. γ (75% of the model is masonry): γm= (0.25*3.8)arch+(0.75*14.2)fill = 11.6 [kN/m3];
Fig. 2 shows the load-displacement (of the loaded point) response of the arch; a relevant
plastic plateau just after the peak load; at this moment, the first hinge (hinge A in Fig.
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3) underwent compressive crushing. Hinge B crushes when the displacement is approx.
twice the „elastic” limit. It is not clear whether a third hinge activated in position C;
when the model was removed no compressive crushing was detected in the blocks located close hinge C.
It can be observed that the injection of the fill may increase the l.c.c. of the bridge
some 60% approx. Moreover, being the arch transformed from a deep arch into a shallow one, collapse is attained when just 3 (or only 2) hinges activated, which is much
different what would be assumed by a classical kinematic approach. This raises serious
issue on the reliability of kinematic approaches for shallow arches.
RING retrofitted

Strengthened arch

Load on the fill

RING

Load on the arch 1
Load on the arch 2

Fig. 2. Load-displacement diagrams for the other models and for the RING model.

A
B

C?

Fig. 3. Deformed shape of the model at maximum displacement and hinge locations.
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Improving the Aerodynamic Stability of Arched Bridges.
Wind Tunnel Tests
Sergei Solovev and Evgenii Khrapunov
Krylov State Research Centre, 196158 St. Petersburg, Russia
aerodynamics.spb@gmail.com
hrapunov.evgenii@yandex.ru
Keywords: Aerodynamics of Bridges, Vortex Excitation, Wind Tunnel Simulations.

1

Introduction

Increasing the stability of the bridge is possible in several ways. In this work, we analyzed the influence of the fairings and stringers on the aerodynamic stability of the
bridge model. Proper selection of the shape of the fairing minimizes negative aerodynamic effects, and the addition of extra stringers gives the structure additional rigidity,
without significantly changing the characteristics of the incident flow. The studies were
carried out in two stages. At the first stage flow visualization around bridge model were
performed. Visualization was carried out in specialized tunnel of the Krylov State Research Center. At the second stage the most appropriate modification of the original
form of the bridge was made. Three types of fairing and two types of stringers were
considered.

2

Object and Methods of Aerodynamic Studies

The test objects were the arches of a highway bridge. Bridge had the length of 230 m,
arches being ~45 m tall. The purpose of aerodynamic tests was to check aerodynamic
stability of the structure. Study of stability of the bridge was carried out with dynamic
test rig – test rig that consists of two vertical walls fixed in the test section of the wind
tunnel. During wind tunnel tests bridge model was fixed between the walls of the rig
with elastic elements which aloe to simulate two forms of natural frequency of the
bridge (first vertical and first torsion). All tests were performed in a special atmospheric
boundary layer wind tunnel with a wide test section. The main aims of using such experimental stands are desire to correctly simulate of wind properties for different conditions, i.e. suburban conditions, open areas and seas, for different year seasons etc.
Geometries of designed fairings and stringers are presented in Fig. 1.
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Fig. 1. Schemes of designed modifications for bridge: a – fairings; b – stringers

3

Tests Results

Comparison of reduced root-mean-squared amplitudes of oscillation of a bridge with
different types of fairings and stringers with original configuration is presented in Fig. 2
and Fig. 3.

Fig. 2. RMS of amplitudes of oscillations with fairings at angles:
a – -3o; b – 0o; c – +3o.

Fig. 3. RMS of amplitudes of oscillations with stringers at angles
a – -3o; b – 0o; c – +3o.
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1

Introduction

Stone masonry bridges represent around 40% of all bridges belonging to the European
rail networks [1]. This type of structures is generally characterized by its high durability, most of them more than a century old, and by the structural complexity mainly due
to the heterogeneity of constituent materials. Non-destructive testing on stone masonry
bridges is a good and reliable method, with low interference in the bridge operating
conditions, which provides relevant data on the structural characteristics, particularly
concerning deformability, dynamic properties, material parameters, among others [2].
This paper presents some preliminary results obtained in a testing campaign carried
out in Durrães railway bridge, illustrated in Fig. 1a, a stone masonry bridge built in
1878, in operational conditions in the Minho railway line. The experimental campaign
comprised dynamic and quasi-static tests under in service freight train traffic circulating
over the bridge, allowing to monitor the bridge response in terms of accelerations and
deformations. The considered freight train belongs to Takargo, a Portuguese private
freight company, and consists of a diesel locomotive Euro 4000 which pulls freight
wagons of Sgnss series (usually a total of 14), and illustrated in Fig. 1b.

a)

b)
Fig. 1. Case studies: a) Durrães railway bridge; b) Takargo freight train.

The dynamic tests on Durrães bridge under freight traffic loading involved measuring vertical acceleration in the deck and longitudinal acceleration in the piers, using
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uniaxial piezoelectric accelerometers. The quasi-static load tests performed in Durrães
bridge aimed at evaluating its response under in service freight train loads circulating
at a reduced speed, by monitoring mainly deformations of the arch. The tests involved
the installation of transducers in the arches, one to monitor the vertical displacement at
¼ span (Fig. 2a), and six to monitor the opening/closure deformations in different joints
located in the arch intrados (Fig. 2b). Additionally, the stresses in the piers were monitored resorting to the installation of flat-jacks (Fig. 2c).

a)

b)

c)

Fig. 2. Transducers installed in Durrães bridge: a) vertical LVDT connected to the arch, b) horizontal LVDT’s installed in the arch intrados and c) flat-jack test setup.

2

Conclusions

The results obtained with the dynamic tests under traffic loading will be used for the
validation of a dynamic analysis with a numerical model of the Durrães bridge, wherein
bridge-vehicle interaction and track irregularities are considered. The results obtained
with the load tests allowed plotting the vertical displacements at ¼ arch span, in two
arches of the bridge and for two freight train passages, from which it was possible to
make a first analysis of the bridge static response under freight traffic loading. Also,
resorting to flat-jacks installed in two piers of the bridge it was possible to analyse the
vertical stresses variations due to two freight train passages.
These experimental results, preliminarily presented in this paper, will be further explored and used for calibrating and validating a numerical model for dynamic and static
analysis of the Durrães bridge.
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1

Introduction

As we know, an arch is mainly subjected to compression forces. Ultra-High Performance Concrete (UHPC) as an advanced cement-based material has a compressive
strength higher than 120MPa and is favorable to be used in arch bridges, some UHPC
arch have been built, a series researches on UHPC long span arch bridges, including
trial design, experiments, etc., have been carried out [1][2].
Steel fibers are generally used to reinforcing UHPC, and they are also the main cost
of UHPC material [3]. Therefore, study on the effect of steel fibers on compressive
strength of UHPC is a necessary to accelerate the application of UHPC arch bridges.

2

Experimental Investigation

Total of 5 kind of straight steel fibers are employed in this study, including 5 aspect
ratios (30, 43, 65, 83, and 100). The fiber volume was set to 8 groups: 0, 0.25%, 0.5%,
1%, 1.5%, 2%, 2.5%, and 3%. The tensile strength of all the steel fibers is 2850MPa,
and modulus of elastic is 200GPa.
The only variable of the UHPC is the steel fiber, while the mixture proportion of
other components are the same for the UHPC matrix. Compressive strength was tested
on the 100mm cubic specimen accordance with Chinese standards GB/T 313872015[4], while the flowability of fresh UHPC was tested by the NLD-3 cement mortar
flowability tester in accordance with the Chinese standards GB/T 2419-2005[5].

3

Test Results

Flowability of Fresh UHPC. All the fresh UHPC varies from 205 mm~ 280 mm. It
decreases with the fiber volume or aspect ratio increases. The decrease of the flowability not only influence the workability, but also leads to more unfavorable void ratio and
microstructures, and uneven distribution of the steel fibers, finally decreasing the
strength of matrix and influencing the reinforcing effect of the steel fibers.

Book of Abstracts

127

ARCH2019 – 9th International Conference on Arch Bridges

Compressive Strength. The tested compressive strengths of UHPC specimens are
shown in Fig. 1. They increase with the fiber volume or aspect ratio increases. From
this result we know that the negative effect of steel fiber to UHPC compression strength
by decreasing the flowability is not larger than its positive effect, however, with the
increase of the volume fraction, the negative effect can’t be ignored in predicting the
compressive strength. In addition, the compressive strength of UHPC is not only related
to the fiber volume fraction, but also the fiber geometry, such as the aspect ratio.
Compressive strength(fc/MPa)
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Fig. 1. Effect of fiber volume and size on compressive strength.

4

Conclusions

Test results shown that the compressive strength increases significantly with the increase of the fiber volume fraction, and the steel fibers with large aspect ratio have
better reinforcing effect than those with small one; while the large the volume fraction
and the aspect ratio of the steel fibers, the smaller the flowability of the fresh UHPC,
this has a negative effect on the compression strength of the hardened UHPC. Therefore, both the positive and negative effect of steel fibers should be considered in predicting the compressive strength of UHPC reinforced by steel fibers, in which not only
the volume fraction should be considered but also the fiber aspect ratio.
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Crossing the Thames at Taplow
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1

Introduction & Constraints

The Taplow Footbridge is the latest crossing over the River Thames, located approximately 40km west of London. Opened in November 2018 by the British Prime Minister,
Theresa May, this 40m arch bridge crosses the river at a site with very limited construction access and in an area of natural beauty.
The site posed several challenges to the designer, including limited access, protected
trees, adjacent structures and onerous river clearance requirements. This paper sets out
the approach taken to create a finished structure which meets these constraints, complements the surroundings and has exceeded client expectations.

Fig. 1. Taplow Footbridge.

2

Design Philosophy

2.1

Design Solution

The requirements for river clearance and maximum footpath gradients meant the deck
of the structure could not exceed 300mm in depth. This, alongside the desire to deliver
an unobtrusive structure, led the designers towards a slender arch design. To emphasise
the lightness of the structure, 25mm thick steel tapered flat plate hangers were chosen,
which in turn allowed a lightweight, triangular arch section to be used. Inclining the
arches further enhanced the visual effect and allowed construction on both river banks
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to be minimised. A reinforced in-situ concrete deck was chosen primarily for ease of
construction, but also to assist with dynamic and acoustic performance of the structure.
2.2

Design for Construction

The constraints of the site required close collaboration between the designers and contractors. Early Contractor Involvement was key to the success of the project. This led
to several innovative solutions being implemented to reduce the risk and disruption
caused by construction. Small vertical bored piles were chosen to facilitate installation
from a floating piling rig. Detailing of connections was undertaken with a view to facilitating simple installation of the bridge in a single piece from the river and ensuring
safe working platforms for the workforce. Off-site manufacture allowed a high-quality,
durable finish requiring minimal maintenance.

3

Design Challenges

3.1

Flat plate Hangers

The key function of the flat-plate hangers is to prevent out-of-plane bending of the arch
sections by carrying an in-plane shear & moment. However, in addition the hangers are
subjected to a "forced displacement" type situation, whereby relative movement of the
deck and arch leads to an out-of-plane bending in the hanger plates. Following close
collaboration with the fabricator, S460 and S500 steel was used alongside non-linear
analysis to justify the compliance of the structure with relevant Eurocodes, whilst allowing the visual lightness of the design to be maintained.
3.2

Dynamics

Understanding the dynamic behaviour of the structure was crucial in successful delivery of the design. A full dynamic response analysis confirmed the design met the relevant limits of the code. In addition, on-site measurement of the response showed good
agreement with analytical predictions.
Nevertheless, some users may experience movements which they find disconcerting,
raising questions about the need for further research into codified acceptance limits
and/or greater awareness of dynamic response issues by clients and the general public.

4

Conclusion

The designers created a visually attractive arch bridge that is highly regarded by the
client and the local community. The installation of the structure by floating along the
Thames achieved installation with minimal disruption, whilst generating positive publicity for the client.
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1

Introduction

This paper discusses the recent research and development of arch bridges in China,
including stone, timber, steel, concrete and steel-concrete composite arch bridges.

2

Stone and Timber Arch Bridges

The history and development of stone arch bridges in China are introduced. To improve
the competitiveness of the stone arch bridge, a new type of mortar-- ultra-high -performance mortar (UHPM) – is proposed by the lead author of this paper. The research of
UHPM column is emphatically introduced [1]. It is expected that stone masonry in conjunction with UHPM could have a potentially good application in stone arch bridges
for its excellent durability and economic benefits.
As a unique structural form, the woven timber arch bridge has only been built in
China, research on woven timber arch bridges are introduced [2].

3

Concrete Arch Bridges

The history and development of conventional concrete arch bridges in China are introduced. The current record for the longest span concrete arch bridge (445 m) belongs to
the Beipanjiang Bridge, its structural features and construction methods of Beipanjiang
Bridge are emphatically introduced. Based on this, the traditional Melan method and
CFST truss arch as the stiff skeleton are discussed [3].
As for UHPC arch bridge, the structure and research of the first pedestrian UHPC
arch bridge in China are mainly introduced in this paper [4]. And the Baqiudian Bridge
being designed is also discussed. It is expected that this bridge can provide the necessary construction experience and confidence needed for further applications of longerspan UHPC arch bridges in China in the near future.
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4

Steel Arch Bridges

The history and development of steel arch bridges in China are introduced, especially,
the structural system, characteristics and erection methods of steel arch bridges, and the
current situation of steel arch bridges with span over 400 m are introduced.

5

Composite and Hybrid Arch Bridges

The development process of concrete filled steel tube arch bridge in China is introduced
in this paper. The structural system and characteristics of the first Hejiang Yangtze
River Bridge with the largest span at present are introduced, and the Pingnan Third
Bridge in Guangxi, which will soon become the largest span length, is also introduced
[5]. The construction method of twice vertical swing method for the Lancangjiang
Bridge is introduced.
The current technology of internal studs and vacuum pouring in CFST arch bridges
are represented in this paper [6]. After that, the two specifications for CFST arch
bridges in China are introduced. Finally, the steel-concrete composite arch bridge is
discussed.

6

Conclusions

China has a long history in constructing various types arch bridges. Numerous arch
bridges have been built using stone, timber, steel, concrete and other materials. It is
expected that arch bridges would continue to have important and broad applications in
China for a long time to come. The bridge applications and research efforts discussed
and introduced in this paper are part of a continuing effort toward the development of
arch bridges.
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1

Introduction

The fly-bird-type CFST arch bridges have good mechanical properties, and this type
bridge can reduce the engineering amount and cost of the substructures and foundation
of the arch bridge in plain or soft soil region [1]~ [2]. The Hoang Van Thu Bridge was
designed as a fly-bird-type CFST arch bridge.

2

General Layout

Hoang Van Thu Bridge is located in Hai Phone, Vietnam. The main bridge is a threespan (45m + 200m + 45m) fly-bird-type arch bridge with a width of 33.5m (Fig.1).
Hoang Van Thu bridge L=290000
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Fig.1. The elevation of main bridge of Hoang Van Thu Bridge (unit: mm).

3

Structural Design

The cross-section of the mid-span arch rib is a lateral dumbbell-shaped truss structure
section with constant dimensions of 3.6 m depth and 2.0 m width, and the side span
arch ribs are two parallel half arch ribs made of steel-shelled concrete. There are three
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different types of I-shaped, K-shaped and Double K-shaped steel tube trusses were designed to connect two main CFST arch ribs.
The CFST spandrel columns with the steel tubes of Φ1150 mm×16 mm were designed for the Hoang Van Thu Bridge. A double Suspender system with spacing of 40
cm between the two Suspenders is employed in the bridge. And a total of 16 flexible
tied cables are used to balance the horizontal thrust.
The steel-concrete composite deck with steel lattice girders is employed in the bridge
[3] ~ [4]. The arch abutment is a reinforced concrete and steel plate composite structure.

4

Erection of the Arch Ribs

The side-span concrete arches covered by steel shell are constructed by scaffolding
method. The main span CFST arch ribs were mainly divided into 3 segments and the 2
segments close to the arch abutment were also erected by scaffolding method, but for
the rest of CFST segment was erected by hoisting method. As shown in Fig.2.

(a) Scaffoldings

(b) Hoisting

Fig.2. The erection methods for the main span CFST arch ribs.

5

Conclusions

The completion of Hoang Van Thu Bridge not only facilitates the transportation, but
also plays an important role in the development of CFST arch bridge in Vietnam.
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1

Project Overview

The Hejiang Yangtze River Highway Bridge is a fly-bird-type CFST arch bridge with
span arrangement of 80.5m+507.0m+80.5m, whose main span length is the largest span
at present. The side spans are cantilever half arches made of concrete with CFST skeleton inside. The overall layout is shown in Fig. 1.

Fig.1. Overall layout of the main bridge of Hejiang Yangtze River Highway Bridge.

2

Structural Design

The section height of main arch at arch crown and arch springing are 7.0 m and14.0 m,
respectively, and the width of rib is 4.0 m [1]. The side arch ribs use concrete structures
with CFST skeleton inside.
The hangers are epoxy-sprayed steel strands with diameter of 15.2 mm. The tied
cables are made of epoxy sprayed steel strands with diameter of 15.2 mm. A total of 24
cables are used for the bridge [2].
A steel-concrete composite deck is used as the bridge deck. It is composed of steel
sheet at the bottom surface and cast-in-site concrete slab, and the pavement is 5 cm
thick modified asphalt concrete.
The main piers are the gravity structure made of the pile foundation, the cap, the pier
and the arch spring.
Book of Abstracts

137

ARCH2019 – 9th International Conference on Arch Bridges

3

Construction Methods

The cable-stayed cantilever method is used for the bridge [3], as shown in Fig.2. The
specific erection method for side arches is also introduced in the paper.

Fig.2. Overall layout of the main and side arch installation system.

To improve the adhesion and bonding of steel tube and core concrete, vacuum assisted pumping-up pouring method was proposed and applied in the bridge [4] (Fig.3).

Fig.3. Vacuum assisted pumping-up pouring method.

4

Conclusion

A brief description of the main structural design and construction method of the bridge
are introduced in this paper. It is hoped to provide as reference for the design and construction of the same type of bridge in the future.
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1

Research Purpose

In China's urban construction today, more and more attention has been paid to the landscape requirements of buildings. Considering the economy and aesthetics of the bridge
type, the CFST tied arch bridge with the span of 80-280m is the most suitable bridge
type for the river with the width of less than 1000 meters. Within such width, it is common to meet channels with shallow and low navigation requirements. Therefore, it is
of research value to discuss the scheme of constructing concrete filled steel tube tied
arch bridge in shallow water channel with low navigation grade.

2

Construction of V-Shaped Concrete Structure

2.1

Support Form and Materials

In the original design, the concrete arch rib adopts full framing scaffolding support as
constructing method. Considering saving material cost, most of the support materials
can be spared by recycling the steel pipe piles of pile foundation construction platform
before the cast-in-situ construction of concrete arch rib. The cost of material can be
saved by 552.7 million Yuan as the steel pipe of 478×10 weighs 115.4kg per metre
costs 3650 Yuan per ton. Meanwhile the cost of material can be saved by 680.6 million
Yuan as the steel pipe of 529×10 weighs 127.99kg per meter costs 3750 Yuan per ton.
The total cost of material can be saved by 680.6 million Yuan.

3

Analysis and Selection of Hoisting Plan of Steel Tube Arch
Rib

The bridge section is located in the Fuhe River (Nancheng-Fuzhou) reach. The current
channel grade is VI (navigable 100 tons), while the planning grade is IV-(4) and the
navigable inland river 500-ton ships have a dual-hole net width of 45m, a single-hole
two-way net width of 90m and a clear space of 8m. Therefore, four construction methods are recommended in this paper.
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3.1

Floating Crane

Scheme selection. As the channel is relatively shallow, a single segment of the upper
chord steel tube arch rib weighs 49.81 tons. The workload of joining the upper braces
on site will be greatly increased if adopting the floating crane method, which is not safe
and delays the construction period. Therefore, the method of less support, first-girderthen-arch should be adopted for construction instead of the method of first-arch-thengirder.
3.2

Cable System

Scheme selection. This construction process does not require the erection of supports.
After the erection of towers and cables, arch ribs shall be hoisted by the method of firstarch-then-girder with no supports.

Fig.1. Cable hoisting arrangement.

3.3

Gantry Crane

Scheme selection. It is proposed to adopt the method of first-arch-then-girder, use the
gantry crane to install arch rib hoisting temporary scaffold. And hanger rod installation
works after completing the cat path installation and bowstring installation and tensioning.
3.4

Island Building

Scheme selection. There is no navigation requirement within the bridge site. As the
construction period is relatively tight, the method of building islands can be adopted,
and three 200-ton truck cranes can be used to lift and install the arch ribs of the main
bridge. No matter it is the girder before arch or the girder after arch, temporary support
should be set up in the river course. Allowing for the difficulty of process controlling,
the first-girder-then-arch method is recommended.

4

Construction Suggestions

In conclusion, the gantry crane method is recommended for building a CFST arch
bridge in a shallow river channel. Island-building is an alternative.
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The Advantages of Steel-Concrete Composite Girder in
Half-Through Concrete-Filled Steel Tube Bowstring
Arch Bridge
Fei Wu, Donghua Xiao, Jiancheng Yuan, Sheng Zhou,
Zhicheng Tan and Zhongpeng Zou
Jiangxi Transportation Engineering Co.,Ltd, Nanchang, Jiangxi, China
wfjxjg@qq.com, changfu.hu@foxmail.com
Keywords Steel-Concrete Structure, Suspender Girder, Structural Form.

1

Project Summary

The Wang'Anshi Fuhe Bridge is a Medium bearing steel tubular concrete bar arch
bridge construction at Fuzhou city East Outer Ring Expressway, which across Fuhe
River. The main bridge span is 60m with side span of two sides, 168m with the main
span, with vector height of 38.333m. The arch ribs of the main arch made from concrete-filled steel tubular truss structure. The side arch made from solid cross section
width of 2.7m. The arch rib becomes higher within the range of 28.04 meters near the
end, the other parts are equal section arch rib with a height of 4.2m, which constructed
with C60 cast-in-place concrete.
The main girder is an equal section steel-concrete composite girder structure with
height 3.27m and width 36.5m. The steel girder material of the combined girder is
Q345qD.
The bridge decks are installed by prefabricated C55 concrete boards.

2

The Project Cost

The upper structure of the main bridge is 10512㎡, The Boom girder and column girder,
stringer are original designed by C60 cast-in-place concrete, the budget price is 73.98
million Yuan. After design changes to steel composite girder structure, the budget price
increased to 139 million Yuan, increase 65.35 million Yuan, and the cost increased by
6217 Yuan per square meter. There’s 259214.2 Yuan’s decrease in concrete structure while
12721048.8 Yuan’s increase in steel-concrete combined girder.

3

Main Construction Plan

How to meet both the demand of girder erection over the side arch rib and along the
long-spanned main arch under the premise of economy and safety is the key point to
the construction of this bridge. The steel girders are transported by trucks to pre-assembly yard for storage. By running gantry cranes in the pre-assembly yard, several small
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sections of steel girders are assembled into a lifting section on the pre-assembly falsework. Afterwards, two gantry cranes are employed to lift the pre-assembled lifting section to the girder trolley in erection sequence, then the girder is transported to the position of bridge erector by the girder trolley. Finally, the installation of the steel girder is
completed by the bridge erector.

4

Main Construction Plan

When prefabricated bridge deck is installed, the bridge deck is prone to collision at the
joint of high-strength bolts on the top of the girder, which cannot meet the requirements
of rapid construction. In order to standardize the manufacture of the bridge deck and
accelerate the construction progress, the welding of the upper flange, the web and the
bottom plate can be combined by bolt and welding.
The pre-assembling falsework of steel girder shall have sufficient stiffness, and the
falsework line shall be constructed according to the requirements of the bridge vertical
curve.
It is recommended to adopt the construction technology of modular operation during
the construction of steel reinforcement in the prefabricated bridge decks.

5

Post Maintenance

The biggest advantage of steel-concrete composite girder structure over concrete structure lies in the operation and maintenance stage. In the preliminary design of the main
bridge of Wang'Anshi Bridge, the pre-stressed concrete suspending cross girder is
adopted from the point of view of cost saving. However, through the recent investigation of the same type of bridges built or under construction domestically, it is found
that the use of pre-stressed concrete structure in the cross girders has caused cracking
problems of different degrees in the construction or operation, which has affected the
safety and durability of the bridge and greatly increased the cost of maintenance in the
later period of the structure.
The composite deck system structure has the advantages of light weight, simple construction and small amount of steel, which can solve the problem of asphalt pavement
damage caused by insufficient rigidity of orthotropic steel deck system. In the stage of
operation and maintenance, strengthening schemes such as pasting carbon fiber sheets,
enlarging cross-section can be adopted.

6

Conclusion

In the construction of concrete filled steel tube arch bridge, steel-concrete composite
structure is adopted to modularize standardize the construction procedure, which reduces the construction difficulty and improves the construction efficiency. Under the
background of the sharp increase on local raw material prices, steel-concrete structure
has obvious advantages over concrete structure in construction, operation and maintenance stages, which is the direction of future development of highway bridges.
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Key Technologies and Innovations in the Construction of
Matan Hongshui River Super-Large Bridge
Yu Han1,2, Zhanfeng Yang2 , Dayan Qin2, and Jian Zheng2
Chongqing Jiaotong University, Chongqing 400074, China
han_yu_163@163.com
2 Guangxi Road and Bridge Engineering Group Co., Ltd., Nanjing 530011, Guangxi, China
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Keywords : Concrete-filled steel tube (CFST) arch bridge; cable-stayed fastening; self-compacting non-shrinking concrete; intelligent load adjustment; cable saddle.

1

Project overview

Fig. 1. Illustration of the structural arrangement of the Matan Hongshui River Super-Large Bridge/cm.

2

Key Technologies and Innovations

Traditional towers adopt a hanging/fastening separated structure and two towers should
be constructed simultaneously. However, this consumes a huge quantity of materials
and economic efficiency is poor. In this study, to achieve economic improvements, a
true hanging/fastening integrated tower was proposed and built. The cable suspension
system and arch rib fastening system share a tower made of hollow steel tubes, which
can shorten the construction time and effectively reduce material consumption.

Fig. 2. Illustration of semi-arch fastening system of the Matan Hongshui River Super-Large Bridge.

It can be clearly be observed from Table 1 that, for same heights, widths, and lifting
capacity, a total of 868 tons of material can be saved in the construction processing by
using the heavy steel tube tower instead of the universal rod tower.
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Table 1 Comparison of total material consumption for construction of universal rod tower versus heavy
steel tube tower.
Material Consumption(tons)
Number of rods
Cost(yuan)
4059
3191

Universal rod tower A1
Heavy steel tube tower A2

122066
21710

12,600,000
10,395,000

It can be clearly be observed from Fig.3 and Fig.4 that, the proposed wheel-type
cable steering saddle can significantly reduce the frictional force by transforming sliding friction between the cable and saddle into rolling friction.

Fig. 4. Image of a wheel-type cable steering
saddle.

Fig. 3. Image of a traditional saddle.
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Fig. 5. Variation of concrete axial strain of
concrete in the test tubes.

Fig. 6. Variation of concrete axial strain in
real bridge.

Vertical displacement of arch top /m

As shown in Fig. 5 and Fig. 6, the deformation of concrete in the real bridge varies
gradually from day 5 but always maintains a normal strain state. Thus, self-compacting
non-shrinking concrete was successfully prepared using the double-doped expanding
agent.
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Fig. 7. Variation of arch top vertical displacement of under load regulation.

As shown in Fig. 7, the vertical displacements of the controlled and reference objects
exhibit almost identical variation, thereby confirming the effect of intelligent regulation. After eliminating the temperature effect, it can be ensured that the upward deflection of the arch top will not exceed 2 cm during concrete pouring in the tubes.
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Tamina Canyon Bridge, Bad Ragaz, Switzerland
Michael Müller, Holger Haug and Wolfgang Eilzer
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Keywords: Integral structure, High aesthetic quality, Slender concrete arch, Inclined piers, Extraordinary location, Challenging construction process.

1

Introduction

In 2007 the City of St. Gallen, Switzerland, has announced a public competition for a new
bridge across the Tamina Canyon. The bridge had to fulfill challenging conditions, whose
possible solutions could be better found through a design competition. In addition to the
typical conditions of durability, robustness, redundancy and cost effectiveness the special
location requested for a pleasing structure with high aesthetical quality. The local situation
with rock on either side of the gorge allows for typical arch foundations but due to vertical
layering in the rock and the steep slopes normal pier foundations were seen critical.
The selected solution is a slender concrete arch with a rise to span ratio of 1/7.5. The
unsymmetrical situation of the valley is reflected by the form of the arch with 2 piers on the
left and 3 on the right side. There will be only 4 supports for the structure, 2 abutments and
2 arch foundations. With inclined piers, which follow almost the direction of the flanges of
the gorge any further pier beyond the arch could be avoided. These inclined end piers form
a framework with the superstructure allowing for the end spans of 63 and 38 m of the deck
with only minor increase in girder depth. The idea of inclined piers as answer to the delicate
geotechnical condition and the request to minimize impact on the high level meadow to the
east, guided then to the natural order of arranging all the remaining ones in a radial order.
Except for the supports in the abutments and the corresponding expansion joints, it is an
integral structure.

Fig. 1. Tamina Valley, View from North-West © Tiefbauamt St. Gallen.

2

The Concept

From the complex boundary conditions with geological vulnerable hill-sides, a very
deep and inaccessible valley with highly restricted natural reserve areas, the following
conclusions were obtained for the design concept:
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- main structure has to be located below the roadway to minimize visual impact on
the spectacular landscape at this site
- Tamina gorge to be crossed column-free (arch with 265 m span) due to unfavourable
geotechnical conditions and the very deep gorge
- end region of the hillside areas had to be also column-free (rigid frame with 89m
span Bofel side - and 48.5 m span - Berg side) due to danger of landslides.
- Construction of the main opening (arch area) had to be by balanced cantilever
method with a temporary stay system.
The basic design idea was to cross the Tamina gorge with an arch, and to realize also
a column-free hillside area towards the abutments with rigid frame structures.

3

Design and Construction

The arch is designed as a reinforced concrete structure with a main span of 265 m. The
arch dimensions change from the support area (4m * 6.95m) to the arch crown (2.05m
* 5m), and is monolithically merged with the superstructure in the center of the main
span, where it also changes from a hollow box section to a solid section.

Fig 2. Layout and Cross-Sections.

The three small piers over the arch are also realized with solid sections. Those could
be designed very slender due to the chosen articulated supports, done by concrete
hinges. Constrains due to temperature deformations, creep and shrinkage could be reduced and an almost maintenance-free structure could be achieved. Only in the abutments sliding bearings were used. The superstructure consists of a continuous prestressed concrete girder that is supported on the piers with a span-arrangement between
38.45m and 62.7m. Its hollow box section has a variable height from 2.75m to 5m.
Construction was done by fee cantilever method. Therefore foundations and abutments on both hill-sides were realized first. After erection of the temporary steel towers
over the arch springs, the arch segments where cast with a self-driving formwork and
the cantilevers were tied back in sections with temporary cables. Once the arch was
closed, the inclined piers were erected and the superstructure was constructed on a traditional falsework in sections, starting from the center of the arch towards the outer
piers on the hill-sides. Construction was finished in 2014 and the Tamina Bridge has
been opened to traffic on 22 June 2017.
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Podilskyi Arch Bridge in Kiev
Michael Korniiev1, Vladimir Bolikov2 and Friedhelm Eric Rentmeister3
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Kiev, Ukraine
PSC "Plant" Kuznya on Rybalsky, Kiev, Ukraine
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1.

General Characteristic

The Podilskyi Arch bridge is crossing the river Dnieper in center of Kiev and is part of
a 7.4 km long link which connects the center of Kiev with the “sleeping district” on the
left bank of the river.

Fig. 1. Arch bridge. Main features.

Fig. 2. Cross section of the arch bridge.
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The bridge has a main span of 344 m intended for six lanes of vehicles in the top
level and two metro lines in the bottom level plus large diameter water pipes. The bridge
is of steel, except of the reinforced concrete bases of the lower parts of the arches.
The draft design works began in 1991 and in 2005 parallel design and construction
work started. Due to the financial crisis in the Ukraine, the work was interrupted for
several years but construction recommenced in 2018 and the bridge shall be completed
at the end of 2020.

2.

Orthotropic Plates

The top orthotropic plates of truss have a standard design with closed longitudinal ribs
and transverse beams with a step of 4 m. The bottom plate of truss has an original design
[2], [3]. The longitudinal box-like ribs are located above the floor sheet.

3.

Arches

Arches in the cross section of the box with a constant width of 3.2 m and a height
decreasing from 4.8m, to the middle 4.0 m. Flange plate thickness is 50 mm and wall
thickness 32-50 mm. The joints of the longitudinal ribs of the box are made of highstrength bolts. The joints of the contour plates are welded.

4.

Ropes

The truss is suspended from lock coil ropes with a diameter 85 and 95 mm. Lock coil
ropes with a top cylindrical socket with an external thread and a bottom fork socket
used as suspensions. The top sockets are anchored to the end of the pipe in the arch
box, while the bottom anchors attached to the eyelets on the consoles of truss.

References
1. SNiP 2.05.03-84* Bridges and pipes. Design standards. Moscow, 1998.
2. Korniiev M.M., Fuks G.B. Patent SU 1158650 A "Upper structure of the railway bridge
track", 30.05.85
3. Korniiev M.M., Steel Bridges, Kiev, 2018. Volume 2. Chapter 7. Calculations of fatigue.
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1

Introduction

In the past, the procedure for execution arches was the wooden scaffolding supported
on the ground, then steel elements and phenolic panels appeared, but keeping the same
construction philosophy.
Nowadays, engineering has developed significantly the execution procedure, and
arches are built without ground supports.
Estructuras y Montaje de Prefabricados (from now on Estructuras), subsidiary of
Puentes y Calzadas Grupo de Empresas, has developed several construction methods
for arches, considering needs of viaducts, environmental requirements, or even structural determining. We are the company in Spain that has developed the latest technology for folding arches and also has the highest number of arches executed using this
method in Europe. In this paper, you will find the evolution of the arches execution
from using common scaffoldings to cable stayed arches and folding arches through
some examples.

2

Shoring Tower Formwork System

The Narón viaduct is a representative example: 70m high pointed arch, constructed in
1999.

3

Cantilever System

3.1

Precast Segments

- Cieza viaduct: 240m long and 36m high arch made up of precast segments connecting them during construction to the deck using metal profiles, in 2003.
3.2

On Site Segments

- Contreras Reservoir viaduct: 262m span and 130m deflection in an arch compound
by progressive cantilever segments, suspending segments tied by a temporary pylon
over the deck.
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- Ulla viaduct: polygonal arch of 180m span and 120m deflection, executed using cable stayed progressive cantilever segments. Construction in 2011.

4

The New Generation: Lifted and Lowered Arches

- Lifted arch: execution using a shoring tower formwork and a cable stayed system.
- Lowered or folded arch: execution of the arch in a vertical position and then put in
place using a cable stayed system.

Fig. 1. Precast segments.

Fig. 2. Lifted arch.

Fig. 3. Lowered arch.
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1

Introduction

This road bridge case study is based on a recently completed design and build con-tract
for a 50m span flat arch in the city of Northampton (UK) over the river Nene. The site
has an extensive number of buried live electric utilities and the navigation channel had
to be maintained during construction [1].
The reference design proposed the use of precast concrete deck elements lifted into
position, assembled in a cantilever method using substantial temporary works. The tender design development went naturally to seek a lighter steel-concrete composite deck
to improve the structural stiffness required for the slender superstructure with a span to
rise ratio of 13.9 as well as to find a simpler method of construction to reduce the cost
associated with the temporary works [2] as shown in Fig. 1.

Fig. 1. The steel-concrete composite flat arch completed.

The 64m long deck was made act with full integral connection to the abutments while
the arch springing included pseudo pinned details [3].
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2

Content

The paper describes the major construction phases with associated bespoke temporary
works that were implemented to safely complete the substructure works, the steelwork
lifting with mobile cranes set on each river banks (see Fig. 2), the check of the temporary stability are discussed [4] and the design details of the temporary bracing are presented.

Fig. 2. First arch erection with midspan splice connection.
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1

Description

The Railway road bridge in Novi Sad is situated on the international railroad BelgradeBudapest. The bridge is designed for two railway tracks (with design speed of 160
km/h), two road lanes and two footpaths. The bridge structure consists of four structures: two approach composite bridges at the banks and two steel tied network arch
bridges over the river and transition structure between two arches. The spans are
27.0+177.0+3.0+219.0+48.0 m, totally 474.0 m in length. The rises of arches are 34.0
m and 42.0 m respectively. The width of the bridge is 31.440 m. The arches and ties,
as well as the girders of the approach spans, are steel box girders. The decks of all
bridge structures are the composite reinforced concrete slabs with thickness of 300 mm,
locally 400 mm. The launching was very complex, in both analysis and construction.
The arch bridges re fully assembled on the banks and launched by skids over the bank
and by pontoons over the river, to the final position on piers. The bridge is designed to
fulfil all requirements of Terms of Reference based on Deutsche Bahn Richtlinie 804
(German Railway Guidelines 804) Edition 2003, DIN-Facbericht 101 to 104 Edition
2009 and appropriate European Norms series 1991 to 1994 and 1998.

Fig. 1. Location of the Railway Road Bridge in Novi Sad.

Most challenging details of designing were: to achieve strong conditions of sum of
rotations of the bridge structures on supports, to avoid any “compressed” hanger cable
stays, satisfy the limitation of vertical deck accelerations for “good comfort” and solve
and realize very complex arch bridges launching over the big river. The goal was also
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to reach the minimum of structural steel masses and to stay within the minimal budget
costs (around 55 Mill. EUR).

Fig. 2. Layout of the bridge structure.

The quantities of main structural materials for the four bridge structures:
 Structural steel (for 1-2, 2-3, 3-4 and 4-5): 300+3900+5300+700 = 10200 t
 Secondary steel structures:
400 t
 Cables, 55 parallel strands:
1000+1500 = 2500 m
 Concrete for decks:
3730 m3
 Reinforcement for decks:
1250 t.
The bridge itself, with the arch span of L = 219 m is a bridge with the longest span
in the world in in the category of tied network arch bridges with two rail tracks.

2

Participants

Investor: Serbian Railways AD, Belgrade.
Financing: Delegation of the European Commission to the Republic Serbia, Autonomy
Province of Vojvodina and Municipality of Novi Sad.
Contractor: JV AZVI S.A., Taddei S.p.A., Horta Coslada S.L.
Main subcontractors:
Design of bridge structure: DEL ING DOO, Belgrade, Serbia.
Design of foundation and piers: ENCODE DOO, Belgrade, Serbia.
Assembling of the bridge structure: Mostogradnja AD, Belgrade, Serbia.
Cable stays: VSL Ltd., Poland.
Launching: ALE Heavy lift and transportation, Madrid, Spain.
Bearings and expansion joints: FIP Industriale, Servazzano, Italy.
Test load and monitoring system: Faculty of technical sciences University of Novi
Sad.
Engineer: JV DB International and Egis International.
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In 2018, a competition for a pedestrian bridge project was started in the area of Ostrów
Tumski Island, in the historical part of Poznań - Fig. 1. Ostrów Tumski Island is a very
important place in the history of Poland, because it was here that the first ruler of Poland
Mieszko I built a magnificent Christian cathedral in the year 968. This cathedral, after
numerous reconstructions, still exists today. The presented footbridge will connect the
contemporary center of Poznan with the Island of Ostrów Tumski and further with the
campus of the Poznan University of Technology.
Taking into account historical and cultural aspects of the central location of the
crossing, and the fact that until now the western end of the island has not been developed, the authors of the concept decided that it is necessary to connect the pedestrian
traffic with the creation of an open public space there. This is justified by the fact that
about 20,000 people visit the campus of the Poznań University of Technology every
day. After the construction of footbridges, a significant number of students will reach
the university on foot or on bicycles. The free space on the island can be used for recreation and periodic outdoor exhibitions (Fig. 2). The footbridge over the Warta River
has been designed as a landmark with a characteristic, symbolic shape. Its form refers
to the silhouette of an eagle that rushes into flight, and the image of the eagle is the
emblem of Poland. Ostrów Tumski Island is the place where the Polish state was born
in the 10th century. The footbridge over the Cybina was designed as frame construction
with calm, architectural expression. As mentioned earlier, this footbridge was designed
as a symbol of Poland's beginnings. It is a four-span steel box construction, based on
bridgeheads, connected to an oblique pillar and suspended to two steel, atypically
shaped arches (Fig. 1).
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Fig. 1. Side view, view from above and the cross section of the footbridge over the Warta River.

Fig. 2. Visualization of the footbridge.

To sum up, it seems that the proposed pedestrian-bicycle route connecting the center
of Poznań with the Poznan University of Technology is an interesting solution that allows taking full advantage of the possibilities offered by the existing space.
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1

Introduction

Arches have been used throughout the ages as structural elements and are considered
to be one of the most competitive options from aesthetic perspective.

2

Design Aspects

2.1

Design Criteria / Standards

The main design criteria are to evolve design of a structure having good durability conforming to the various technical specifications and sound engineering practices.
2.2

Structure Data

Tharia Bridge over river Wahrew, Meghalaya: Steel Arch, Span 165 m.

Tlawng Bridge on NH44A, Mizoram:
Steel Arch, Span 100 m.
Sanjenthong Bridge over river Imphal: 4
lane Bow String Steel Arch, span 56m,
Manipur.
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Kalipai Bridge, RIS Road, Meghalaya: Span 79 m, RCC Arch.

Wahjapuh Bridge, Meghalaya: Span
62 m, RCC Arch.

3

Bridge Aesthetics

Aesthetics is inherent in good bridge design [1]. Innovative solutions automatically
make a structure aesthetically pleasing [2]. It also needs to allow the appearance of a
given bridge to be determined with specific consideration of aesthetic issues [3]. Billington [4] has demonstrated, however, that in the hands of gifted designers, the discipline imposed by efficiency and economy can help to generate and refine visual forms
that would not otherwise have been created. Context, Comprehensiveness, Cost, Constructability are 4Cs of Bridge Aesthetics. No discussion of aesthetics is complete without considering constructability [6].
Design Methodology for Aesthetics. Rules of good order, simplicity, Symmetry,
Unity of Design, Lighting, Colour and good proportion have been followed in bridge
design. The application of these aspects has also been brought out for Wahrew, Tlawng,
Sanjenthong, Wahjapuh and Kalipai bridges in India.

4

Conclusions

Arches are not only competitive from aesthetic perspective but are also effective in
engineering design simplicity in remote hilly regions. Arches help choosing bigger
spans with no intermediate supports and no obstruction to flow of water for areas with
good foundation strata and limited working season.

References
1.
2.
3.
4.
5.

Leonhardt, Fritz: Aesthetics and Design. MIT Press, Cambridge, MA (1984).
Craig, Finley R.: Five fundamentals of bridge design. CE News 13 (2001), 48-49.
Gauvreau, Paul: The Three Myths of Bridge Aesthetics. University of Toronto.
Billington, David P.: The Tower and the Bridge. New York, Basic Books (1983).
Warren Barnes Lee: A Critical Analysis of Hulme Arch Bridge. Manchester, Proceedings
of Bridge Engineering 2 Conference, UK (2009).
6. Jeffery Grob: Restore Aesthetics as Design Priority. Principal Landscape Architect, Vollmer
Associates, New York City.

158

Book of Abstracts
Back to CONTENTS

ARCH2019 – 9th International Conference on Arch Bridges

Innovative Construction Strategies
for Singular Arch Bridges
Manuel Escamilla1, Borja Martín2, Luis M. Salazar1, Jose A. Agudelo1,
Héctor Faúndez2, Ainhoa Marín1 and Alejandro D. Salazar1
1

Pontem Engineering Services S.L., Seville, Spain
{info,lmsalazar}@pontem.es
2 Carlos Fernández Casado S.L., Madrid, Spain
cfcsl@cfcsl.com

Keywords: Construction Method, Cable-stayed Cantilever, Launching, Skidding, Pontoon, Robotic Surveying System, Structural Monitoring Instrumentation.

1

Extended Abstract

Singular structures require singular and innovative design, construction and supervising
methods. The authors present their experiences on two different arch bridges, from the
perspective of the construction process.
Construction Management on site during construction by means of an accomplished
team of technicians that can bridge the gap between the Project and the actual necessities during the construction phase, carrying out detailed designs and the supervision of
the hundreds of different parameters that are involved in the construction process.
The first structure is the Viaduct over the Tagus River for High-Speed Railway in
Cáceres (Spain), which is an Arch Bridge. The 324 m in length arch was carried out by
using cable-stayed cantilever launching with provisional steel pylons. The deck is a
hollow prestressed concrete section with a height of 4.00 m. For this outstanding project, several solutions were designed or adapted by the site engineers that the designer
of the structure deployed on site. The connection of the 85 m and 45 m in height overthe-arch cranes to the arch segments were one of the main challenges to tackle. The
execution of the 85 m in height steel pylons was one of the milestones of the project.
The use of robotic surveying system together with a profuse structural monitoring instrumentation by means of inclinometers, thermometers, stress and load cells gave the
team a wide range of information about the construction process which was analyzed
in real-time to allow the designer to control the process. Thanks to that, the differences
between the theoretical values and the actual ones were well within tolerances, achieving a great correspondence during construction phase.
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Fig. 1. Viaduct over the Tagus River. Construction Phase. Picture by CFCSL.

The second structure is the Zezelj Bridge over the Danube River in Novi-sad (Serbia), which is a double-arch bridge. The steel arches were installed by using a combination of pontoon and skidding system to reach the pier on the river. The arches span
177 and 219 m respectively with a composite slab lower deck. Using marine means to
install a structure adds an extra difficulty to the already complex task. The speed of the
river current and the level of the water are uncontrollable items to deal with. Launching
structures with both sides laying on elements with very different vertical behavior like
water (pontoon) and ground (skidding over abutments) requires exhaustive controls of
all the elements involved in the maneuvers.

Fig. 2. Zezelj Bridge – Launching. Picture by Pontem.

As a conclusion, singular structures not only require highly skilled design teams but
also an accomplished and devoted team with up-to-date technology to be able to carry
out both the detailed design of the tailor-made solutions to adjust the project to the
needs on site and the monitoring of the elements and construction methods, guarantying
the proper development of the Innovative and state-of-the-art structures.
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1

Introduction

The main bridge of the new highway connecting the cities of Santos and Guarujá, in
São Paulo state, Brazil, will comprise three arch bridges spanning 335m, 400m and
335m respectively. The arches will be constructed over the 1.000m wide Santos Port
channel, the largest port in Latin America, with pre-assembled steel trusses bolted
together in a balanced cantilever sequence to form three steel arches, which, after
concrete placing, will form the steel reinforcement of the concrete arches. Foundation
of the arches is designed as 2m diameter drilled shafts with 7m rock socket. The
proposed design solution for the main bridge over the channel comprises three arch
sections, that avoids an interference of a stayed bridge pylon and a nearby airport
approach conical surface (obstacle free zone). See Fig. 1.

Fig. 1. Location map.

2

The Central Spans

2.1

Constructive Method

The arch bridge comprises an individual deck for each traffic way. Central arch is 400
m long, while outer ones are 335 m long, reducing horizontal forces at end piers, supported by shallow rock.
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The arches are built with pre-assembled steel trusses, bolted together in a balanced
cantilever sequence. Once the steel arch is fully executed, concrete is placed and the
steel truss turns to be part of the reinforcing steel of the concrete arch. See Fig. 2.
When the arches are finished, the concrete columns are erected using sliding formworks and, at the end, the prestressed concrete deck is launched from both ends. Due
to a central curved vertical alignment, this section is to be cast in place.

Fig. 2. Assembly of steel truss arch.

The arches are supported by 2m diameter Wirth drilled shafts. The depth of rock
layer at piers located at Guarujá side is 20 m, while at Santos side, it is almost up to 40
m. Foundation elements will have rock socket of 7 m.
Due to the important horizontal force component at the end of the arches, 1:4 battered elements were provided. For outer piers where this is even more critical, all 72
elements are battered. At intermediate caps, there are 20 battered elements and 22 vertical ones. See Fig.3.

Fig. 3. External and intermediate piers.
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1

Introduction

In the city of Morelia, Michoacan, Mexico the north bypass was improved. The upgrading of this beltway implied, to modify the ground level with a variation of -650
cm. Also, a change in the transversal section was done, widening from 6 to 8 lanes.
The original footbridge was composed of 2 spans and 3 supports. In the 2 external
supports there are access ramps to the bridge, the central support works only as middle support and link the 2 spans. The bridge superstructure is built with I type steel
girders and the substructure is formed by 3 piles; each pile designed by 4 I type steel
columns.
Due to the ground level modification, the central support must be removed and
here we recommend the use of two steel arches to substitute the footbridge substructure system. The arches were assembled in the upper part of the new trace of the road
with a span of 32 meters. The two arches work as the footbridge middle support.
The most interesting part of this job was the load transference from the old substructure system to the new one at the moment of cutting off the central pile, when the
arches start to work as their arch shape. The use of the rest of the steel structure was
allowed due to the way this problem was solved using arches. Another fundamental
aspect to notice was that the bridge never suspended its service. Because it was the
only footbridge allowing the pass through the construction within 3 km. the footbridge must remain open.

2

Constructive Process

The construction of the arch started once the retaining walls that limited the new road
were finished, the excavation below the pedestrian bridge was total and there was
only a small portion of ground just holding the central column, first, the starts of the
arches were placed in the top of the retaining wall. After, the rest of the arch pieces
were placed, these were placed without using cranes. The pieces were placed on the
floor and with the help of hoists they were lifted and placed in the final place, the
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hoists were tied to the superstructure which functioned as a mobile crane, once the
pieces were aligned, they were soldered on the site. It continued placing all the pieces
of the arch on both sides until reaching the central column.
The elements of the central column in its lower part were fastened by means of
screws to reinforced concrete elements. Although several mathematical models were
developed to predict the behavior of the central column and the arc at the moment of
the transfer of forces, the real behavior was uncertain. To ensure that the columns
would not have a large lateral displacement or an uncontrollable displacement, locks
were created that hugged the metal part and the reinforced concrete support. Padlocks
were placed on the 4 legs of the central column.
It was also placed some corbels that would be used to place hydraulic jacks and be
able to lift the central column. One was also placed on each leg.
With the help of hydraulic jacks exerting a vertical push up to the corbels, the pedestrian bridge was raised 50 mm, the lifting was executed slowly, and the legs were
wedged with metal plates. The lifting was carried out simultaneously in the four hydraulic jacks. The survey also included the lifting of the 2 superstructure spans.
Once the structure was raised, the pieces of the arches were finally located until
they were closed with the last piece in the upper part and it was also joined to the
upper part of the column.
Once the arches were working, a small lift was given to the bridge once more from
the corbels to release the steel plates that had been placed to wedge the legs of the
column. The plates were removed until the central column was hanging, at that time
the arch began to work as the substructure of the pedestrian bridge.
Making sure that the bridge was already on the arch, part of the legs of the column
began to be removed until it reached the intersection of the arch with the top of the
column.
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Fig. 1. Transversal view of original bridge.
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1

Introduction

Arch bridges are part of the cultural heritage of all cultures of humanity. However, the
tied-arch bridges are a relatively recent creation and their structural behaviour is not
obvious for those who do not know the basic principles of structural engineering.
However, despite this difficulty in interpreting the flow of forces, the tied-arches also
has a strong symbolic significance for the Public. This visual or symbolic force, together with its inherent resistant advantages, such as the slenderness of the deck or
their independence from the foundation conditions, make the tied-arches a very suitable solution when it comes to building a bridge in an urban context. In the present
paper, several small-scale bow-string arches are presented, all of them built in urban
or peri-urban areas. These bridges are characterized by the rational use of resources
and by a formalization of the structural elements that make them modest examples of
how structural engineering can serve, not only to fulfil a purely functional and resistant purpose, but also to contribute to ennobling the area in which a bridge is built.
The examples presented here are: the Najera bridges in La Rioja, the bridge over the
Genil River in Granada, the bridge over the Guadalquivir River in Montoro (Córdoba)
and the Roquetas Bridge all built in Spain.

Fig. 1. Nájera, Genil, Montoro and Roquetas Bridges.

2

Conceptual Design

As it can be seen through the paper, all bridges presented here have a common approach in their conceptual design. All they are bow-string arches with slender deck,
likewise, the arches are exempt taking advantage of the buckling outside the plane of
the arch is limited by the stabilizing effect exerted by the hangers. In addition, the
arches have been designed with a variable geometry in both the longitudinal and
transverse directions to improve the resistant behaviour and also to adapt to the functional constraints.
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From the structural point of view, the arches are of constant area, since the axial
forces they have are also approximately constant. However, the width, that is to say
the lateral depth, is maximum in the key as second order effects due to lateral buckling are higher in this point. On the contrary, the width is reduced in the springers to
reduce the occupation of the central area of the deck. The section of the arches therefore has a double variation in plan and in elevation that corresponds to a resistant and
functional logic, resulting in a set of simple bridges but plastically interesting.

Fig. 2. Variation of the cross section of the arches.

3

The Bridges

The bridges are a set of works with similar structural solutions. Three of them: the
Najera Bridge, the bridge over the Genil River and the Montoro Bridge have narrow
decks and therefore they have been built with a single central arch. In the case of the
Najera Bridge, the structure is the new access to the historical town releasing the traffic of the medieval bridge that serves in turn for the crossing of the pilgrim’s historical path to Santiago de Compostela on the Najerilla River. In the case of the Montoro
Bridge, the structure serves also a new access to the historical town.
In both cases, the integration between new and old is crucial as well as the respect
for the landscape and the historical context. In the case of the Genil Bridge, the solution in bow-string solved the functional and hydraulic conditions and at the same time
making a "gesture" to ennoble as much as possible an environment visually impoverished by architecture of low quality. The Roquetas de Mar Bridge has a wider deck
compared with the previous bridges and consequently the structure is solved with two
twin arches.

4

Conclusions

The bridges presented are examples of rational use of resources and by a formalization of the structural elements that make them modest examples of how structural
engineering can serve, to ennobling and enhancing the urban area in which a bridge is
built.
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1

Project Introduction

The new construction of Nansha Port Railway is starting from Heshan Station on
Guangzhou-Zhuhai Railway, going southeast and ending at Nansha Port, which is a
double-track railway, “ZKH” live load and design speed of 120km/h. Hongqili Bridge
is a critical project for Nansha Port Railway, located at an offshore cyclone affected
district and crosses a busy waterway.
The Hongqili Bridge has two main spans of 2×360m, and its type is a composite
structure with steel truss girders and flexible arch ribs. The 2×360m main span is the
largest span among the same type of bridges. Because the span is large, structure is
complex, arch rib is poor stability during construction, the design and construction
face great challenge. Even worse, the bridge locates at an offshore cyclone affected
district, which makes the design and construction more difficult. Fortunately, there
are some successful engineering examples of steel truss girder stiffened by flexible
arch rib, such as Rongjiang River Bridge with a main span length of 2×220m for
Xiamen-Shenzhen Railway [1], Tiansheng Port Yangtze River Bridge with a main
span length of 336m for Shanghai-Nantong Railway [2] etc..

Fig. 1. Effect Picture of Hong-qi-li Bridge.

2

Structure Arrangement

The bridge is designed with the arrangement of spans: (138+2×360+138) m, and span
segments: (4×13.5+15×14+8×13.5+18×14+8×13.5+15×14+4×13.5) m, with a total
length of 998 m. Steel box arch ribs are arranged within 2 main spans, with the arch
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vector height of 65m and ratio of vector height to span of 1/4.67. Lower stiffening
chords of 16m in height are applied close to 3 main piers. Refer to Figure 2 for the
elevation layout of the bridge.

Fig. 2. Elevation Layout of Hongqili Bridge.

Warren style steel truss girders are applied, with 2 pieces of the main truss girders
of 16m in height and 15m spaced. The upper chord of the main girder is arranged with
horizontal and transverse coupling. In the lower chord, the 2-track ballastless railway
bridge deck system is arranged with longitudinal and transverse girders. Flexible
hangers are deployed with parallel steel wires.

3

Construction Method

To assure the structure stability during construction period against wind force, temporary piers are applied for the two main spans, and the main girders are erected by
using the erection proposal of ‘Girders fist and arch rib later, whole piece arch rib
lifting method’ [3,4]. This erection proposal makes the construction risk reduced,
working period shortened and cost saved.
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1

Conceptual Design

The viaduct over the Genil River (Granada, Spain) is part of the new Granada bypass,
a 4 lanes highway that will allow to reduce the traffic congestion around the city of
Granada, splitting the long distance and local traffic. The projected bridge typology has
the aim of providing the viaduct over the Genil River with a strong personality, not only
making the bridge as a part of the surroundings but enhancing it and turning it into a
visual milestone for the users. Span configuration of the viaduct has been highly restricted due to some particular project features, such as the minimum vertical clearance
to the river and the drainage requirements. Both conditions have been solved by implementing a 80 m long span over the river with a 1,50 m depth below the grade line, and
a total drainage width of 110 m. The main span ss of a tied arch bridge, being tied
girders continuum through the lateral spans (15 m each) (see Fig. 1).

Fig. 1. General view of the viaduct. Computer graphics.

Due to the vertical clearance restriction, the width of the superstructure (34 m) makes
it almost impossible to find a solution with an isolate central arch or two arches, since
the transversal flexure would lead to highly deep longitudinal girders. This way, the
central arch is placed in the main span along with two shorter lateral arches that relieve
the transversal flexure and share out the deck load to both concrete exterior tie girders
only 1,30 m deep. In the elevation view of the viaduct, the lateral arches, which are
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smaller than the central one, are designed in a way that enhances the presence of the
central arch, as much for the size comparison as for the hangers design. In the transversal section, the exterior arches bend towards the inside of the deck 7 degrees with respect to the vertical, so they gather up and gain the space created between the arches,
creating a stronger feeling of the structure as a whole (see Fig. 1).

2

Geometry and Materials

The arches are made of reinforced concrete with a high compressive strength of 60
MPa, and white color finished in order to enhance the aesthetics of the arches. In all the
cases, the transversal section is solid, square shaped, 1,20 m deep and 1,50 m wide,
having chamfers at the corners and slots in lateral faces.
Central arch has 26 hangers with 82 mm diameter bars fy=460 N/mm2 steel. The
hangers are placed following an isosceles triangular configuration. Each lateral arch
houses 14 parallel vertical hangers, 72 mm bars fy=460 N/mm2 steel, spaced 4,70 m.
The deck, 34.00 m wide, consists in three longitudinal prestressed concrete girders,
placed below each one of the arches. These longitudinal girders act like tension ties of
the arch. The platform that houses the traffic lanes consists in a reinforced concrete slab
0,22 m deep. This slab is supported by prestressed transversal girders, spaced 4,70 m
(see Fig. 2).

Fig. 2. Transverse section of the deck along the transversal girder.

3

Design Aspects

The reason why the lateral arches have a lower crown elevation is not only for aesthetic
purposes, but also for structural reasons. Variation of height between central and lateral
arches allows to uniform the axial load between the three arches. Furthermore, the axial
force and bending moments in the longitudinal girders are also similar due to the effective distribution from the central arch to the side ones.
The viaduct is placed in a high risk seismic zone (seismic acceleration 0,33 g). The
strategy to face the seismic event is different in the longitudinal and transverse direction. Longitudinally two fluid viscous dampers per abutment are considered. The transverse seismic effects are faced by the abutments where transversal stoppers are placed
on each longitudinal girder of the deck in order to resist the seismic effects.
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1

Introduction

Construction methods of arch bridge can be classified mainly by the type of arch bridge,
supporting and erecting methods. Typical construction methods are summarized in a
table as six groups by supporting and erecting methods. Methods of using temporary
support, using cable stay to hold arch rib, swing arch rib horizontally or vertically,
launching whole arch bridge horizontally, lifting whole arch bridge vertically over water and other methods such as casting precast concrete arch rib in laying down posture,
and steel tube encased in concrete are included. For the long span arch bridge, using
steel tube can be economical option for arch rib. Each erection method can be selected
depending on the site condition, and if a proper construction method is selected, the
construction cost can be reduced significantly.

2

Concluding Remark

In this paper, construction methods of arch bridge were investigated and classified into
six groups and summarized in a table by supporting and erecting methods. The six
group include methods of using temporary support, using cable stay, swing arch rib
horizontally or vertically, launching whole bridge longitudinally, lifting whole bridge
over pier and erecting precast concrete arch rib or encasing steel rib in concrete.
Temporary support method is used only for deck bridge and it is an old and expensive method, so that nowadays it is used only for small bridges. Cable stay method is
the most populer method used for deck bridge and very much diverse and popular for
medium to long arch bridges. Mostly it is the only option for crossing deep valley or
wide river. Rib swing methods are also used for deck bridge and very much convinient
and economical method, which always compete or work together with cable stay
method.
Horizontal launching methods are only used for through deck bridge and quite popular for the 50m to 100m long bridge. Vertical lifting method is used for through deck
bridge and populer for longer than 100m bridge. There are many diverse construction
methods recently introduced such as Laying Cast Concrete Rib and Steel Rib Encased
with Concrete, which will enhance the construction of arch bridges.
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Table 1. Construction Methods of Arch Bridge.
Erection Methods

Temporary
Support (TS)
Methods

Cable
Stay
(CS)
Methods

Rib
Swing
(RS)
Methods

Horizontal
Launching
(HL)
Methods

Vertical Lifting
(VL)
Methods

Other
Methods

Code & Name

Description & Feature

TS1: Full support

Whole space under arch rib is supported with temporary column
and beam.

TS2: Spot support

Several points of arch rib are supported with vertical column,

TS3: Curved support

Top surface of bent is curved as arch rib

TS4: Truss support

Truss bent is used as support of arch rib.

CS1: Cable stay

Anchored cable is holding arch rib.

CS2: Cable truss

Spandrel column and cable form a truss.

CS3: Cable stay tower

Temp tower with stay cable holds arch rib.

CS4: Suspension cable

Suspension cable is used for carrying materials and equipment

RS1: Swing horizontally

Half ribs on both sides of bridge are rotated to their designed position horizontally

RS2: Swing vertically

Half ribs on both sides of bridge are rotated to their designed position vertically

RS3: Swing horizontally and vertically

Both horizontal and vertical rotating are used consecutively

RS4: Swing whole bridge

Rotating whole arch bridge including deck

HL1: Roller bent pulling

Arch bridge on roller bent is pulled horizontally.

HL2: Barge bent pulling

Arch bridge on barge is pulled horizontally.

HL3: Support bent pulling

Temp bent under the bridge is installed for horizontal movement
of the bridge

HL4: Temp tower pulling

Temp tower at opposite side of bridge is installed to support and
pull the bridge.

VL1, Barge crane lifting

Lifting whole bridge with large sea crane.

VL2, Temp tower lifting

Temp towers are installed to lift bridge by hydraulic jack and cable.

VL3, Buoyancy lifting

Injection and discharge of water into barge lifts bridge

VL4, Tidal lifting

Tidal difference of low tide and high tide lifts bridge

LCCR: Laying Cast Concrete Rib

Arch rib and girder are cast in lie down position, then erected in
vertical position.

SREC: Steel Rib Embedded in
Concrete

Complete steel rib is covered with concrete
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1

A 384 m High-Speed Rail Concrete Arch Bridge

The High-Speed linking Madrid and Lisbon crosses over it through a 996 m long viaduct. Its main span, is an impressive 384 m concrete arch. Both design and definition
of the erection procedure (which conditions the design itself), have sought, from the
project beginning, to combine the technical feasibility and the optimization of resources
and costs of such a singular structure, leading to a very advanced and efficient structure.
1.1

Design Principles of the Arch

Design of the arch directrix. In a railway bridge we have an important self-weight if
made of concrete, but also very important live loads which lead to great deflections in
the line of thrust. The innovative strategy, is to work out the antifunicular directrix for
the amplified live loads induced by the dynamic behaviour of high-speed trains.
Design of the arch’s cross-section. A real challenge for the design, was to limit deformations and vibrations on the bridge. The cross-section of the arch has an essential role
in this sense, because of the need of reducing the forces resulting from wind action.
Thus, a cross-section with pronounced chamfers is designed, avoiding the classical rectangular section, and as shown in wind tunnel, achieving a significant reduction of wind
pressure over the adopted section.
Design of the arch in plan view. An arch with the designed span means a great slenderness outside the vertical plane, hence instability criteria in this direction must ensure
its structural uniqueness. Further than increasing the width of the cross-section to significant values which would also magnify self-weights (and therefore costs and auxiliary devices), the design strategy consisted of splitting the arch into two legs.
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2

Monitoring a Record Bridge

A complex service monitoring system, with both static and dynamic instrumentation is
being installed and tested.
Table 1. Placement and number of devices distributed around the viaduct.
Place
Abutment E1

Pier P7 | Pier P14

Device
4 Strain gauge plethysmographs
1 Thermohygrometer inside the deck
1 bidirectional clinometer
1 Strain gauge plethysmographs
1 bidirectional clinometer
1 Strain gauge plethysmographs
1 Thermohygrometer outside the deck, just over the pier
1 bidirectional clinometer

Pier P8 | Pier P13

1 bidirectional clinometer

Abutment E2

Span V7 | Span V15

4 Strain gauge plethysmographs
1 Thermohygrometer inside the deck
1 anemometer
1 weathervane
1 Thermohygrometer inside the deck

Arch - segment D13 span V8

1 Triaxial accelerometer

Arch - segment D23 span V10

1 Triaxial accelerometer

Arch - segment D33 (crown)

1 Triaxial accelerometer

Pier P5 | Pier P16
Pier P6 | Pier P15

1 Triaxial accelerometer
Arch - segment D23 span V12

1 Triaxial accelerometer

This system will allow the control of the structure’s behavior during the service life
of the viaduct, and its comparison with the theoretical deflections obtained during the
structural analyses undertaken along the design. Sensors are already giving information,
that is available through a remote-control application. Analyzing the obtained values,
the structure is behaving within the expected.
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1

Introduction

The future road will connect, in the central section of the route, the towns of Kvesheti
and Kobi, reducing the route’s length from 35 km to 22 km, and travel time from one
hour to approximately 20 minutes. It will also suppose an important improvement in
road safety conditions. To achieve this, a 432 m long challenging arch bridge, spanning
285 m over Khada Valley has been designed by IDOM and Arenas & Asociados.

Fig. 1. The Khada valley with the designed bridge.

2

Geometry of the Structure

The arch has been designed with a main span of 285 meters and the complete bridge
length is 432 meters. There are two symmetrically access viaducts of 73.5 meters at
both sides of the main span. The arch gives support, by means of spandrel columns, to
the upper deck. Its rise is of 51.5m; therefore, the span/rise ratio is 5.5. The deck is
supported on a set of pillars spaced 19 meters, being the length of the spans the same,
both in the approach stretches and in the main stretch. The deck is formed by a continuous composite steel-concrete structure simply supported on piers resting whether on
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the ground or the arch. The arch is formed by two parallel elements with a chamfered
hexagonal box section linked together by means of diaphragms.

Fig. 2. Typical section of the bridge

3

Erection Process

The selected erection process is cantilever construction method with temporary diagonals, that uses the arch as the lower chord of two great truss cantilevers and the deck of
the bridge is the top chord. The procedure involves progressing in cantilever from both
sides with temporary steel cable diagonals, using the steel deck section as a tie. When
the two cantilevers reach the center of the span, the arch is closed with a crown segment
that is executed after “opening” the two semi-arches with jacks of sufficient strength.
Once the construction of the arch is finished, the deck will be completed with the concreting of the top slab.

4

Main Design Challenges

There are some features of the design process to be highlighted:
─ The longitudinal stiffness of every element has been studied to guarantee an adequate behavior during seismic events without installing dampers
─ A complete non-linear analysis considering material and geometrical effects has
been developed through an incremental-iterative process
─ The shape of the arch cross-section derives from the search for an appropriate aerodynamic behavior.
─ The erection process has been optimized by choosing a solution with two arches,
which reduces the weight and simplifies the auxiliary elements for construction, and
also favored with the election of a steel deck, which constitutes the upper member
of a truss of great depth during arch construction.
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Namhangang Railway Bridges - A Series of Normal and
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1

Design Concept

The stretch from Dodam to Youngchun Lot 1 as part of existing Jungang Railway
Line in Korea is shown in Fig. 1. It is 12.5km long in total and consists of earthwork
with 4.5km, tunnel with 7.3km and viaducts with 665m. One of key structures is
Namhangang railway bridge. It was tendered as Design-Build Scheme.
The awarded concept was motivated from famous three peaks in Dodam Province.
A series of normal and underslung arches with 100+80+120+80+100=480m have
been developed. Three alternate normal and variable arches simulate three peaks.
Combination of underslung arches in between gives wave impression. Concept is
shown in Fig. 1.

Fig. 1. General Arrangement of Series of Arches.

2

Design and Construction

Design speed is 250km/hr and track system is concrete track. Track distance is 4.3m.
Design for civil works is based upon Korea Design Criteria of Railroad(2004). Seismic loading is based upon earthquake with 1000 years return period. Peak ground
acceleration is taken as 0.154g. Steel grades with HSB500 for main arch and SM400
for auxiliary member have been used. It is equivalent to E360 and S235 grade. Normal grade of concrete with 27MPa and 30MPa is used for deck slab and pier. Ground
condition is quite good. Soft and hard rock is found in shallow depth.
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10.9m functional distance has been provided and total width of cross section is
14m. Span to rise is taken as about 5.5 for 100m and 4.7 for 120m span. Rise is 18.0m
for 100m and 25.5m for 120m, respectively. Number of hangers is 11 for 100m span
and 13 for 120m with spacing of 7.5m. Hangers are arranged as inclined for better
aesthetics.
Total depth of underslung arch is taken as 10m. Span to truss depth ratio is taken
as 8 which is smaller than span to rise ration in arch. In order to maximize the vertical
clearance above the highest water level during flood season, span to truss depth ratio
has been maximized. For single and double track loading including impact, the checks
for passenger’s comfortability and running safety requirement which should be less
than L/1400 and L/600, have been done and satisfied.
Pier stem section is solid rectangular section, 8.5m by 7.5m with circular corner.
Pier total height from the bottom of footing is 38m, 39.3m, 33m and 21m, respectively. It is T type pier. Spread foundation with 16m by 16m for tall pier(P1, P2 and P3)
and 15m by 15m for less tall pier(P4) is taken.
Maximum span length is 120m in the 3rd span. As result of rail structure interaction analysis, rail expansion joint and Reduced longitudinal restraint have been introduced. Dynamic performance has been verified from train structure interaction analysis. Natural frequency of 120m, 100m and 80m arch is 2.08Hz, 2.12Hz and 2.25Hz,
respectively. Acceleration is less than 0.5g and deflection is less than L/1900~2200.
Construction was scheduled from 2014 to 2016. All arches are erected by block by
block. Small block is connected by bolts, then large block is erected by crane. Two
temporary bents on the existing ground are planned. Erection sequence and final configuration is shown in Fig. 2.
Erection of Normal Arch

Erection of Underslung Arch

Fig. 2. Erection and Completion of Arch.
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1

Suspending Crane System

1.1

Design of ShaTuo Bridge’s Suspending crane

According to the section size, the length of the casting, and the weight of the section
concrete of the main arch ring of the Shatuo Bridge, the suspending crane adopts four
main slab structures.
1.2

Suspending crane Operation Procedure

Demolding of the inner and outer formwork → installing and tensioning of the main
arch ring buckle and anchor cable → releasing the stopping device → releasing the tie
rod and separate the bottom mold and the arch ring bottom plate, the hook falling
back to the slide track → the back pivot jack at the tail of main truss is unloaded, and
the rear roller is supported on the lower edge of the box arch → the hook moving
forward to the next construction position by jack → installing and lifting bolt to make
the bottom formwork close to the bottom surface of the cast arch ring segment →
adjusting the formwork height with the main truss rear end jack → installing stopping
device → installing the main arch ring segment steel bars → installing the inner and
outer formwork → pouring the segmental concrete to complete a segment working
cycle.

2

Buckle and Hanging System

The buckle tower is divided into upper and lower parts. The lower part is the bridge
pier on the abutment and the upper part is a steel structure tower.
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The bracing cable in the front of the buckle tower is called the buckle cable. The
rear balance cable is called the anchor cable. The buckle cable system consists of the
buckle cable, the anchor cable, the steel anchor box and the anchor.
In order to make full use of the pier and abutment structure to balance the horizontal force and the pull-up force of the anchor cable, the anchoring end of the anchor
cable is placed on the pier and the bearing platform of the abutment. The vertical and
oblique direction prestressed tendons are added on the pier and the abutment to resist
the horizontal force and the upward pulling force of the anchor cable.
The control system includes the pylon displacement monitoring, displacement and
tension monitoring of buckles and anchor cables, multi-function combination jack,
data transmission, data processing and control center.

3

Line Shape and Internal Force Control of the Main Arch Ring

We repeatedly calculated the internal forces of each structure system formed by the
corresponding main arch ring segment casting and cable-stayed suspension action,
and well set the control value of the vertical mode elevation at the front-end of each
segment. In the whole construction process of the main arch ring, the calculated values of the coordinate variations of the control points in each step is compared with the
field test values in the site to update the calculational model, which ensures that the
final closure line shape of the main arch ring is coincident with the ideal one.
Although we try to adjust the buckle and anchor cable system to a state as ideal as
possible, the tension stresses are unavoidably discovered in the top and bottom plates
of the main arch ring box segment in an alternative manner. However, we can control
the tension stresses of the main arch ring at a reasonable level to stop the concrete
from cracking. On the basis, we have already accumulated successful experiences in
the construction of several similar bridges
Our assumption is to place some temporal prestressed tendons in the main arch
ring segments that have comparatively greater tension stresses. The main arch ring
will continuously be subject to compressive stresses after the prestressing procedure.
Finally, we select 8 segments to perform the method.
As shown in results, after the temporal prestressing, the cross-sectional tension
stresses of the arch ring was obviously improved, and the tension stress level was
reduced by about 1 MPa. It indicates that setting prestressing in the arch ring crosssection can significantly reduce the maximum tension stress level of the concrete, and
promote the structural safety reserve of the arch ring.

References
1. Yang J, Zhou SX, Han HJ. Cantilever casting concrete arch bridge design and construction
technology [J]. China Communications Press, 2015.
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1

Development of CFST Arch Bridge in China

In the past 30 years, China's concrete-filled steel tube (CFST) arch bridges have developed rapidly, and more than 450 CFST arch bridges have been built so far. In order to
solve a series technical problems of CFST arch bridges, Chinese scholars have carried
out a number of theoretical studies and technical practices.

2

Technology of CFST Arch Bridge Core

2.1

New Technology of CFST Arch Structural System

After years’ theoretical research and engineering practice, a new technology of structure system for main arch of CFST arch bridge has been formed. The CFST arch bridge
can be divided into three types according to bearing behavior of arch seat: 1) thrust arch
is divided into upper-supported arch bridge, Middle-Through arch bridge and lowerthrough arch bridge; 2) non-thrust arch is divided into flying swallow tied arch bridge
and lower-through tied arch bridge. CFST arch bridges are divided into single main
arch, dumbbell main arch and multi-tube truss main arch according to the structure form
of main arch.
2.2

New Technology of CFST Structure

Steel plate and CFST are welded together to form the main arch of composite structure,
which has poor matching and performance of synergistic force [1]. Therefore, it is proposed that the main tube of trussed main arch should adopt the CFST structure and the
branch tube should adopt the steel tube structure. The stiffness matching is high, the
synergistic bearing capacity is strong, and a reasonable structure is formed.
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2.3

New Structures and Key Structures

An independent structural unit system for manufacturing, transporting and installing
the main arch is proposed. Double vertical web tubes are installed between the units,
only upper and lower chord tubes are connected at high altitude. The main arch transverse braces are installed in the installation unit, and the transverse braces are installed
synchronously with main arch. The high altitude welding joints and temporary positioning structures of main arch without oblique web tubes are realized, and welds of the
intersecting lines of main arch are manufactured.
A new type of composite cross brace and rectangular arch rib inner diaphragm were
developed. By setting vertical plane brace at main arch suspension cable, triangular
horizontal brace at top and segmentally stiffened inner diaphragm, peak vibration stress
at the connection between cross brace and main arch is reduced by 20%, material consumption is reduced by 23%, and field welded joint is reduced by 58%.
Wind-resistant and vibration-reducing series cables increase the fundamental frequency of suspenders and suppress the wind-induced vibration of suspenders. The service life of Long-term Anticorrosive Suspension Bar increased to 50 years, At the same
time, the anchorage section of the suspender can be monitored and inspected in real
time.
2.4

Analysis Method of Long Span CFST Arch Bridge

The method for calculating the resistance and non-linear stability of CFST is proposed.
Based on engineering practice data, a method for calculating geometrically non-linear
initial defects is introduced. The above method ensures the scientificity of load-bearing
capacity and non-linear stability calculation of long-span CFST arch bridge.

3

Conclusions

With above series of technical achievements, the 1st Hejiang Yangtze River Bridge
with 530m main span, was constructed, Hejiang Yangtze River Highway Bridge (span
combination 80.5+507+80.5m) and the 3rd Pingnan Bridge (main span 575m) was designed. However, the development of CFST arch bridge technology is of great significance to promote the development of long-span reinforced concrete arch bridges.

References
1. Chen Baochun. CFST Arch Bridge [M]. Beijing: People's Communications Press, 2016.
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1

Introduction

Before the estuary of Plentzia, within one of the last meanders of the Butron river, the
unique medieval castle of Butron can be found [1]. It is located in the municipality of
Gatika, in the Historical Territory of Biscay. The ancient masonry bridge connecting
the castle and the opposite bank of the river, apart from being a hydraulic obstacle
favouring the flooding of the alluvial plain in the area, presented a high risk of collapse, due to the scour of its right abutment. The local administration decides to reconstruct the ancient bridge, building a reinforced concrete fixed deck arch bridge,
with a single span of 23 m. The directrix of the Butron arch is circular, with a radius
of 20.60 m. The length of the arch intrados is 24.40 m. It has a rise of 3.50 m. and a
rise-to-span ratio of 1/6.57, which is in the usual range is this kind of arch bridges [2].

Fig. 1. Front elevation and main dimensions.

The structural sections in the arch and the deck are massive rectangular slabs. The
height of the arch in the springing is 60 cm, and only 40 cm in the crown. The height
of the deck is 40 cm, so the structural stiffness is very similar in the arch and the deck.
The arch and the deck are fixed in the crown, along a length of 9.00 m equalling the
deformability of the set. While moving away from the crown, the deck is supported
by two symmetrical 25-cm-thick tympanums, fixed both in the arch and the deck.
Those supports divide the deck into four spans, with lengths of 4.60 m and 2.65 m
(Fig.1). The width of the cross section is 6.00 m, integrating two pedestrian sidewalks
and one 3-m main lane. The bridge foundations are raft-micropile footings. The grade
of the concrete is C30 for all the structural elements.
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During the design phase, a complete study of anti-funicular curve optimisation is
undertaken. Under self-weight and permanent loads, the line of thrust in the arch is
always beyond the limits of the central nucleus, so the whole arch is fully compressed
(Fig. 2). Under permanent loads and live loads, the lines of thrust escape from the
limits of the central nucleus in two significant zones: the springing points and the
crown of the arch. These sections are inevitably fissured and develop mechanisms of
combined bending.

Fig. 2. Line of thrust under permanent loads and central nucleus limits.

2

Conclusions

This structural typology was chosen because of its ability for ensuring hydraulic section, and as a reminiscence of the ancient bridge. This humpback profiled structure is
an example of an arch solving, in our days, a clearance in the range of very short
spans (Fig. 3).

Fig. 3. Butron arch bridge from upstream.
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1

Don Henrique Bridge Construction Method

In standard construction method of this type of bridges, the arch is built first, and then
when the arch is closed and fully capable to withstand additional supports the deck is
constructed over the arch.
However, in this case, since it is not structurally working as arch bridge, the solution was to execute the deck and arch simultaneously, being the deck some segment
forward from the arch (and sometimes overlapping both segment, arch and deck).
A traveler was designed for the construction of the deck and other structure was
designed for pouring the arch. The deck construction was at least one segment in advance of the arch. Then, the platform for pouring the arch was hanging from the deck
and anchored on the previous segment of the arch.
The main characteristic of the construction method used is that the arch need the
upper deck for assuming construction loads and vice versa.

2

Almonte Bridge Construction Method

The construction method was highly influenced by the restriction of weight of the
solution as well as the need of being capable to adapt the traveler to the three different
sections required to be poured by the formwork traveler.
The construction was decided to be done by balance cantilever, using temporary
restraints, for the arch. The deck and pier were built afterwards the arch was completed.
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Fig. 1. Completed arch – Lowering operation after key segment.

The first staring single segment and the starting double section segment was performed by traditional scaffolding system, enabling the assembly and anchorage of the
formwork travelers on each side.

3

Conclusion

The construction methods of two different cases were presented. The design of each
solution was the result of the combination of design of the bridge and boundary conditions and restrains present on construction site.
However, in both cases the construction method is based on the balance cantilever
bridge construction, applied to arch concrete typologies.

186

Book of Abstracts
Back to CONTENTS

ARCH2019 – 9th International Conference on Arch Bridges

Practical Advices for Building Arch Bridge Decks with
Overhead Movable Scaffolding Systems
António Póvoas and Joana Delgado
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Abstract. Practical recommendations for designers of arch bridges resulting
from the experience of using overhead Movable Scaffolding Systems (MSS) for
the construction of the decks of three Arch Bridges in Spain: Albentosa Viaduct
with a steel arch with a central span of 100 m and concrete deck with spans of 50
m, Tagus River Viaduct with a concrete arch with a central span of 324 m and
concrete deck with spans of 54 m and Almonte River Viaduct with a concrete
arch with a central span of 384 m and concrete deck with spans of 42 m.
As the construction of the decks of these 3 arch bridges had very specific difficulties and solutions to overcome them, it is rare to have the possibility of building similar bridges, some practical recommendations are left by the authors, regarding the different construction phases of this kind of bridges and possible options when designing them.
Keywords: Arch-bridges, Multi-span bridges, Arch-deck connection.

1

Introduction

Overhead Movable Scaffolding Systems (MSS) is an automatic formwork system made
by a main girder hanging two longitudinal outside formworks.
This equipment can fly from pier to pier being supported by the concrete infrastructure (piers and previous deck) during the drying of the concrete.
In Albentosa Viaduct there were only 2 spans of 50 m and they were casted one by
one.
In both Tagus and Almonte viaducts the same MSS model was used to build the
decks from the abutments to the center of the arch.
The equilibrium of loads over the arches during construction required to pour the
concrete of the first two pairs of opposite decks over the arch simultaneously in Tagus
Viaduct, and the central last two decks were casted one by one.
In Almonte Viaduct the opposite decks over the arch were poured one by one, alternating north and south, with a few days’ lag between them.
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2

Viaduto de Albentosa – Teruel - Espanha

The Viaduct was designed by Javier Mellado and Juan Luís Alcalá from IPES - Madrid,
and the arch was designed by José Crespo Martinez and Domingos Lorenzo from
SILGA – Madrid.
The deck was designed as continuous with 11 spans: 1 x 32,2 m + 9 x 50,0 m + 1 x
32,2 m (see Fig. 1).

Fig. 1. Overall geometry of Albentosa Viaduct.

2.1

Deck Geometry

The deck is box girder type with a width of 11,3 m and 2,5 m high (see Fig. 2).

Fig. 2. Deck transversal section – Albentosa.

2.2

Arch

The arch of Albentosa Viaduct is a steel arch with a central span of 100 m and concrete
deck with spans of 50 m. The arch of each viaduct consists of two parallel arches connected transversely on the crest by a transverse beam where the support of the MSS
was placed (see Fig. 3 a).
The metallic arches have a constant section of 1,49 m width and 1,90 m height. The
thicknesses of the plates varies between 12 and 20 mm.
The box girder beams have longitudinal stiffeners consisting of cells in the corners,
completed with stiffeners of closed section in the web. Transversally there are transversal girders every 5,0 m.
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The guidelines of the arch draw two circles of 170 m radius, joined at the upper zone
where the radius decreases to 10 m. In this zone are placed the supports of the deck as
well as the bases for the support of the MSS.
The arches have rigid connections at its starters are made by Macalloy bars.

a) MSS with its support on the arch

b) MSS supported transversally on the rear
deck and on the front pier

Fig. 3. Views of the MSS supported over the arch crest (a) and bracing the arch (b).

2.3

Deck Construction over the Arch

The deck construction over the arch was determinant for the arch structural design of
the arch itself.
When the construction is on its final stage, the deck ensures effective bracing of the
arch regarding the global buckling. However, in the concreting stage of the deck, the
situation is much more unfavourable. In order to solve it, the arch design was conditioned by this provisional stage and two measures were adopted. Specifically, transversal connections were done with the other parallel arch in order to limit the 2nd order
effects, as well as, the MSS and its supports were designed so that they could act as
horizontal supports for the arch at its crest, while the MSS was supported on the deck
before the arch and on the pier after the arch.
This way, the MSS was resisting to the wind acting on itself, decreasing the load
transmitted to the arch, but also due to its transversal rigidity increased the buckling
resistance of the arch in the transverse direction (see Fig. 3 b).

3

Tagus Viaduct

The North access viaduct of 642 m has a first span of 45 m, 9 spans of 60 m and one
span of 57 m. The South access viaduct of 522 m has a first span of 45 m, 7 spans of
60 m and one of 57 m. This viaduct has a central zone with 6 spans of 54 m over an
arch of 324 m (see Fig. 4).
The structural design was done by Carlos Fernandez Casado, S.L. – Oficina de Proyectos [3], the main contractor was U.T.E. Cañaveral, and the final client was ADIF –
Administración de Infraestructuras Ferroviarias (Spain).
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Fig. 4. Overall geometry of Tagus Viaduct [3].

3.1

Deck Geometry

The deck is box girder type and the section is similar all along the viaduct (see Fig. 5).
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Fig. 5. Deck transversal section – Tagus Viaduct [3].

3.2

Deck Construction over the Arch

In order to pour the last two spans over the arch with the MSS it was necessary to use
a special formwork, which a special opening system, drawer type, in order to remove
the forms from their positions and put them back later, allowing the launching of the
MSS to the next position with its formwork suspended.
Due to bridge design, it was required by the client that the first 2 pairs of the decks
over the arch had to be poured simultaneously (see Fig. 6). The 5th and 6th decks over
the arch were casted by the North MSS alone and that MSS also helped to build Pier 14.
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a) Pouring position for first two spans over
the arch

b) Launching North MSS to second span
over the arch.

c) Pouring position for span 3 and 4.

d) Pouring position for span 5

e) Pouring position for span 6

f) Finished deck of Tagus Viaduct

Fig. 6. Casting of Tagus Viaduct’s deck over the arch.

P14 diaphragm was the rigid connection between the arch and the deck, and it was
decided almost at the last moment that the construction of the diaphragm of pier P14
had to be fully done before the casting of the deck due to the density of the rebar in that
area (see Fig. 7), what brought the need for a special solution solved by the MSS supplier.
It was not an easy task because it was necessary to install another portal frame over
the arch just before P14 (see Fig. 8) and launch the MSS to its concreting position, close
the special formwork over the arch, and make the rebar and several steps for casting
this diaphragm connection. These operations took several weeks due to its extreme difficulty and density of rebar.

Fig. 7. Casting of the diaphragm over central pier P14, provisional portal frame on the right.
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Fig. 8. Construction of diaphragm over pier P14, provisional and casting supports.

4

Almonte viaduct

Almonte River Viaduct is the largest Arch Viaduct for High Speed trains in the World.
It has an arch of 384 m with 2 spans of 45 m and 7 spans of 42 m over it, which were
constructed by two overhead MSS. Approach viaducts have spans of 45 m, 6 spans on
North side and 8 spans on South side (see Fig. 9).
The structural project of this viaduct was done by Arenas & Asociados [4], the main
contractor was U.T.E. Alcantára-Garrovillas and the final client was ADIF – Administración de Infraestructuras Ferroviarias (Spain).

Fig. 9. Overall geometry of Almonte Viaduct [4].
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The deck is a box girder type (see Fig. 10) and has the same cross section along the
viaduct.

Fig. 10. Deck transversal section – Almonte Viaduct [4].

4.1

Deck Construction over the Arch

In Almonte the decks over the arch were built with two MSS working separately as it
is shown in Fig. 11. For the deck construction over the arch each MSS travelled from
the abutments to the beginning of the arch (P6 and P15) over the access viaducts. Then
they were launched for the first spans over the arch on different days.
The decks were poured separately with a few days lag, one in North side, then another one on the South side, in order to compensate the horizontal and vertical forces
transferred to the arch and the consequent deformations.
The connection between the deck and the arch was rigid and was done along 18 m
in the middle of the arch. To be able to cast the three central spans the North MSS
dismantled part of its nose and a part of the nose of the South MSS (see Fig. 11 c).

a) 1st decks over the arch.

b) 2nd decks over the arch.

c) 3rd decks over the arch

d) Central rigid connection casting

Fig. 11. Casting of Almonte Viaduct’s deck over the arch.
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5

Conclusions

As conclusions it is possible to point some specific ones to each viaduct concerning it
structure but it is also possible to find general conclusions regarding the use of MSS.
In Albentosa Viaduct the active contribution of the MSS in the stabilization of the
arch contributed to a reduction of costs in the construction of the viaduct, and it showed
that a 2 spans arch bridge is a very simple way to overcome a large span.
In Tagus Viaduct it was fundamental the capacity of the MSS to auto-assemble its
own supports as shown specially on P14’s diaphragm construction.
Almonte Viaduct showed as very relevant the capability of the MSS self-dismantle
its nose and part of the nose of the opposite MSS, and also showed its capacity of disassembling temporarily the formwork, allowing the connections to the arch underneath
required for deck construction.
When using MSS, the use of an even number of spans over the arch is worse than
using an odd number, because the noses of left and right MSS can collide over the last
span and solutions as self-dismantling the nose is complex and expensive.
The casting stages during construction have to be well studied in order to avoid simultaneous castings in both sides of the bridges, what brings problems for the concrete
supplying and also for the coordination of teams of different activities. All details as
rebar reinforcements and connections must be very carefully studied. In what concerns
safety and environment protection these machines have steel formwork skin and leave
the site cleaner, because they don’t spread or leave wood parts and small pieces all over
the site, a very important subject when working at preserved areas and natural reserves.
The safety provided by these machines allowed to build such important viaducts as
Albentosa, Tagus and Almonte without any accident.
Only these MSS with so specific capacities could have performed such difficult challenges as those required by these bridges.

References
1. Póvoas, A., Mellado, J Martinez, J. C.: Viaduto De Albentosa – Teruel - Espanha
2. Póvoas, A. Movable Scaffolding Systems for 72m span in one casting stage. Bridge Maintenance, Safety, Management and Life-Cycle Optimization. Frangopol, Sause & Kusko (eds).
Taylor & Francis Group, London. ISBN 978-0-415-87786-2 (2010).
3. Carlos Fernandez Casado, S.L. Oficina de Proyectos. CFCSL.structural project of bridge of
Tagus river (2015)
4. Arenas & Asociados; structural Project of bridge of Almonte river (2015)
5. Póvoas, A., Delgado, J.: Using a fully autonomous MSS to build the two largest High-Speed
Railway arch bridges, proceedings of iBridge2018, November 5 – 6, Istanbul, Turkey
(2018).
6. Póvoas, A., Delgado, J.: Building the two largest High-Speed Railway arch bridges with
fully autonomous MSS, proceedings of IABSE Symposium 2019 Guimarães, Towards a
Resilient Built Environment - Risk and Asset Management, March 27-29, Guimarães, Portugal (2019).
7. AP – Bridge Construction Systems – Portugal, Ltd. http://www.ap-bridge.com/

194

Book of Abstracts
Back to CONTENTS

Rehabilitation, maintenance and condition
assessment of arch bridges

ARCH2019 – 9th International Conference on Arch Bridges

Rehabilitation Design and Construction
of an RC Arch Bridge
“Leon“ Lung-Yang Lai
Specialty Engineering, Inc., Bristol, PA 19007, USA
lylai@sei-engineers.com
Keywords: Arch, Design, Rehabilitation, Construction.

The bridge was designed in 1913. It carries two traffic lanes in each direction over the
Schuylkill River, a railroad, parking lots, and an access road. The bridge consists of
five open-spandrel arch spans and nine closed-spandrel arch spans. The bridge carries
a major route to the City of Reading with an average daily traffic count of 33,910.
The total out-to-out width of the bridge is 24.4 m with a 3.4 m wide sidewalk on either side and the total length of the structure is 420 m.
Over the years, the bridge has exhibited extensive deterioration and needed rehabilitation to restore the required load carrying capacity for the current design loads.
Rehabilitation design was completed in 2016 and reconstruction started in 2017. It is
anticipated to be reopened to traffic in late 2019.
The rehabilitation design followed the AASHTO LRFD design specifications [1].
Both open-spandrel and closed-spandrel arch spans were evaluated considering strain
compatibility. Axial force-bending moment (P-M) capacity interaction curves were
developed for the arch barrels in the closed-spandrel arch spans and arch ribs and
spandrel columns in the open-spandrel arch spans. For both arch types, finite element
methods were used to compute the axial forces and bending moments in the structural
members and a Mathcad procedure was used to calculate P-M (axial force- bending
moment) capacity and load ratings. Load ratings were computed based on the procedures outlined in the AASHTO Load and Resistance Factor Rating Manual [2].
Temperature effect was also considered in the arch rib rating analyses. The
AASHTO LRFD Specifications provide formula for computing effective moment of
inertia when a reinforced concrete beam is cracked. However, the equation only includes the factor of bending moment. Axial force is not included in the formula. To
consider temperature effects, the AASHTO LRFD formula was revised to include
axial force [3]. When thermal effect was included in the ratings, the element with the
worst load rating was assumed to have cracked. The effective moment of inertia was
calculated for this location and the finite element model was reanalyzed with the revised (reduced) section properties. The rating procedure was carried out again with
the revised axial force and bending moment. For arch ribs, those elements were typically adjacent to the spandrel wall near the crown.
A major floorbeam defect was identified during the in-depth inspection. Many
floorbeams had spalled concrete at the bottom side at the midspan with exposed reinforcing rebars. Many of the exposed rebars exhibited section loss. It was also identified that the rebars were lapped at the midspan with insufficient lap length where the
dead load and live load positive moments are the largest. At a few locations, the reBook of Abstracts
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bars from both ends could be seen separated and bent down at the midspan. A simplified load rating considering only the floorbeams would have resulted in a negative
load rating. However, no settlement or cracking of the deck was observed. Apparently, the concrete slab, which was integral with the floorbeams, had provided additional
structural strength to support the loads. A refined analysis was conducted using a twodimensional model considering the combined action of the concrete slab and the
floorbeams. For as-built ratings, the floorbeams in the model were assumed continuous. For as-inspected ratings, a hinge was included in the floorbeams at the mid-span
to simulate large concrete spall and ineffective lap splice condition.
The followings learned from this bridge could be beneficial to future design and
reconstruction of reinforced concrete arch bridges:
1. An estimate of concrete repair quantity could be very different between field inspection and during construction. A conservative estimate of the quantity is recommended to compensate the differences between hammer sounding and jack
hammering.
2. The temperature effect on arch bridges is significant from load rating concern. Refined analyses will be needed to produce reasonable rating results.
3. Arch bridges contain high degrees of structural indeterminacy. Performance base
design is a more reasonable approach to determine actual capacity of arch structures. The LRFR approach is based on failure of one cross section and is over conservative.
4. Load effects of typical reinforced concrete arch bridges are in the tension (bottom)
zone of the P-M capacity curves. A smaller dead load, particularly the axial force,
may result in a smaller load rating. This is contrary to other bridge types whose
load ratings normally increase when dead load is reduced.
5. Concrete core test showed that concrete had higher compressive strength than the
originally specified strength through the years of service.
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1

Introduction and Scope

Designed and built by local engineers in the late 1960’s, the arch bridge is of a unique
and impressive design for its time, situated in an area of outstanding natural beauty and
with a slender profile spanning 49m over a tidal river and the flood plain below. As is
often the case with structures built in the latter half of the 20 th century the construction
records available to hand are minimal. The drawings available of the foundations
showed the engineers had chosen to adopt a pile and ground anchor arrangement to
arrest the movement of the western arch footing.

Fig. 1. UAV capture of the reinforced concrete arch bridge.

Mott MacDonald’s Advanced Analysis for Asset Management (A3M) team were
commissioned to undertake an inspection and detailed Level 2 Assessment to 40T ALL
of this reinforced concrete arch bridge. As well as undertaking this assessment, the team
were asked to carry out further analysis into the structure’s adequacy to withstand the
applied loading from two 96T mobile cranes.
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2

Innovative Techniques Employed

To improve the efficiency of the analysis several in-house innovative techniques were
explored. The A3M team commissioned a 3D laser scan to investigate a noticeable deflection in the level of the handrailing at mid span. This deflection provided a means
for calibrating and improving the 3D FE model of the structure to accurately assess the
structure based on its current condition. Using a tried and tested process developed inhouse by the A3M team, a reverse clash detection check was carried out prior to the
analysis stage. Having been used on several projects in tandem with the commissioning
of a point cloud survey, this early stage check leads to enhanced control over the
model’s accuracy and increased model design efficiency.

3

Live Load Monitoring

Preliminary results from the assessment indicated the deck and arch capable of withstanding both the loading from 40T HA Assessment Live Load, and both 96T Special
Vehicles. However, the concerns with the uncertainty of the strength of the foundations
and adequacy to resist movement lead to an options study to explore the passage of the
96T SVs. A live load monitoring scheme to measure the condition and provide warning
of any movement of the arch in real-time whilst the SVs were crossing was chosen.
Aside from using strain gauges affixed to the structure with a high acquisition rate, a
smartphone was used to measure the acceleration response of the deck acceleration.
Using a Fourier transform of the acceleration data the governing natural frequencies
could be calculated. The results from both the smartphone and the high acquisition
strain gauges were compared with the FE model. This comparison revealed a good level
of consistency between the three sources, thus confirming the modelling assumptions.

Fig. 2. Smartphone time domain and frequency domain response of the bridge deck.

4

Conclusions

The innovative and live load monitoring techniques used in this structural assessment
of a slender reinforced concrete arch bridge are presented in this paper. Structural assets
will inevitably deteriorate as time goes by. This combined with inevitable budget constraints affecting asset owners across the United Kingdom, emphasizes the urgent need
for an effective combination of 21st Century refined methods of structural analysis and
‘in situ’ monitoring techniques to be adopted in the assessment of their capacity. Only
this will allow for more cost effective and sustainable asset management.
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The Grade II listed Silver Jubilee Bridge is a two-pinned steel arch bridge with continuous side spans spanning the River Mersey and Manchester Ship Canal. With a main
span of 330 metres, it is one of the largest steel arch bridges in the world. Since original
construction in 1961, Mott MacDonald has been employed on numerous refurbishment
and strengthening commissions on the bridge to the various bridge maintainers, currently Halton Borough Council. The bridge is currently shut undergoing major refurbishment works with traffic using the recently opened Mersey Gateway Bridge 2km
upstream. Silver Jubilee Bridge is planned to reopen late 2019.

Fig. 1. Elevation of the Silver Jubilee Bridge.

This paper details some of the recent significant maintenance schemes that Mott
MacDonald has been involved with in maintaining the bridge. The example projects
highlight the challenges in maintaining a landmark long span bridge in the UK. Constraints to the bridge’s maintenance include the aggressive coastal environment, working at height, Historic England’s Grade II Listing, difficult access, working immediately adjacent to live traffic and the main constraint of minimising traffic disruption.
All maintenance works had to be completed whilst maintaining traffic flow (85,000
vehicles/day) with lane closures restricted to night time only. The maintenance projects
discussed are new maintenance gantries, road deck cathodic protection, cable management and maintenance painting.
Book of Abstracts
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New Maintenance Gantries. The two main span deck joints have recently been replaced with elastomeric element in metal runner (EEMR) joints and separate Shock
Transmission Units (STUs) installed beneath. Having installed these new components,
access gantries were required to facilitate inspection and maintenance. The gantry design demonstrated the benefit of 3D BIM models in clash detection and in producing a
buildable design in difficult access locations.
Cathodic Protection. An innovative cathodic protection system has been fixed to the
496metre long reinforced concrete road deck soffit (and separate approach viaduct
structures) to arrest further degradation. Immediate action was required to stop further
deterioration to avoid lane closures or weight restrictions. The installed GRP cassette
system is lightweight, environmentally sustainable, requires minimal maintenance and
is cost effective to maintain and install.
Cable Management. The 48 lock coiled cables on the bridge are critical components.
No cable redundancy was built into the 1961 design. Failure of one of the cables has
the potential for collapse of the suspended road deck. The paper describes how each
58-year-old cable is subject to regular inspections and monitoring of dead loads. All the
cables have received additional protection to prolong their life. Use is currently being
made of the temporary bridge closure to undertake a single cable replacement which
will inform the date and methodology for the replacement of the other 47.
Arch Maintenance Painting. Since construction, Mott MacDonald has designed and
supervised numerous maintenance painting commissions on the steel structure. However, full maintenance painting of the main arch has not been possible due to the traffic
flow beneath. The current temporary bridge closure has allowed Mott MacDonald, in
collaboration with the client and contractor, to derive an acceptable construction sequence for the arch repainting, for an arch truss bridge not designed for significant lateral wind loading that the enclosure sheeting attracts.

Fig. 2. 2018 Maintenance Painting.
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1

Introduction

There are approximately 40,000 masonry arch bridges in the UK transport networks,
and their continued use depends upon adequate maintenance.
When arches are strained, axial stresses are induced in the brickwork. In multi-ring
arches, the rings are of different lengths and the axial shortening will vary between the
rings; this induces longitudinal shear stresses between the rings, so that composite action must develop. Multi-ring arches without headers must transfer longitudinal shear
for composite action through the mortar bed only, so there is greater propensity to ring
separation occurring [1]. Full scale tests [2] show that ring separation of a whole ring
can lead to a capacity reduction in excess of 50%. This paper addresses a possible remedial solution to this problem using radial pinning. Radial pinning is considered to be
an advantageous remedial repair because it requires access to the arch intrados only.

2

Methodology

In order to compare the efficiency of solid 10mm diameter threaded mild steel bar and
hollow 25mm diameter plain aluminum tube as radial pinning systems, unreinforced
and reinforced brick triplets were tested in shear. Unreinforced triplets were also tested
with pre-compression.
The mortar mix was 1:2:9 (OPC: lime: sand), using oven dried sand and a prescribed
water content. The bricks used were Class A, Staffordshire Red. This combination of
strong brick and sand rich (weak) mortar was chosen to establish a pessimistic shear
strength and ensure a mortar or mortar-brick failure mechanism. Holes for radial pins
were predrilled in the bricks.
Finite element models were created using ABAQUS to represent the shear interaction of a triplet and investigate the effect of composite action from the reinforcing bars.
Static analysis was used. The mortar [3] was modelled as an elasto-plastic material using Mohr-Coulomb plasticity. The bond between brick and mortar was modelled as a
rough friction interaction interface. The interface between brick and reinforcement was
modelled as a surface to surface tie constraint.
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3

Discussion and Conclusion

The steel bar reinforced triplets failed by shear of the bar, exhibiting a near perfect
elasto-plastic characteristic, suggesting shear failure of the steel dominates the behavior
of the joint.
The aluminum tube reinforced triplets failed by splitting of the brick, as can be seen
in Figure 1. Initially behaving was similar to an un-reinforced triplet but with much
greater failure strain. This suggests that initial response is governed by the mortar stiffness, and once the bond is broken the tube deforms until the shear stiffness of the brick
is mobilized.

Fig. 1. Failure mechanisms identified in a) bar reinforced, and b) tube reinforced triplets [4].

Grouted reinforcement can reinstate the longitudinal shear capacity of a multi-ring
masonry arch which has suffered ring separation. Small diameter bar will produce shear
failure in the radial pin but use of a larger diameter tube will change the failure mechanism to splitting of the brick. The choice of pin size and type must be made carefully
in order to avoid a future failure which is unacceptable to the bridge owner.
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1

Introduction

The purpose of this research is to clarify the quantitative relationship between temperature, which are the main environmental factors affecting vibration characteristics, and
vibration characteristics. The soundness diagnosis of the bridge shall be performed by
finding the correlation between the estimated frequency and the temperature change of
the bridge1-2). In order to anticipate the maintenance of the local part focusing on the
bearing part, the authors verify the change of the vibration characteristics from the
bridge body temperature and the bearing condition of the target bridge together with
the relation of the dominant frequency and the axial displacement of the main bridge.

2

Changes in Axial Displacement due to Bridge Temperature

There was a positive correlation between the bridge axial displacement of the main
structure and the bridge body temperature. When the bridge body temperature rises,
there was a difference in behavior of the bridge axial displacement depending on presence of the solar radiation. While, it does not change regardless of the presence of the
solar radiation when the temperature of the bridge drops.

3

Correlation Between Natural Frequency and Bridge
Temperature

A negative correlation was found between the natural frequency and the bridge body
temperature for third and fifth mode as shown in Fig. 1. The influence on the natural
frequency due to the bridge body temperature change appears relatively more in the
lower order mode, which is considered to be the influence of the geometric rigidity
change caused by the axial force due to the temperature change.
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Fig. 1. Frequency distribution due to bridge temperature for third and fifth mode.

Fig. 2. Transition of frequency by change of axial spring constant for third and fifth mode.

4

Evaluation of Influence of Bearing Condition on Vibration
Characteristics

Finite element analysis with 3D beam elements is performed to evaluate the influence
of restraint degree of the bearing on natural frequencies. By setting the spring support
in the bridge-axial direction at the bearing’s position, it is possible to take the axial
resistance of bearing into consideration. Fig. 2 shows the change of the natural frequencies due to the change of the spring constant of the support for third and fifth mode. It
can be recognized that the natural frequencies increase as the degree of axial restraint
of the support increases for the vibration modes in the k-value range. Therefore, it is
considered that the influence of restraint at the bearing portion is one of the factors that
the natural frequency of the bridge changes due to the change of the bridge body temperature.
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1

Introduction

Many of the reinforced concrete arch bridges and multi-rib arch bridges were constructed in the 1970s to 1990s in China, in which the design load level of bridges was
Truck -15and Trailer-80 [1]. When we come into the 21st century, with the fast development of Chinese economy, growth of traffic volume and increase of truck standard, these bridges need strengthening to improve their behavior and enhance their load
carrying capacity. This paper proposed a reinforcement method for changing multi-rib
arch bridges to arch-cable system bridges.

2

Multi-Rib Arch Bridges Strengthen by Stayed Cable

Baibu Bridge shown in Fig. 1 is a typical RC multi-rib arch bridge. It is a two-way
two lanes highway bridge with 30 m span and 8 m width. The design load level of
bridge was Truck -15and Trailer-80.
1500.0
750.0

B

A

B

A
3000

Fig. 1. Elevation of a typical reinforced concrete rigid frame arch bridge-Baibu Bridge
(dimension unit：cm).

In order to guarantee the traffic safety of the bridge, the administration of local
Transportation require to enhance the load bearing capacity (LBC) of the bridge from
Truck-15and Trailer-80 to Truck-20 and Trailer-100 [1,2,3], which still maintains
two-way two lanes after reinforcement. The bridge width is 0.5 m (adding longitudinal beam) + 7.0 m (motor vehicles lane) + 0.5m (adding longitudinal beam). The
cross slope of bridge deck was 1.5%. Strengthening project design of Baibu Bridge is
shown in Fig. 2.
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Fig. 2 Strengthening project of Baibu Bridge（Dimension unit：cm）, a) Longitudinal elevation, b）Transverse section and transverse external prestressed cables.

This paper proposed the reinforcement method for changing multi-rib arch bridge
to arch-cable system bridge by adding cable tower and cables. One end point of cable
was fixed in the end longitudinal beam of the rear load bearing wall on the open caisson foundation, and the other end point was connected with joints of two side recasting longitudinal beams and the transverse beam near three-points locations of span in
the multi-rib arch bridge. The two main towers were newly built in the front of the
open caisson foundation. The main towers fixed with adding longitudinal beams in
two external sides of bridges. With the help of cables and towers, we not only can
partly restore rib arch crown altitude in the mid-span of the bridge, but also can significantly reduce the bending moment in the mid-span of the bridge and enhance the
load bearing capacity of the whole structure.
The related analysis and testing research have been conducted. The results by the
established FEM model and calculation check of relative codes [4,5,6] show that the
strengthened bridge can meet the requirements of the load bearing capacity of Truck20 and Trailer-100. The comparison of spatial finite element analysis results and field
bridge test values confirmed the validity of the strengthening method.
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According to the international union of railways (UIC - Union internationale des
chemins de fer), masonry arch bridges are more than 200000 and represent almost
50 % of the European total bridge stock. Most of the them were built in the second
half of the 19th century and at the very beginning of the 20 th century. Although some
bridges are in very good conditions, others need intermediate repairs, and most of the
them are in between. The structural safety of every bridge depends on several factors
that introduce in the safety assessment procedure many uncertainty sources. The main
concern is about the fact that old bridges are called to bear new traffic loads under a
progressive materials’ deterioration whose quantification many times is highly uncertain. Furthermore, the aged bridges may have sustained mechanical damages during
their life introducing further uncertainty sources. This paper proposes to verify the
reliability of a masonry arch bridge subject to environmental deterioration to evaluate
its effect both in terms of reliability and both in terms of load bearing capacity. In this
paper, reliability index is derived from the comparison between the structural resistance and applied loads. The applied loads 𝐿 acting on the generic element and its
resistance 𝑅 are modelled as random variables, which describe the intrinsic uncertainty which depend on several phenomena that cannot be modelled in a deterministic
way. In this work, ten parameters are considered random, and for each random vector
the load bearing capacity is computed. Regarding the load distribution, the load model
LM71 is used, with a CoV of 10%. For the purposes of the study, an Italian railway
bridge was modelled in order to compute the reliability index as a function of the
degradation scenarios. The analysis was repeated on the bridge with a different geometrical configuration. Results showed that the effect of degradation is significant and
leads to a progressive reduction of reliability index. Furthermore, results showed that
the geometrical configuration has a strong influence both on the structural capacity
and on the reliability reduction due to materials’ deterioration.
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1

Introduction

Over the Pontelungo Bridge in Bologna (Fig. 1), the Via Emilia road is one of the
most important existing in Italy due to its history and position. For this reason, the
Pontelungo Bridge needs to be monitored and preserved.
The dynamic characterization of ancient buildings with a long history of damages,
modifications and addictions, is not easy, since the irregular distribution of mass and
stiffness can increase considerably the noise in the frequency spectrum [1].

Fig. 1. Pontelungo Bridge: damages due to II World War bombing (on the left) and the actual
state of the bridge (on the right).

The multi-span masonry arch bridge under study has a very complex and eventful
story that runs from the Middle Ages through the world wars I and II, until today.
Recently, in 2013 a strengthening intervention was defined, and during 2016, a piled
raft slab in the form of hydraulic slide was built around the piers placed in the riverbed.
In the paper, the peculiar effect of the foundation system on the experimental frequency set is outlined, and its simulation within the numerical model is discussed in
detail. This allows understanding the importance of the inclusion into the model of the
history of modifications undergone by the structure under study.
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2

Experimental Investigation

In order to define the mechanical properties of the masonry of the Pontelungo Bridge,
several in situ tests (Torque Penetrometric Test [2], Helifix pullout test) were performed on the bricks and the mortar of the piers.
Starting from those strength and stiffness values, the numerical model of the bridge
was created. Then, an iterative method of the trial and error type was applied to update the model parameters up to convergence to the fundamental frequencies extracted by analyzing the signals recorded over the bridge. During the calibration phase, the
most important process concerned the definition of the pier basement compliance
according to the foundation – soil interaction.
The above-mentioned updating procedure produced the numerical model presented
in Fig. 2. Finally, a very close agreement of the numerical and experimental data was
achieved.

Fig. 2. a) Longitudinal mode (10.20 Hz); b) Torsional mode: spans from 3 to 6 (11.61 Hz),
spans from 7 to 16 (13.57 Hz) and 12.20 Hz (Spans 17 to 19); c) Flexural mode (18.87 Hz).

3

Conclusion

In this paper, the peculiar behavior of the Pontelungo Bridge detected with the dynamic investigation of the 17 central spans is illustrated. The non-trivial effect of the
difference in foundation compliance among the piers composing the bridge is noticeable. The recorded frequencies showed a jump passing from the central spans to the
lateral three at each end, as a consequence of the clamping effect of the concrete slide
raft. Only the correct simulation of the soil – foundation interface enforced the model
to match almost exactly the experimental data.
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There is a large stock of masonry arch bridges still in use in the world roadway and
railway network built more than 100 years ago. The main challenge of bridge engineering in this field deals with the restoration and conservation of this type of structure. The first stage of any structural intervention consists on the assessment of the
structural safety (in the actual condition) of the masonry bridges. Subsequently, the
optimal repair intervention, aimed to bring the bridge to adequate safety level, can be
designed.
Structural mechanics of masonry arch bridges is quite complex and it is still a current issue for the research in that field [1-2]. In particular, the structural behavior of
masonry bridges [3] depends on a lot of variables that are partially unknown or uncertain. Generally, the study of masonry arch bridges required tridimensional non-linear
models that required a large computation work [4-5]. This is the reason why many
researchers are studying new simplified analysis strategies [4-7].
In this paper, the seismic vulnerability assessment of a slender multi-span masonry
arch bridge is presented (Fig. 1) with the aim of discussing an innovative retrofit
strategy.
The proposed intervention technique consists on applying a layer of steel fiber reinforced mortar (SFRM) on the arch intrados. Roadway and railway owners often
required that the repair/retrofit interventions be carried out without traffic interruption. This is the reason why retrofitting techniques are sometimes applied to the masonry arch intrados, as the technique proposed in this paper. Moreover, this technique
is an alternative of FRP and FRCM strengthentening techniques which have been
developed and largely studied during the last years [9-12].

Fig. 1. Transversal section of the studied multi-span masonry arch bridge.

Book of Abstracts

213
Back to CONTENTS

ARCH2019 – 9th International Conference on Arch Bridges
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When widening of the bridge deck is needed, a concrete slab is often used, Fig. 1.a,
sustained by the spandrels. The work is rather easy and fast and, if properly designed,
may not ask for the interruption of the traffic. Such an option allows another problem
to be solved, that is the placement of the safety barriers that might be connected to the
r.c. slab.

a)

b)

Fig. 1. Viaduc de Pulvermuhle (Luxembourg). Widening of the bridge deck by means of an r.c.
slab (SNCF, courtesy of B. Plu) a) typical design; b) load transfer from the deck to the bridge.

Since the r.c. slab transfers the loads (also the dead load of the new slab) to the
spandrels, which is a loading condition that has never been experienced by the bridge,
the spandrels are overloaded and, due to compatibility issues, longitudinal cracks appear in the arch barrel just below the spandrel (underlining the position of the armilla).
The damage produced to the bridge may be severe.
Since in their original configuration, in masonry bridges the live load is applied on
the deck, transferred to the fill and, furthermore, to the barrel-spandrel-fill system, the
widening slab has been designed to be supported by the fill and detached from the spandrels, Fig. 2. Red arrows in Fig. 2.a represent the live loads while the small black arrows
show the load distribution on the fill.
This choice made the slab only vertically restrained by the bridge but somehow unrestrained (but for friction) in the horizontal direction. In order to provide the slab with
horizontal restraints (either for seismic actions and for the impact load of a vehicle
hitting the safety barriers) at the two bridge sides, behind the abutments, two large concrete blocks, connected to the bedrock through vertical and inclined piles, were built,
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Fig. 2.b. In this way: i) the r.c. slab was vertically supported by the fill, thus preserving
the typical load path of masonry bridges; ii) horizontal (mainly seismic) actions were
directly transferred outside the bridge to the newly built restraints; iii) the original structure of the bridge and its historical value have been completely preserved (the slab
might be removed and the bridge fully restored). Regarding horizontal forces, the slab
acts as a horizontal beam simply supported at the two ends by the large restraining
blocks. Being its span as large as the whole bridge length, i.e. 115.40m, horizontal bars
turn out to be the largest ( 24mm), while the transversal bars, i.e. the tensile reinforcement of the cantilevers, are 20mm in diameter.

(3)

(6)

(5)

(1)

(4)

(2)

a)
Bentonite sheet

Precast concrete
predalle

Restraining block
r.c. slab

b)

Fig. 2. Reinforced concrete slab widening the: transversal section a) designed r.c. section of the
slab and load transfer system –numbers in brackets identify the different subsequent casting
phases; b) longitudinal section (slab + restraining blocks at the ends).

Numbers in brackets in Fig. 2.a outline the casting phases: the slab has been divided
into two parts so that while works were performed on one side the traffic could run on
the remaining part, thus avoiding to close the bridge. Connection between the adjacent
parts of the slab has been achieved by threaded rebar couplers.
This strategy for widening the bridge deck: i) does not need the traffic to be stopped;
ii) does not increase significantly the stress distribution inside the bridge; iii) positively
affects the dynamic response of the bridge; iv) does not overload the spandrels in case
of seismic event and impact of a vehicle against the safety barrier; v) allows the bridge
to be kept in service also in case of severe seismic damage. The total cost of the retrofitting of the Borbera Bridge was € 400.000, a very good economic performance

216

Book of Abstracts
Back to CONTENTS

ARCH2019 – 9th International Conference on Arch Bridges

Sustainable Masonry Arch Railway Bridges
Zoltán Orbán
Faculty of Engineering and Information Technology, University of Pécs,
7624 Boszorkány street 2, Pécs, Hungary
orbanz@pmmik.pte.hu
Keywords: Sustainability, Masonry Arch Railway Bridges, Assessment,
Maintenance

Masonry arch bridges form an integral part of the railway infrastructure worldwide. It
is estimated that there are over 200.000 masonry arch bridges and culverts in the European railways network that represent more than 50% of the total bridge stock in Europe
with an inestimable asset value. Most of these bridges are over 100 years old and would
be considered to have reached the end of their theoretical service lives if compared
against current design codes.
Masonry arch bridges have however stood the test of time and proved to be longlasting structures with considerable reserve capacity and resilience. Appropriate
maintenance and management are key to maintaining the bridge stock in a safe and
serviceable condition.
To maintain the safety of their operation it is thus necessary to confirm with appropriate assessment and testing methods that the load carrying capacity of the arches is
sufficient for the current and foreseeable applied loads without accelerated deterioration. Assessment of masonry arches is a cyclic process in which the preliminary assessment is often supplemented by subsequent detailed investigations and analysis. In order
to optimise the assessment procedure, it is recommended that the assessment of a particular arch bridge is carried out in stages of increasing refinement and complexity
forming multi-level assessment procedure.
Determination of permissible long-term working load levels for masonry arches is
becoming more and more important to bridge owners. Although the basic principles for
long-term cyclic assessment have been proposed, such assessments cannot be fully implemented in practice yet.
Masonry arch bridges belong to the heritage of the railways, and their substitution
or refurbishment requires careful consideration with maintenance strategies adopted to
promote solutions that preserve and restore these structures instead of their replacement. This is a major contributing factor to sustainability. The UIC Masonry Arch
Bridges project has considered such aspect [1].

Reference
1. International Railway Solution - IRS 70778-3, Recommendations for the inspection,
assessment and maintenance of masonry arch bridges, 1st edition, UIC, Paris (2017).
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Structural health monitoring is the development of a damage identification strategy in
the aerospace, civil and mechanical field. The phenomena that affect the structures,
during their life, are of different types. They can cause changes that modify structural
performance, both in ordinary operation and in response to exceptional events [1].
Aging, corrosion and fatigue are among the most common and dangerous phenomena.
In the civil field, bridges are among the worst affected and most critical infrastructures, as they play a strategic role. The bridges, depending on the type of structure and
materials, suffer deterioration through physical and chemical attacks that work in
synergy with the fatigue mechanisms [2].
The present work illustrates the realization of a new philosophy of monitoring
aimed at carrying out an effective control of health’s structure with the purpose of
maintenance and control operations. The term used to designate this approach is "Active Monitoring". This definition is due to the ability of the system to perform a structural assessment in real-time and in a totally automated way, exceeding the limits of
the traditional monitoring.
In the present case, the structure consists of a 250 meters steel suspended arch
bridge, Figure 1. Sensors of various types have been placed on it, including highresolution servo inclinometers, temperature and humidity sensors, triaxial accelerometers, differential wind pressure transducers, strain gauges and load cells.
The signals from the sensors are acquired at five data acquisition substations and
sent to a central processing unit in real time. The Active Monitoring strategy uses the
data acquired by the sensors to define the input to a finite element computational engine, that evaluates structural parameters in the entire bridge. Once the finite element
model provides its results, a comparison is made between computed and measured
quantities.
Unlike the more diffuse approaches that observe the correlation between structural
damage and changes in the modal parameters of the structure [3, 4, 5], to allow for a
continuous vision of the structural state, the system produces graphs showing the
measured versus computed quantities. In case of discrepancies, a warning email is
sent and the anomaly is also highlighted by semaphores in the control software. These
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provide an immediate graphic information to infrastructure operators. The system,
through processing and control algorithms, recalculates the structure five times per
second and is now in service unceasingly since 2015. It allows a continuous and automated structural health analysis, by means of the notification of any criticality.
Thus, it allows to call for expert consulting only when anomalies are detected. In this
way, the system is less expensive and more efficient. It is, therefore, able to be a real
support for the management of infrastructure assets.

Fig. 1. View of the Bridge.
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1

Introduction

This paper reports on the application of the Quality Control (QC) framework suggested in the COST Action TU1406 [1] to a single span masonry arch bridge-Quintão
bridge located in Portugal, based on real data available from visual inspections performed in 2008 and 2014 [2, 3] by the Portuguese public concessionaire and manager
for the national road and railway, IP - Infraestruturas de Portugal.
The objective of COST Action TU1406 - Quality specifications for roadway bridges, standardization at a European level was to develop a guideline for the establishment of QC plans in roadway bridges. The implementation of the suggested QC
methodology in real bridges was evaluated within one of the tasks groups [4] where
fifteen steps were suggested to: (i) collecting bridge identification data; (ii) identification of bridge elements; (iii) elements grouping and segmentation; (iv) identify failure
modes; (v) define vulnerable zones; (vi) evaluate virgin reliability; (vii) bridge inspection and complementary non-destructive and destructive tests; (viii) identification of
the existing damage processes; (ix) selecting PIs for the bridge and connecting with
KPIs; (x) evaluating the PIs; (xi) assessment of KPIs; (xii) deterioration processes and
timing (time to failure); (xiii) preparing inspection/tests/monitoring plan; (xiv) defining maintenance and other interventions plan scenarios; (xv) comparing scenarios.

2

Qualitative Evaluation of Quintão Bridge

A reinterpretation of the data collected in the 2014 inspection was carried out according to the TU1406 methodology. Several correlations between the Observations, Vulnerable Zones and Damage Processes are proposed. When no correlation is suggested
between Observations and Failure Modes, one can consider that there is a Symptom
of a Damage Process, still without impact on current performance. Performance is
assessed in terms of KPIs Safety and Reliability and the assessment was made by
component, since this is the level of detail presented in the inspections. Based on the
findings and reports of the available inspections, and relaying on expert judgement, a
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qualitative assessment of resistance reduction is estimated at approx. 20%. For the
estimated reduction, assuming the influence of resistance reduction on reliability according to the WG3 report [1], KPI related to Reliability equals 4 (on a grade scale
from one, the best, to five, the worst). The damages observed in the arch and its interaction with the spandrel, considered as vulnerable zones, point to possible failures
modes in the transverse plane of the spandrels. With regard to the KPI of Safety, the
observations concerning insufficient width of the sidewalks (inadequate geometry)
justify the grade 4, as it is likely that a person could get injured and the intervention
shall be performed shortly after inspection.
Two maintenance scenarios are compared. The reference scenario comprises a first
intervention when the bridge reaches the reliability level 5 (the worst). According to
the inspections reports it is assumed that this may occur 5 years after the last available
inspection (year zero). Assuming that this intervention puts the reliability level back
to 1, and that the useful life is 100 years, a new intervention will be necessary in year
110.The preventative scenario includes immediate repair of the bridge, bringing the
reliability index also to 1, and a second intervention is considered 100 years after the
first. Three other KPIs analyse Safety, Costs and Availability, according to the options
considered for the intervention dates in each scenario. A process of normalization and
discount to net present values allows to analyse the KPIs in a common referential,
supporting decision making.
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1

Definition of the Case Study

Bridges are critical elements in road networks and their condition state assessment is a
theme of broad and current interest considering not only their seismic vulnerability
and load carrying capacity, but also damage state due to degradation whose main
causes are environmental effects and the lack of maintenance. Steel bridges are mainly subjected to corrosion, delamination of the elements and fatigue effects.
A macro-scale vulnerability assessment of a bridge stock has been carried out at
municipality level with the main objective of provide the local authority responsible
for road networks, in this case the Municipality of Padova, with a combined assessment of the bridge stock reliability, considering both deterioration and damage effects
on efficiency and seismic vulnerability, in order to define priority lists for interventions on the network [1][2][3]. In this framework some structures have been chosen as
case studies. The case study presented hereinafter is the Paleocapa bridge (Fig. 1), a
steel deck arched bridge dating back to 1879 and located in the historical centre of
Padova.

a)
b)
Fig. 1. Longitudinal view of the Paleocapa Bridge (a) and section of Wautherin profiles (b).

Fig. 2. Widespread and advanced corrosion at the bridge intrados.
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Widespread and advanced corrosion affects the bridge, mainly on deck intrados with
loss and exfoliation of the steel elements (Fig. 2).

2

Dynamic Identification and Material Tests

Both static and dynamic behaviours of Paleocapa bridge have been analysed by
means of numerical modelling, dynamic identification and experimental tests on material. Ambient vibration testing for dynamic identification has been carried out in
order to calibrate the numerical model. Due to the disconnection of the various
structural elements and the deep degradation of the bridge, it was quite difficult to
identify some of the vibration modes. The calibrated numerical model was able to
represent fairly well the experimental transverse behaviour (first mode), but not the
vertical response due to the aforementioned absence of overall global behaviour and
the disconnection between arches and deck. A series of experimental tests has been
carried out to define the mechanical characteristics of steel material by means of
chemical and metallographic analyses, hardness test using the Vickers Scale and uniaxial tensile test. The steel of the Paleocapa bridge cannot be associated to any standard construction steel.

3

Safety Verification

Safety verifications according to Italian Code [4] have been carried out based on the
calibrated model. The deck elements and the two arches under the roadway do not
satisfied ULS checks while other arches are largely less stressed, indicating a poor
distribution capacity of the structure due to a certain degree of decoupling between
the arches and the deck, as pointed out by dynamic identification. The deck and transverse elements are inadequate to distribute traffic load involving all the six arches. A
retrofit intervention to consolidate the structure is necessary to guarantee the bridge
performances. The intervention should not only regard rehabilitation of corroded elements, but it also ought to increase the load distribution capacity of the overall structure improving the connection between arches and deck and between arches themselves.
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1

Calculation of RAM effect through the “kinematic” approach

The kinematic theorem represents a possible approach to compute the contribution of
the Reinforced Arch Method to the seismic strengthening of an arch.
A simple, but representative, example of kinematic approach is applied to a trilithic
arch.
Two abutments and one lintel 5 meters long and 1meter width are considered; the
weight of each stone element is 10 tons. The VWP equation can be written:
– 2 (P x 0,5δ) – (P x 1δ) + (2αP x 2,5 δ) + (αP x 5δ) = 0

α = 0,2

Fig. 1. VWP applied to a trilith for the determination of the collapse seismic load multiplier α.

Now let’s add a cable, tensioned by a costant force N, placed on the external perimeter of the trilith. By applying again, the Virtual Work Principle, as stated in the
following equation, the collapse load multiplier α is computed, which is function of
the ratio (N/P) between the tension N applied to the cable and the weight P of each
block of the trilith. The VWP equation can be written as:
– 2 (P x 0,5δ) – (P x 1δ) + (2αP x 2,5 δ) + (αP x 5δ) – (N x 1 x 2 x δ) = 0

α=
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If the load applied to the cable is null, the collapse load multiplier α is equal to 0,2;
if we apply a load of N= 10 ton (corresponding to the weight of a single block), the
load multiplier double and α becomes equal to 0,4.
By varying the value of N/P, we can observe that the load multiplier α is a linear
function of the ratio N/P.

2

Experimental Tests on Reinforced Arches Under Horizontal
Loads

After two experimental campaigns conducted by one of the authors in 1996 and 2008
to evaluate the effect of the RAM in case of vertical loads, a third experimental campaign was conducted in 2011 applying horizontal loads, which simulate seismic loads.
The 117 performed tests showed that, even in this case, the RAM technique induces an high increase of the collapse load and of ductility.
With the application of the RAM Method it is possible to obtain not only a seismic
improvement of the structure, but, in some cases, even a seismic retrofitting according
to the current Standards. The same principle of RAM was proposed for the consolidation of the Arsenale Repubblicano of Pisa.

Fig. 2. Small scale tests and linear relation between the Collapse Load and the “N” applied to
the cable, for five different geometries of arches.
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1

Introduction

1.1

Overview

The evaluation of the state of conservation of immovable cultural heritage requires a
particular approach methodology in order to preserve its integrity and authenticity. The
survey methodology herein presented for structural assessment of stone masonry
bridges is based on the ICOMOS charter recommendations for “Analysis, Conservation
and Structural Restoration of Architectural Heritage” [1]. Considering that masonry
arch bridges are quite often pieces of priceless architectural and cultural heritage, their
identity and history should be preserved when performing interventions aimed at restoring safety conditions in accordance with principles guiding interventions on built
heritage.
1.2

Framework

Based on the work carried out and the experience gathered by the Nucleus of Rehabilitation of the Institute of Construction (NR-IC) of the Faculty of Engineering of University of Porto (FEUP), in several surveys of masonry arch bridges, this paper addresses inspection issues, frequent damages and structural intervention methodologies
in this type of bridges. Since its first activities, NR-IC has devoted special attention to
the study of old masonry structures, in view of their rehabilitation and possible retrofit.
Furthermore, a case study is presented relative to a severely damaged stone masonry
arch bridge which was object of a structural intervention, wherein the suggested repair
and strengthen measures help to restore the safety conditions as well a good visual aspect.
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1.3

Case Study

The Esmoriz bridge, illustrated in Fig.1, is a granite stone masonry arch bridge from
medieval construction (the first known reference dates back to 1666). The bridge is
located near Baião in the north of Portugal, crossing the Ovil River in a rural environment and mostly used by walking pedestrians and by agriculture vehicles. The bridge
is 12.5 m long and comprises one semi-circular arch with 7.5 m span and 3 m width.
The bridge is classified in the Architectural and Heritage Inventory and is integrated in
the Portuguese tourist-cultural Romanesque route [2]. Considering the severe damages,
observed during a technical inspection [3], rehabilitation measures were proposed in
order to control and repair these damages, and the bridge final aspect is presented in
Fig. 1b.

a)

b)
Fig. 1. Esmoriz bridge: a) before interventions and b) after interventions.

2

Conclusions

This paper focused on survey methodologies and structural repair interventions on
stone masonry arch bridges, stemming from the experience and knowledge acquired
through a large number of surveys in heritage structures in general and masonry arch
bridges in particular. The quite significant number of surveyed bridges, a total of 64,
allowed performing a statistical analysis of damages’ distribution in this type of
bridges.
In addition, a case study was presented as an example of one repair/strengthening
intervention in a stone masonry arch bridge aiming for restoring safety conditions. The
solution adopted for the repair involved the disassembly and reconstruction of all masonry components and infill of the bridge, always with the concern of using, as much
as possible, the original materials and preserving its original appearance.
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Advanced Zinc Aluminum Alloyed Coatings
for Suspension Bridges, Cable Stayed Bridges
and Arch Bridges
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Abstract. Bekaert NV with headquarters in Belgium is a world market and technology leader in steel wire, steel wire products and coating technologies. Based
on its long-lasting coating expertise, Bekaert developed Bezinal®3000, an advanced zinc aluminum alloyed coating for maximum corrosion life. This coating
is applied on steel wire. The resulting steel wire products are being used in the
most challenging conditions and situations, and this from medium up to extreme
aggressive environments. Both static and dynamic ropes and cables made out of
Bezinal®3000 coated wires are being used in different industries. Bekaert has a
strong track record for wire and wire products being used in oil & gas, energy &
utility, automotive, mining and the shipping and marine industry. Thanks to its
robust characteristics and performance, Bezinal®3000 is the ideal coating for
maximum corrosion life for structures as there are suspension bridges, cable
stayed bridges and arc bridges. Both round and shaped wires are being coated
with Bezinal®3000, from medium tensile up to high tensile strength grades,
which means that all state of the art strand, rope and cable constructions can be
made out of Bezinal®3000 coated steel wires. The Bezinal®3000 coating is fully
compatible with other corrosion barriers being used in the industry, as there are
organic coatings, paints, lubricants and waxes. The Bezinal®3000 coating comprises as well other benefits resulting in piece of mind for all stakeholders being
involved in smaller and bigger bridge projects. This coating will as well contribute to lower inspection and maintenance costs and ultimately resulting in optimal
Total Cost of Ownership for the full supply chain.
Keywords: Arch bridge, Cable stay bridge, Suspension bridge, Corrosion life,
Atmospheric corrosion, Inspection and maintenance, Round and Z-shaped wires,
Advanced zinc-aluminum.

1

An Intro on Corrosion

Corrosion is the gradual destruction of materials (usually metals) by chemical and/or
electrochemical reaction with their environment. In the most common use of the word,
this means electrochemical oxidation of metal in reaction with an oxidant such
as oxygen. In the case of steel, rusting is the consequence of the formation of iron oxide,
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which results in distinctive orange, brownish colouration. Corrosion degrades the useful properties of the steel and the steel wire products, including its mechanical properties (e.g. tensile strength), its appearance and its permeability to liquids and gases.
Many structures corrode merely from exposure to humidity caused either by rain or by
highly humid climates, as well from exposure to salts and chlorides (see marine salt or
de-icing salts) or by sulpher dioxide SO2 (see industrial pollution and volcanic areas).
The atmospheric corrosion over time is changing as well, this due to changes in air
quality. For bridges, one has to take into account as well increased corrosion due to car
pollutants and de-icing salts. Apart from uniform corrosion, there are other more specific types of corrosion, which will not further be elaborated in this paper.

2

How to Provide Corrosion Resistance?

2.1

Active and Passive Corrosion Protection

There are different methods to increase the corrosion resistance of steel against atmospheric corrosion.
In the case of passive corrosion protection, mechanical isolation prevents corrosion
of the steel from the aggressive environment, for example by extruding a polymer layer
onto the wire. This type of protection is passive because the protection fully disappears
once the protective layer is being damaged. If this is the case, the corrosion will occur
again within a very short time.
Active corrosion protection is a kind of protection whereby the electrochemical reaction itself modifies so that no corrosion occurs. Galvanising the steel wire is the most
common active corrosion protection (applying a zinc coating onto the steel wire). In
this case the steel becomes the cathode of an electrochemical cell whereby the steel is
being protected by the less noble zinc layer (anode), zinc layer that will provide sacrificial protection to the steel. Moreover, in case of an uncovered spot, the surrounding
zinc will protect the uncovered spot. This phenomenon is the self-healing characteristic
of the metallic coatings.
2.2

Bekaert’s range of advanced metallic coatings (definitions)

Bekaert offers a range of metallic coating. Hot dip galvanisation is the process of coating steel with zinc, which alloys with the surface of the base metal when immersing the
metal in a bath of molten zinc at a temperature of around 449°C:
 Zinc : The ingot material for zinc coating shall be a minimum of 99.95% purity (EN10244-2/ISO7989-2);
 Bezinal®, Bekaert’s Zn95Al5 alloy according to ingot spec ASTM B750, with or
without mischmetal (MM) (EN-10244-2/ISO7989-2);
 Bezinal®3000, Bekaert’s advanced ZnAL5Mg0.5 alloy according to ingot spec
ASTM B997;
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 For the three different coatings: Mass of coating expressed per unit of surface according to EN-10244-2/ISO7989-2. For example class A for a 5mm wire requires a
minimum of 280gr/m² coat weight.

3

Performance of the Different Metallic Coatings

3.1

Salt Spray Ranking

The salt spray test (ISO9227/ASTM B117) is a standardized and widespread used accelerated corrosion test method. The wire or wire product samples are exposed in a
chamber (35°C – 5% NaCl-100% relative humidity) and considered as failed when 5%
Dark Brown Rust (DBR) covers the wire surfaces. Bezinal®3000 is by far the winning
coating in this test.
S A L T S P A Y T E S T R E S U L T S 5 % DB R

Salt spray (hrs)

6.000
5.000

5.000
4.000
3.000
2.000

2.000
1.000

500

0
Zinc

Bezinal®
Zn95 Al5 /galfan

Bezinal®3000
Zn 94.5 Al5 Mg0.5

Final coated wire

Fig. 1. Salt spray test result 5% DBR 5mm class A based on minimum 280gr/m² coat weight.

3.2

White Rust Protection, Condensation Test

When freshly produced galvanised wire is being exposed to hydrogen (for example
when being stored outside at the jobsite), white rust formation can occur. This results
in a white, chalky substance onto the wire, which is zinc hydroxide and less permanent
than the brown zinc oxides. Bezinal® and especially Bezinal®3000 coated wire and
wire products are less prone to the formation of white rust. The condensation test according to ISO 6270-2 (40°C – 100% relative humidity) confirms the above.
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Fig. 2. White rust protection of the different metallic coatings.

3.3

Expected Life of Wire and Wire Products Exposed to Atmospheric
Corrosion

The coat weight loss per unit of surface per year (g/m/Y) for flat products (e.g. a flat
zinc plate) defines the aggressiveness of the different corrosive environments in the
ISO 9223 & ISO 9224. In these norms, there are six corrosive atmospheric environments from “very low aggressive” environment “C1” to “medium aggressive environment “C3” up to “extreme aggressive” environment “CX”.
Table 1. Corrosion classes according to ISO 9223 &ISO 9224 for zinc (C3/CX).

Corrosion class

Zinc coat weight loss per year
(g/m2/Y)

C3

15

CX

160

The relevant atmospheric classes for structures made out of steel wire are the following:
 C3: Medium aggressive Temperate zone, atmospheric environment with medium
pollution (S02 : 5 µg/m3 to 30 µg/m3) or some effects of chlorides:
 E.g. urban areas, coastal areas with low deposition of chlorides;
 E.g. Subtropical and tropical zone, atmosphere with medium pollution;
 E.g. : Bekaert has chosen for test site in Brest, France;
 CX: Extreme aggressive: Subtropical and tropical zone (very high time of wetness),
atmospheric environment with very high S02 pollution (higher than 250 g/m3) including accompanying production factors and/or strong effect of chlorides:
 E.g. : Bekaert has chosen for test site in Concepción, Chile.
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Apart from the corrosion rate on a flat product (or sheet), one has observed that the
corrosion of round wire is more aggressive compared to the corrosion of sheet. See
Mears effect [1], typically round wires show the double corrosion rate versus sheet
material.
Table 2. Coat weight loss over time (gr/m²).

Class
C3
CX

Zinc
ISO
Sheet
A
15
160

Zinc

Bezinal®

Bezinal®3000

Wire
A
30
320

Wire
A
22
200

Wire
A
17
170

Table 3. Expected lifetime (factor).
C3
CX

1.0
1.0

1.4
1.6

1.8
1.9

The expected lifetime factor is based on an extrapolation of the measured coat weight
loss of coated wire samples during three consecutive years, this in the respective test
sites Brest (C3) and Concepción (CX). E.g. for CX, the Bezinal®3000 coated wire
sample performs at least 90% better versus the galvanised (99.95% zinc) wire or in
other words the expected life of the Bezinal®3000 coated wire is about 90% higher
versus the expected life of the galvanised wire. The above statement is a conservative
statement based on coat weight loss only. When collecting more data in coming years
we expect the gap in between Bezinal®3000 and zinc (99.95%) to become bigger. In
aggressive environments (e.g. continuous submersion in seawater), one can observe a
much bigger performance gap in between Bezinal®3000 and zinc (99.95%). At the
test site in Brest, we are as well evaluating wire samples in this more aggressive environment.

Fig. 3. Rust evolution for different 1,9mm coated wires continuously immersed in real ocean
water at the French Corrosion Institute in Brest.
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The above chart indicates that in the case of a galvanised wire (99,95% zinc), the
wire surface of is fully corroded after about 16 months exposure whereas for the Bezinal® and the Bezinal®3000 coated wires, only 1-2% of the wire surface is covered with
rust after 16 months. The more permanent and adherent oxides in the case of Bezinal®3000 versus the more soluble zinc oxides are the explanation for this huge performance gap.
3.4

Self-Healing Coating/Cathodic Protection

Under Par 2.1, we explained the mechanism of the active corrosion or cathodic protection. Magnesium is widely used as sacrificial anode to provide cathodic protection in
different industries. [2].

Zinc

Bezina
l®

Bezinal®300
0 3000

Fig. 4. Pictures of cross sections of 4mm coated wire with zinc(99.95%), Bezinal® (Zn95Al5)
and Bezinal®3000 (ZnAl5Mg0.5).

Bekaert has evaluated the cross sections of 4mm coated wire, 4 years outdoor exposure in Zwevegem, Belgium. One can observe clearly more brown rust on the he cross
sections of both the 4mm zinc (99.95%) and the 4mm Bezinal® (Zn95Al5) coated
wires. However the cross section of the 4mm Bezinal®3000 (ZnAl5Mg0.5) coated wire
looks significantly better which is a clear illustration of the better self healing property
of the Bezinal®3000 coating.
3.5

Abrasion Resistance of the Different Coatings (Mechanical Wear
Resistance)

Wire and wire products are subject to abrasion (mechanical wear) during installation
and application in the field. Bekaert evaluated the abrasion resistance of the different
metallic coatings
Bekaert evaluated the abrasion resistance in a test whereby a hard moving material
(Widia) rubs onto the static wire samples in a cyclic way. The applied axial force is
400gr, the moving speed is 60 cycles/minute, the abrasive length is 2,54cm, number of
cycle = 120.
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A B R A S I O N T E S T O N M E TA L L I C C O ATI N G S
35

81,4%

30
25
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20

47,0%

15
10
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29
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23

5,4
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Bezinal®
Pre-abrasion thickness (µm)

27

14,3

90%
80%
70%
60%
50%
40%
30%
20%
10%
0%

Bezinal®3000
Post-abrasion thickness

Coating loss

Fig. 5. Abrasion test on metallic coatings.

In this test, about 81% of the zinc coating (99.95%) wears off versus only 47% of
the Bezinal®3000 (ZnAl5Mg0.5) coating. Zinc (99.95%) is the softer coating whereas
Bezinal®3000 (ZnAl5Mg0.5) is the harder coating. So Bezinal®3000 clearly is the
better coating for those circumstances and applications where the wire or wire product
is subject to severe abrasion or mechanical wear. For those applications where the one
wire layer is in contact with another layer, the behaviour of hard versus hard (Bezinal®3000on Bezinal®3000) will be better versus the behaviour of soft on soft (zinc
99.95 on zinc 99.95);

4

Conclusion: Bezinal®3000 and Corrosion Life of Bridges

Thanks to its robust characteristics and superior corrosion resistance, the Bezinal®3000
(ZnAl5Mg0.5) coating is the ideal coating for steel wires being used for strands, ropes
or cables being used in arch bridges, suspension bridges and cable stayed bridges.
Both Bezinal®3000 round and shaped wires are available.

Fig. 6. Round and Z-shaped wire.

Based on the above all relevant steel wire products for bridges are available made
out of Bezinal®3000 coated wires.

Fig. 7. Cross-section of spiral strand and locked coil rope.
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Fig. 8. Cross sections of 7-wire strands.

Fig. 9. Cross section of PPWS and PWS.

Fig. 10. Cross sections of S-shaped wrapping wire for main cable for suspension bridges.

In order to cope with the lifetime requirements of 100 years and above one needs
several corrosion barriers. The Bezinal®3000 coating is fully compatible with the
other corrosion barriers.
 E.g. in the case of a full locked coil rope, the rope construction itself prevents moisture and humidity from entering into the rope. The manufacturer adds a corrosion
resistant lubricant during stranding. The finished rope can either be painted with an
organic coating, plastic extruded with HDPE or equipped with a wrapping system
made out of butyl rubber tapes;
 E.g. in the case of the 7-wire low relaxation PC strand, the 7-wire strand made out
of Bezinal®3000coated wire is being filled with a corrosion resistant wax. The 7wire strand can be extruded with an HDPE layer.
When considering different alternatives for the corrosion barrier “metallic coating”
of the steel wire for structures, the Bezinal®3000 coating definitely is the best choice
for the purpose. This coating contributes to lower inspection and maintenance costs and
ultimately to the optimal Total Cost of Ownership for the full supply chain.
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1

Conventional Integral Abutment Bridges

When it comes to the construction and maintenance of bridges, integral constructions
have many economic advantages. The abutment areas of conventional integral bridges
with lengths over 70 m often cause problems due to the length variations caused by
temperature changes of the concrete in particular.

2

New Bridge Construction Technology

Based on the advantages and disadvantages of multi span arch bridges a new bridge
construction technology has been developed at the Institute for Structural Engineering
of TU Wien. By using arches, which are situated between two fixed abutments, the
temperature changes as well as length variations caused by creep and shrinkage are
translated into a raise and a lowering of the tops of the arches. This “breathing” of the
arches (see Fig. 1) makes the construction of integral bridges of arbitrary length, since
all longitudinal strains are eliminated, possible.

Fig. 1. “Breathing“ of the arches of a bridge, built according to the new TU Wien technology.

Tendons, which connect the springers of the arches, enable the bridge construction
in stages without temporary bracings, despite of slender piers. A comparison of the
deformations between a bridge with and without a tendon is shown in Fig. 2.

Fig. 2. Deformations during construction: without tendon (a); new technology with tendon (b).
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Multi span arch bridges are very beneficial constructions for absorbing uniformly
distributed loads, because they can transfer them to the subsoil mainly by normal forces.
If a traffic load is positioned in a single span, the arches and piers are subject to bending
moments, due to the arising deformations. By adding a tendon, which is connected to
the springers of the arches, the bending forces in the entire structure can be reduced
drastically.
A further advantage is the redundancy of the entire structure. Removing a single
span of a conventional multi span arch bridge with slender piers, for example in an act
of terrorism, can lead to a progressive collapse. The horizontal thrusts can no longer
counterbalance each other anymore and act as a single force at the top of the piers. The
slender piers are not stable enough to resist the occurring bending moments resulting
in the failure of the remaining structure (domino effect). By adding a tendon, which has
been designed for this load case, such a progressive collapse can be avoided.
2.1

Prototype

In order to prove the feasibility of the commercial production as well as to show the
structural stability of the new construction technique a prototype was built. The prototype (Fig. 3), with three spans and a width of 0,40 m, represents a segment of a very
long integral bridge and was built in between two existing abutments.

Fig. 3. Prototype of an integral arch bridge: Design and dimensions.

With the prototype being situated outside, it is exposed to the climatic influences
during a summer and a winter period. It is equipped with a monitoring system, which
records the temperature of the air and the construction, as well as the forces in the tendons. The deformations of the whole construction are measured by different systems.
2.2

Conclusion and acknowledgements

With the results of the measurements it can be demonstrated, that this new technology
is suitable for the construction of long integral road, railway or pedestrian bridges. Furthermore, the measurement results serve as a basis for the calibration of numerical simulations, which are used to further improve the described technology in order to obtain
a truly efficient and reliable construction method.
The financial support by Austria Wirtschaftsservice Gesellschaft mbH (aws), which
made the erection of the prototype possible and ÖBB-Infrastruktur AG is gratefully
acknowledged. The opportunity for the construction of the prototype on the stockyard
of Franz Oberndorfer GmbH & Co KG is also gratefully acknowledged.
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1

Introduction

For the last 15 more than 300 new bridges were built along the main roads and motorways in Poland. Arc bridges, built as single-span structures over medium-sized rivers,
overpasses over motorways, etc., are very popular among designers and contractors [1].
The paper shows new structures made of concrete or steal, such as: concrete arch
bridges built of prefabricated elements, steel or hybrid network arches built of coldbend elements.

2

Concrete Arch Bridges Built of Prefabricated Elements

Fig. 1. Assembling of the arch bridges: bridge in Parkoszów (left) ad bridge near Milówka
(right)

3

Arch Bridges Using Cold-Bent Sections

The history and development of Polish network arch-bridges is presented in [2]. Until
now, at least five road objects were built, which are currently in service (several other
bridges are in design phase or under construction). Gained experience and the positive
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economical footprint is leading to popularity growth of the solution, together with much
better recognition of the technology in the market. The biggest bridge of this type constructed till now is the structure in Bartąg in Poland. Bridge specification: L = 120 m,
S = 13.4 m, H = 21 m; H/L = ~1/5.7. It uses HD 400×744 and HD 400×1086 sections.

Fig. 2. General view of the L120m bridge in Bartąg and construction of steel arch.

The fundamental part of the bridge is cold-bent HD section, which is usually used
for columns in high-rise buildings. This technology was established by ArcelorMittal
for purposes of applications at Polish market and it is commonly used nowadays. The
much more advanced solution was developed in Poland and fabricated in Luxembourg
year 2018 for purposes of usage in new bridges.
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New Span Range on Modular Bridges – The
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MBS, BERD, Edifício Olympus, Av. D. Afonso Henriques, 1462 – 2º
4450-013 Matosinhos, Portugal
antonio.andre@berd.eu
Keywords: Modular Bridges, Steel Bridges, Arch Bridges

The present paper describes the relevance of the arch on the new modular bridge solution developed by MBSbyBERD to reach a new range of spans. Modular Steel Bridges are commonly used for the rapid reestablishment of interrupted roads and to a range
of spans up to 60m, and rarely for spans up to 90m. In this last case there are few solutions available on the market and no longer than 90m.
Designed to be pre-assembled and containerized in order to minimize assembly
time, a long modular bridge LMB-120 has been developed to cover spans from 80m
up to 120m single or double lane, 4.20m or 7.35m respectively, and taking in consideration the stiffness and strength need but also the transportation issue. A collapsible
and pre-assembled module was designed in order to accelerate the site bridge assembly and to be containerized in ISO containers. The collapsible module has 1.60m
height when closed/collapsed for transport and 8.84m opened. Crane or equivalent
equipment is necessary to complete module assembly.
The modularity of the structure permits to assemble the LMB-120 with modules 5.6
or 11.2m long depending of which type of container it will be used. In remote locations with difficult accesses the use of 20’’ containers might be recommended or even
mandatory. However, the duplication of the connections number in the chords result in
to approximately 10% increment of the global weight.
During the LMB-120 design phase and inspired by previous designed equipments
by BERD such as movable scaffolding systems, it was considered to introduce a third
chord 6.5m above the upper chord and being under compression like an arch. Since
base modules were optimized to bridge 80m spans, the arch introduction it works as
an upgrade for longer spans.
The arch is also more effective when compared with the chords cross sections increase. Lighter modules can be achieved facilitating transport and assembling operations.
Main considerations about design standards, loads and load combinations are introduced.
During the structure design phase, it was analyzed different structural options,
however with the arch inclusion it was achieved a feasible economic-technical solution. The comparative analysis between solutions with or without the arch are intro-
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duced in this paper. Ultimate and service limits states were considered for launching
and service phases.
It was possible to conclude that a lighter structure (-18%) can be achieved with a
better structural behavior – stiffer (+26%) and with lower stresses (13% up to 31%).
In case of the model without arch (linear model) were achieved higher deflections,
higher stresses variation and maximum stress values when compared with arch model.
The new range of spans up to 120m offered by BERD, open new possibilities of
bridging further margins. By reducing distances between populations, this product will
also enable social and economic development.
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1

Three Arch Pedestrian Bridges

Recently the authors participated in design of three pedestrian bridges with slender
concrete deck suspended on inclined steel arches of a ‘butterfly’ arrangement. While
the first bridge was successfully completed, the other two are being design.
1.1

Minto Island Pedestrian Bridge, Salem, Oregon, USA

The pedestrian bridge of a total length of 154.1 m bridges the Willamette River
slough – see Fig. 1. The bridge deck consists of a five-span continuous girder of span
lengths of length from 10.7 to 93.9 m. Since all supports are frame connected with the
deck the bridge forms an integral structural system.

Fig. 1. Minto Island Bridge.

In the main span crossing the river, the bridge deck is suspended on inclined arches. The arches are inclined outward – so, they have a 'butterfly' arrangement. The
deck of the main span is composed of prefabricated segments and a composite cast-inplace deck slab. The arches, which are made of 762 mm diameter steel pipes, are
supported by V-shaped monolithic supports that are frame connected with the deck. In
the longitudinal direction of the bridge, the suspenders have a variable slope. For this
arrangement, the arc has a funicular shape that is close to a hyperbola. Suspenders are
made up of bars with a diameter of 38 mm.
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1.2

Bridge across the Elbe River in Nymburk, Czech Republic

The pedestrian bridge, which connects the city centre with a suburb ´Zálabí´, is situated close to the old historic arch bridge – see Fig. 2. Therefore, it is also formed by an
arch structure, however, it has larger span and does not have supports in the river. The
bridge is formed by two, outwardly inclined arch ribs on which a slender deck from
prestressed concrete is suspended. With respect to the historic city centre, the rise of
the arches is as low as possible.

Fig. 2. Elbe River Bridge.

1.3

Bridge across the Berounka River in Hlasna Treban, Czech Republic

The pedestrian bridge replaces the old structure that connects the villages of Hlasna
and Zadni Treban – see Fig. 3. Both villages are situated in a picturesque Berounka
River Valley not far from Karlstejn Castle. It is expected that the river will be navigated in the future, therefore it was required that the navigation channel of 50 m width
be maintained. The bridge of the total length of 138 m consists of two very flat, outwardly inclined arches that support the steel-concrete composite deck.

Fig. 3. Berounka River Bridge.

2

Conclusions

The authors tried to design economical and elegant bridges which architecture is
based on the oldest structural element - the arch.

246

Book of Abstracts
Back to CONTENTS

ARCH2019 – 9th International Conference on Arch Bridges

Cable-Stiffened Hinged Arch Bridges
João Fonseca and Clemente Pinto
University of Beira Interior, Covilhã, Portugal
jfonseca@ubi.pt
Keywords: Arch bridge, Long span, Conceptual design, Hinged arch.

1

Introduction

The future innovation in the construction of arch bridges seems to imply new solutions with reductions of material consumption and arch self-weight, which can permit
to attain larger spans, using lighter construction means. That innovation can permit to
build arch bridges with spans in the order of 700 m [1].
The present paper proposes a solution in which the arch stiffness, necessary for a
proper structural behavior under loadings for which the arch shape is not antifunicular, is replaced by prestressed steel cables, strategically connected and anchored
in the foundations. The stiffness added by the cables permits a reduction of material
and stiffness in the arch, without the need of a significant increase in the deck.

2

Railway arch bridge

2.1

Description of the solution

The proposed type of bridge is analyzed for a high-speed railway bridge with a steel
arch with 400 m span and 100 m rise (Fig. 1). The deck girder corresponds to a prestressed concrete box-section and the arch has hinged nodes.

100 m

400 m

Fig. 1. Lateral view of a railway bridge with a hinged steel arch, a continuous prestressed concrete deck and inferior prestressed cables.
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The added system of stiffness corresponds to prestressed steel cables connected in
the arch and bottom anchored (Fig. 1). The set of cables works as a system of paths of
forces that equilibrates a part of the live loading. The cables below the arch transfer
compression forces until the limit in which the prestressing tensile forces become
null. The set of cables corresponds to a total 32 full locked coil strands Ø100 mm,
initially prestressed to about 3 MN each.
2.2

Static and Dynamic Behavior

The maximum vertical displacement under the load model LM71 [2] combined with a
temperature variation of -35oC, is equal to about 20 cm, which corresponds to 1/1000
of half-span of the arch. The maximum force in the arch ribs, for a ULS combination
with load model LM71 and wind forces, is equal to 220 MN. The first natural frequency of the bridge is equal to 0,38 Hz, corresponding to a transversal vibration
mode and the second is equal to 0,48 HZ, corresponding to a vertical vibration mode.
The determined accelerations of the deck under a high-speed train HSML-A1 correspond to a very good level of comfort.

3

Discussion and Conclusions

The results of the static and dynamic analysis demonstrate the viability of the proposed solution. The system of cables adds stiffness without a significant increase of
material consumption, equilibrating almost 45% of the asymmetric live loading.
The proposed solution was compared with a conventional steel bridge, without cables, in which the arch has bending stiffness. It is possible to have a reduction of steel
consumption of about 30%, considering only the arch, and 25%, considering the arch
and the cables.
In the proposed solution, the relative stiffness between the arch and the cables implies that the almost totality of the permanent loadings are equilibrated by the arch,
without the need of additional adjustments and significant influence of temperature
variations.
The global reduction of material in the arch contributes to future construction of
arch bridges for very large spans, with the required demands of stiffness and strength.
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