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Tamina bridge, Switzerland, 2016. Leonhardt, Andra und Partner f/l=1/5.3
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Arch bridges 1 Introduction: Historical perspective

A Masonry arches, and masonry arch brides, have been built
for centuries, or rather, millennia (photo)

- analysis of arches was one of the first topics studied in
the history of the theory of structures

- da Vinci already studied and measured the horizontal
thrust of arches

- Coulomb was one of the pioneers, followed by many
other (Monasterio, Culmann, Poleni, Heyman, é ) (figure)

A Since there is no tensile strength in the joints, masonry
structures act primarily in compression - anti-funicular arch
geometry (axis geometrically similar to funicular polygon of
forces, i.e. corresponding to thrust line = Druck-/Stutzlinie) is
ideal.
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Arch bridges i Introduction: Historical perspective

A Masonry arch bridges are part of the cultural heritage of our
society and, more specifically, the Swiss railway network.

A For example, the Albula and Bernina lines of RhB are
UNESCO World Cultural Heritage, the consistent use of
standardised stone masonry arch bridges being one of their
main characteristics.
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Arch bridges i Introduction: Historical perspective

A Timber arches have also been built for many centuries. (T —
Johannes Grubenmann was one of the pioneers (photo). //,;ﬁ”:ﬁm* T D e i o
o S ¢
—

i

A About two centuries ago, iron (photo), steel and concrete T —— e L
arches became economical, significantly increasing the
feasible spans.

A With its high compressive, but negligible tensile strength,
concrete is perfectly suited for arch bridges.

07.04.2025 ETH Zirich | Chair of Concrete Structures and Bridge Design | Bridge Design Lectures 9



Arch bridges i Introduction: Historical perspective

A The first concrete arch bridges were mimicking masonry %
arches (unreinforced concrete used as inexpensive stone : =
surrogate). More slender, efficient and elegant concrete 2 R
arches emerged about a century ago (photo). :

W e i

A Switzerland was at the forefront in these developments,
mainly due to:

- Its topography with many steep valleys being well-
suited for arch bridges

- the early development of cement production (with very
limited domestic steel production)

- competent and innovative structural engineers

A The following Swiss bridge designers are internationally
recognised as pioneers in concrete arch bridge design:

- Robert Maillart
- Alexandre Sarrasin
- Christian Menn

The next slides show some of their most prominent
bridges. For more examples, see respective presentation
AEmi nent bridge designer of
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Arch bridges 1 Introduction: Historical perspective
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Nanin and Cascella bridges, Switzerland, 1967] 1968
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Arch bridges i Introduction: Historical perspective

—
Y

Vi I‘.‘ ?.- ‘:' -'

R

A Of course, spectacular q&" £ &
concrete arch bridges were & «
also designed by designersin =
many other countries. '

A As an example, the Tara
Bridge (akan u r L e-Taial a
Bridge) designed by Mijat S.
Tr oj a,ogened ih 1940
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Arch bridges i Introduction: Historical perspective

A Due to their high erection costs and the
progress of more economical typologies
(cantilever-constructed bridges for
shorter, cable-stayed bridges for longer
spans), only few large arch bridges were
built in the 2nd half of the 20" century.

A The last three decades have, however,
seen a revival of long-span arch
bridges, driven by the development of
CFST-arches in China (CFST =
concrete-filled steel tube).

A Since the first CFST bridge with a
moderate span of 115 m built in 1990
(Wanchang Bridge), more than 400 such
arches were built.

A Currently, the Third Pingnan Bridge is
the longest CFST arch @ 575 m span
(2020, see photo, succeeding to the
Bosideng Bridge, 2013 @ 530 m span,
animated photo).
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Arch bridges i Introduction: Terminology

An arch bridge essentially consists of three fundamental
structural elements:

A Arch rib (or simply arch)

- main structural element

é supporting the deck : : deck qirder
e transferring the loads to the arch abutments .

- anti-funicular geometry for permanent loads (pure
compression under these actions)

spandrel |8
columns

A Deck girder (or just deck / girder, all are commonly
used for arches)

- usually continuous girder, transferring its self-
weight and the traffic loads to the spandrel
columns or hangers

A Spandrel columns or hangers

- structural elements connecting deck and arch,
acting primarily in
€ compression (spandrel columns)

7

é tension (hangers)
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Arch bridges i Introduction: Terminology

deck girder spandrel columns
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portal frame

arch rib .

arch axis fise f

springing line

clamped hinged
support support

: span 4

separation of deck girder above arch abutments (portal frames)
common in historical bridges, not adequate for modern bridge
design

arch
abutment
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Arch bridges i Introduction: Anti-funicularity

A Arches are highly efficient structures, since they are able to Parabolic arch under uniform load: Arch axis geometrically
carry | oads by fiprovidgdithatshe thrash o nqlmj}abto funicular polygon, pure compression in arch
line lies inside the arch cross-section.

- the ability of arches to carry high loads is primarily due to
their shape

A Structures whose axis coincides with the thrust line (i.e., is
geometrically similar to the funicular polygon) under a certain
load are anti-funicular for that specific load, i.e., they act in
pure compression.

A Anti-funicular arches are thus analogous to funicular
structures (latin funiculus = rope), but with opposite sign
(compression instead of tension). Culmann (1866): Explanation of arch thrust and support conditions

A In the analysis of masonry arches, and masonry structures in
general, graphic approaches are very useful (see notes, figure
and next slide).

A The thrust line shows the resultant of compression (in the
example on the next slide, for traffic load on the right half of
the span).
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Arch bridges 1 Introduction: Anti-funicularity

A Most existing masonry viaducts, such as
the Soliser Viadukt (clear span 42 m),
were designed using graphical statics.

Deck arch bridge (spandrel arch)
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Arch bridges i Introduction: Anti-funicularity

A However, other than ropes and funicular structures in general, Three-hinged arch and thrust line for half-sided load
arch ribs (as anti-funicular structures for a specific load) (illustration adapted from Marti, 2014)
- do not adjust their shape to varying configurations of o |/4—o
: -
applied loads /2
- need to resist arch bending moments M=e® =e,® 8
caused by loads causing deviations e (with vertical f
component e,) of thrust line and arch axis .
(M can be resisted jointly by arch and deck, see behind) i
: . : : . /2 /2
- In any case require a bending stiffness to prevent buckling ' / ’ /
(even if globally stabilised by other elements, local buckling
must be prevented)
F
f/2
'i

O e [
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Arch bridges i Introduction: Anti-funicularity

A Any arch geometry is anti-funicular for one Arch, anti-funicular for uniform load, under non-symmetrical load
specific load configuration only. (illustration adapted from Marti, 2014)
A All other loads are carried by bending :
- of the arch itself (dAstiff archo), see g
_ Of the deck-sg"[f(ﬂeme(j"‘ YYYYVYVYYYVYVYVYVYVYVYYVYVYVYYY
- of arch and deck girder combined (usual) IR RN
A In analysis, applied loads can be divided
into loads causing pure (*) compression
(those for which the geometry was chosen) H H
and loads causing pure bending, see figure. T ?
A Self-weight is the dominant load in bridges %l+ %*
- the arch geometry should closely match
the thrust line under permanent loads + /2 . /2 +
- very efficient as the dominant part of the , _H=0 "7
loads is carried in compression (figures) a &’ a- — " N'=0 (at crown. )
H=59 + or 64 ql®
. ¢ Y 64
(*) In reality, E A b - arch compression R y
causes vertical deflections - bending except M - ) VA
in three-hinged arches (see design section) A % (compare t (g +8<J)| e
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Arch bridges 1 Introduction: Typologies

A The typology of arch bridges is commonly related

to the position of the deck with respect to the arch.

A Accordingly, the following types of arches can be
distinguished:

- Deck arch bridge: deck above arch

- Tied arch bridge: deck below arch
( bowst r i lmggerschecBalkendi)

- Through arch bridge: deck and arch intersect
(with or without connection)

A Each typology has its structural particularities, but
with a common element: The arch.

07.04.2025 ETH Zdrich | Chair of Concrete Structures and Bridge Design | Bridge Design Lectures

Deck arch
bridge
(spandrel arch)

Tied arch bridge
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Through arch
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Arch bridges 1 Introduction: Typologies

A Structurally, it makes more sense to distinguish arch
typologies based on the way the Deck arch

(horizontal component of arch normal force) is resisted. bridge
(spandrel arch)

A Arches are most efficient if the arch thrust is carried by
t he ground ( Wwhch nequiresstiftshile s 0 ) ,

- principle of masonry arch bridges
(note: high self-weight is beneficial for foundations
as it reduces the inclination of the support reaction)

- principle of deck arch bridges
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Arch bridges i Introduction: Typologies

Deck arch bridge

- Deck girder positioned at top of arch
- Arch supports deck via spandrel columns

- Solid-spandrel arches or trussed arches are
also used (figures)

- Full arch thrust transferred to arch abutments

Isorno rail viaduct, Switzerland, 1923. Lohle & Kern
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