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Abstract: This paper is a detailed study of the aesthetics, design and construction of Calatrava’s famous bridge
in Seville. It examines the initial design concepts, and how these were bought to life. An assessment of the
bridge structure, loading conditions and serviceability follows analysis of the aesthetics. Emphasis is placed on
the unique cantilever spar cable-stayed design, and the new Eurocode Design Load Models. The paper
includes an analysis of the design and construction methods, how they could be improved upon, and any future
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1 Introduction
Santiago Calatrava established his name as a bridge
engineer with the Felipe II Bridge, built for the 1992
Barcelona Olympics. In 1987, he won the commission for a
new bridge to join Cartuja Island in Seville, the site of the
1992 World Exposition (Expo ‘92), to the mainland across
the Guadalquivir River. Alamillo is one of six bridges built
for the Exposition, but is by far the most memorable.
The bridge crosses a man-made channel that forms part
of Seville’s flood relief system.
With equally good
founding conditions on both banks, the obvious choice for
the bridge would have been an arch, putting equal loading
on either side of the channel. This was not to be, although
Calatrava’s original concept was symmetrical on a much
larger scale, comprising two cantilever spar, cable stayed
bridges, with their inclined pylons forming an imaginary
gateway over the site. In the event, for both economic and
political reasons, only one was built, and has remained an
icon of bridge design and engineering ever since.
Calatrava’s final design is complex and substitutes
traditional stay cables with the weight of an inclined
concrete and steel pylon, something that had not been
attempted before. The pylon itself rises 141m above the
city, with an inclination of 32º to the vertical, and the deck
has a clear span of 186m [1]. From the counterbalancing
pylon, pairs of cables support a central spine beam of
prefabricated hexagonal shaped steel box sections running
the full length of the bridge, from which the road deck itself
cantilevers transversely. The bridge has provision for both
pedestrian and vehicular traffic.
2 Aesthetics
This analysis follows the principles set out by Fritz
Leonhardt in his seminal work ‘Bridges’. His ten rules give
an excellent starting point for the analysis of any bridge’s
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aesthetics. By far the most important design criterion is
to fulfil the function of the bridge, by showing clearly
how it works, and in doing so give a sense of stability
and safety to the user.
Calatrava has achieved something special here, in
creating a bridge that appears to be doing something it is
not, and hides the majority of its structure below
ground. Whereas a traditional suspension or arched
bridge immediately gives one a sense of stability,
Alamillo has a certain amount of instability about it: is
the deck preventing the pylon from collapsing, or is it
the other way around?
In fact there is mutual
dependency, as the pylon cannot stand alone as a
cantilever, and the deck relies on support from the
cables. Clearly, this is no ordinary bridge.

Figure 1: Puente del alamillo by night [2]
Function is a principal requirement of any bridge,
and requires the provision of a well-defined structural
hierarchy. Alamillo has a clear form that conveys
different things to different people, and it is from this
starting point that refinements of design can then be
applied. Often bridges are designed principally in
elevation, when in reality this view of the bridge is
rarely attained. The most frequent view of the bridge is
that as it is traversed, and so the cross section is most
important. The post-tensioned cables come down in

pairs across the centre of the deck, creating a dramatic
pedestrian walkway between the two cable planes. The
road deck cantilevers off a central steel box section, and is
supported on steel wings every 4 metres [1]. When viewed
from beneath, it is instantly clear how the deck is supported.
Alamillo is a beautifully proportioned bridge. The
deck itself flows smoothly over the water, drawing the eye
along and up the inclined spar. There is an excellent
balance between light and dark, and the deck itself appears
as a particularly slender element. This is achieved by the
steep angle of the cantilever beams that cast the under deck
into shadow, Fig. 2. The pylon is much heavier than the
deck, and thus gives us the impression that it is the principal
member in the load system, but still has many design
subtleties to reduce its impact. The hexagonal cross section
puts three sides in shade (Fig. 2) and a channel running the
length of the pylon catches the light, reinforcing the
impression that it is half its actual depth.
Alamillo has a very sculptural form, and this design
simplicity gives it order. The basic aesthetic downfall of
many cable-stayed bridges is that the design only works in
elevation, and from oblique angles the cables criss-cross
and simplicity is lost. There are two ways of avoiding this
– using a single plane of cables, or arranging the cables in
harp form. Calatrava makes use of both of these devices
here. Pairs of cables are taken down from the pylon in a
harp arrangement, meeting the deck either side of the
pedestrian walkway.
This harp arrangement is a less
efficient way of supporting the deck, but is more
aesthetically pleasing. The cables can appear to fan out,
Fig. 2, and so the design achieves another level of interest
over a single plane design, although the striking simplicity
of the bridge’s elevation is perhaps diminished in some
respects. The pylon itself also has a refined cross section.
A gentle taper leads to a sculpted head piece, angled to
match the cables.

that Calatrava has continued on all of his subsequent
bridges. It increases the required maintenance, and thus
running costs of the bridge, whereas a simple protective
finish may have been more cost effective.
The primary function of Alamillo was to provide a
centrepiece for Expo ‘92. The bridge acts as a bold
counterpoint to the traditional Seville skyline, Fig. 3.
Whilst some locals may dislike the bridge, it has
become a symbol of their city. Leonhardt also believed
that a bridge should have character and complexity.
Whilst it is difficult to define character, it is apparent to
me that Alamillo has masses of it. The daring design, its
simplicity and its surprising methods of construction all
give it the edge over more conventional bridges.
Character can also be linked to complexity – an
unnecessarily complex design may become chaotic,
whilst unnecessarily simplistic designs can be boring.
Getting the balance right is rarely achieved but
Calatrava has done so in creating a bridge that appears
simple, has a well-refined design and is full of character,
but is also a very complex piece of engineering. In this
way, the bridge gets people thinking about how it
works, and why it doesn’t fall over.

Figure 3: Skyline
The most successful structural forms are often those
informed by nature. Calatrava’s functionalism is often
derived from nature; he famously keeps his dog’s
skeleton in his office. Whilst this was not a specific
influence here, the link to nature is clear; the deck beam
acts as the bridge’s spine, supporting the roadway on
ribs of steel. The inclined pylon also emphasises the
male form, while Calatrava himself cites a flying bird as
his main inspiration, Fig. 4.

Figure 2: Cables appear to fan out
As this is a pedestrian bridge, design refinements are
important as they will be experienced at close hand. For
example, the lighting on the bridge is provided by low-level
luminaries, rather than lampposts, which would vie with the
pylon for dominance of the vertical plane. The pedestrian
pathway has a disappointing tarmac finish, but the guard
rails that run along the bridge have an interesting texture
and design. Mimicking the pylon, these guard rails slope
backwards away from the deck, and are topped with
concrete along which runs a smooth stainless steel handrail.
The smooth surface of the spar is painted matt white,
giving a crisp appearance. The bridge’s pure white colour
accentuates it against the typically clear Spanish sky, with
the cables and spar standing out particularly well. The
simplicity of the colour scheme complements the bridge
design, leaving its striking form unspoilt. This practice of
painting both concrete and steel is uncommon, but is one

Figure 4: Inspiration from nature [4]
2.1 Summary
Following Leonhardt’s ten rules does not
necessarily make a bridge beautiful, nor does it give it
character. Here, Calatrava has fulfilled each of the ten
rules, and whilst Alamillo is neither efficient nor costeffective, the results are stunning.
3 Structural Design
The inclined pylon of Alamillo had no structural
precedent. The conventional cable stayed design would
consist of two decks of similar span to minimise
possible bending moments in the pylon. Unequal spans
require decks of equal weight, but this is hard to

achieve, and so back span cables are anchored to the ground
to take the variation in forces under pattern loading
conditions.
Provision of an inclined pylon is a typical reaction to
this, and acts to reduce the values of T2 and C2 (Fig. 5)
considerably, with a proportional increase in the axial load
in the pylon. Calatrava’s asymmetrical design lends itself
well to an inclined pylon. The conventional design deals
with varying live loads by ensuring that horizontal forces
are taken by the reaction in post-tensioned backstay cables.
Calatrava’s design replaces these backstay cables with the
weight of the pylon itself, requiring both the pylon and its
foundations to take moments under most load conditions.
The cable tensions, T3, are also more onerous than T1 or T2
(Fig. 5). The bridge is designed to reduce as much as
possible the bending moments in the foundation and pylon.
The equilibrium funicular load case, where the pylon takes
only axial loads, corresponds approximately to dead weight
plus 50% of the anticipated maximum live load [1].
Under varying live load, the resultant forces generate
bending moments in both the pylon and its foundation.
Under full deck live loading the bending moment in the
pylon is equal and opposite to that experienced under the
zero live load conditions, Fig. 16.
Casting the bottom caisson of the pylon into the
pedestal with only a small amount protruding ensures
continuity of the support at this position, and so the pylon is
able to transfer moments to the piled foundation. The pylon
itself is composed of 16 steel caissons, welded together and
filled with concrete to provide the required mass and
section modulus. The inner section is hollow, and provides
space for a stairway leading to the top of the pylon. At the
base of the pylon the section is shaped to hug the deck, this
extra depth providing increased stiffness at the point of
maximum bending moment in the pylon.

characteristic values of their effects are multiplied by γfL
and γf3 to design loads, with these partial factors taken
from BS5400-2, as the NA to EN1991 is yet to be
published. γf3= 1,10 for all ULS cases, and 1,00 for SLS.
Values for γfl vary with each load case.
4.1 Dead and Superimposed Dead Loads
Ref. [1] states that the dead load of the pylon is
185MN, and the deck is 54MN, a ratio of 3,4:1. If the
cables (at 24º to the horizontal) are to be post tensioned
so they take only the dead weight of the deck, then the
post-tension force is given by 54MN/sin24º = 132MN.
For dead loads γfl= 1,05 at ULS, and γfl= 1,00 at SLS.
Superimposed dead loads (negligible in comparison) are
factored by γfl= 1,75 at ULS and γfl= 1,20 at SLS.
4.2 Vehicular Live Loading
At the time of design, the relevant Spanish
regulation (Spanish Norma IAP-98. Actions in highway
bridges) imposed a 4kN/m2 UDL across all lanes, along
with 6×100kN point loads, in 3 axles of 2 wheels, each
measuring 0,2m x 0,6m, Fig. 6. This arrangement
yields a maximum moment in the deck of 176,4MNm
[1], taking the 4kN/m2 act over the entire 32m width of
the deck. When loaded asymmetrically, a torsional
moment across the spine beam of 47,4MNm is obtained,
acting over a cross sectional area of 20m2 to give a
shear stress of 23,7MN/m2 [1].

Figure 6: Spanish live load equivalent
For Eurocode design, the first step is to consider the
number of notional lanes. Taking the carriageway width
as 32m, minus 3,75m for the central reserve, the number
of notional lanes is 8, as obtained from Table 4.1, Ref
[3]. Each lane is 3m wide, with a remaining width of
2,125m on either side of the central reserve (Fig. 14).
Figure 5: Conventional design (i), Alamillo (ii)
The deck is composed of eight prefabricated steel box
segments, hexagonal in cross section (Fig. 22) and braced to
provide the necessary stiffness and torsional strength to
withstand the loading conditions, and prevent buckling of
the deck under the high axial forces induced by the cables.
4 Loading
All bridges are subject to the same loading conditions:
combinations of dead, superimposed dead, and live loads
along with wind, creep and temperature effects, must all be
considered in design. In addition, seismic effects must also
be assessed here. This paper considers the Eurocode and
BS5400 design, updated in 2006 to take account of the
actual weights of trucks on our roads [6]. Eurocode 1 (EC1
[3]) considers four ‘Load Models’, which are combined to
give load cases, much the same as BS5400.
The

4.2.1 Live Load Model 1
This load model consists of concentrated and
uniformly distributed loads. This is the general case for
initial design. It consists of a system of double axle
concentrated loads (tandem system, TS), and a UDL
acting over the surface of the bridge. The design values
for the concentrated load, Eq. (1), and UDL, Eq. (2) will
make use of the recommended values of αQ and αq,
these being 0,8 and 1,0 respectively.
(1)

αQ Qk kN
α q qk kN / m

2

(2)

The design load arrangement is altered for each
€
notional lane by various factors, shown in Table 1 and
€Fig. 7. These are factored with γfl = 1,50 to give design
loads in Tables 1, 2.

Table 1: Characteristic live loads
Qik αQ
TS
qik
αq UDL
(kN)
(kN) (kN/m2)
(kN/m2)
1
300 0,8
240
9,00
1,0 9,00
2
200 0,8
160
2,50
1,0 2,50
3
100 0,8
80
2,50
1,0 2,50
4-8
0
0,8
0
2,50
1,0 2,50
Remaining 0
0,8
0
2,50
1,0 2,50
Lane(s)

4.2.4 Live Load Model 4
LM4 covers crowd loading of bridges, and is
equivalent to a 5kN/m2 UDL on the entire surface.
Acting across the 32m width yields a load of 160kN/m,
and a maximum moment of 221MNm. However it is
not likely that the entire width of the bridge will be
opened to pedestrians only.
This case is usually
reserved for bridges providing access to sports stadia,
but a future development of Cartuja Island may require
this to be analysed.
4.3 Pedestrian Loads
The central pedestrian walkway is also subject to
live loads. Eq. (3) gives the characteristic value of the
UDL live load applied to the bridge, from [3].
120
kN / m 2
L + 30
120
q fk = 2,0 +
= 2,52kN / m 2
230
q fk = 2,0 +

Figure 7: Characteristic load arrangement, LM1
Lane(s)
1
2
3

TS
(kN)
312
208
104

Table 2: Design live loads
qd
Lane(s)
TS
qd
(kN/m2)
(kN) (kN/m2)
14,85
4-8
0
4,125
4,125
Remaining
0
4,125
4,125
≡ load 164kN/m + 624kN

4.2.2 Live Load Model 2
LM2 is the application of a single 400kN axle load,
applied at any location on the carriageway, over two
wheels, each of dimensions 350mm × 600mm. This is the
dominant action over very short loaded lengths (L<7m).
4.2.3 Live Load Model 3
LM3 covers effectively the same area as HB loading in
BS5400.
This paper therefore uses parts of the BS
approach, as the required frequent values of LM1 are to be
defined in the unpublished NA. Load is taken as an
equivalent to 45 units of HB load on four axles, where one
unit is 2.5kN and total load is given by (2.5kN)(45)(4)(4) =
1800kN. The equivalent load in EC1 is spread over 9 axles
at 1.50m centres. This is a slightly different arrangement to
the BS approach, which considers two sets of axles, each
1.8m apart, with a variable gap between them (6m would be
the worst case for bending here).
The design load is obtained using γfl = 1.30. Thus LM3
is given by 9 line loads of 286kN each. Outside the loaded
area, the frequent values of TS apply. The characteristic
values of αqqk have been reduced by the lane factors from
Table 14 of BS5400 (as opposed to using the frequent
values of LM1), shown in Fig. 8 and Table 3.

€

Taking γfl = 1,30 yields a design load of 13.5kN/m.
Furthermore, a characteristic concentrated load of Qfwk
€=10kN is applied, acting on a 100mm square surface at
any point of the bridge, factored with γfl = 1,30 to give
Qfwd = 1,43N/mm2. Access to the footpath by vehicular
traffic is prevented, and so both the accidental access
and service vehicle (Qserv) load cases are ignored.
4.4 Braking and acceleration forces
Braking and acceleration forces produce loads in
the longitudinal direction of the bridge, denoted Qlk [3].
Their characteristic values are calculated by considering
LM1 and using the relevant factors, as shown in Eq. (4).
The value of Qlk must be in the range 180αQ1 < Qlk <
900kN, and is factored by γfl = 1,25 [6].

(

)

Qlk = 0,6αQ1 2Qlk + 0,10α q1 qlk w1 L

(4)
Qlk = ( 0,6( 0,8)( 2) 300) + ( 0,10(1, 0)( 9)( 3) 200)
€

Qlk = ±828kN
Qd = 828 × 1.25 × 1.10 = 1047kN

4.5 Compression in the deck
€
The compression in the deck is obtained by
considering the horizontal component of the cable force,
acting at 24º to the deck. The total post tension force
was 132MN, and so the compression is found to assess
the deck for buckling effects in Eq. (5). This can be
seen in Fig. 15.
C = T cos 24º
C = 132 × 10 6 × cos 24 = 120,6MN

Figure 8: Characteristic load arrangement, LM3
Table 3: Lane Factors, LM3
Lane 1
Lane 2
Remaining
β2 = 0.67
β1 = 1.0
β3 = βn = 0.6
qk = 9×β2 = 6,03 kN/m2 qk = 2,5 kN/m2 qk = 1,50 kN/m2

(3)

(5)

€4.6 Vehicle collisions
€
The effect of collisions with supports under the
bridge can be neglected, as there is no vehicle access to
this area. In addition, the pylon itself is protected by the
pedestrian walkway, and since the impact barriers here
are sufficient to prevent ‘accidental’ access onto the
footpath, there can be no vehicle impact load on the

pylon itself. Collision forces on vehicle restraint systems
are applied 1m above the carriageway, acting over a length
of 0,5m. Along with the horizontal force, a vertical force of
0,75αQ1Q1k is also applied, with a characteristic value of
180kN.
The associated characteristic horizontal force
ranges from 100-600kN, depending on parapet-bridge
connection stiffness. The parapet design is unconventional
for Spain, in relying on plastic deformation of the barrier to
take much of the force. This approach results in a slender
parapet, but also one that has to be replaced after a
collision. Design loads again obtained using γfl = 1,25.
Figure 11: Loading and moment arrangement
600(γfL)(γf3) = 825kN
180(γfL)(γf3) = 248kN

Figure 9: Parapet loading
5 Strength
From the loads computed in section 4, a set of worstcase shear, torsion and bending effects on the bridge deck is
obtained, Fig. 10. The bridge should be checked initially to
the five standard load groups.
Bending:
Torsion:

UDL + Axle Loads,
(LM1)

Compression:

Asymmetric Deck
Live Load

Cable forces

Figure 10: Strength checks
5.1 Bending
To calculate the maximum moment in the bridge span,
it is considered that the deck is effectively a continuous
beam with supports at the two abutments, and elastic
directional supports along its length from the post-tension
force in the cables. A safe assumption is to say that after
tensioning the cable stays, the dead load of the deck will
induce negligible moments in the deck, and so only live
loads are considered.
The deck is initially considered as a continuous beam
of 171.50m free span [1], and since the first 36m of the
deck are partially filled with concrete, the bending stiffness
here and at the pylon will be significantly greater than the
rest of the deck, and so the effective length of the bridge is
reduced further. Therefore, taking moments for the fixedpinned beam (assuming a pin at the East abutment), a
maximum bending moment is found (Eq. (6) and Fig. 11)
assuming the axles of the tandem system act at 87,5m from
the left support, coincident to the location of maximum
bending moment caused by the UDL system alone (4.2.1).

M=

€

However, this is clearly not the true loading
condition, due to the cable supports. It is safe to assume
that the stress will not reach even half the calculated
value of σ1 above. The true condition of the bridge will
show a ‘jelly’ bending moment diagram, with the stays
taking some dead load, and live load causing bending of
the deck. To truly model this condition would require
evaluation of the deck with elastic directional supports
at each cable location, Fig. 12.

(

w 0, 75Leff
8

)

2

+

Pa 2b( 2L + b)
2L3

(6)

Figure 12: Bending moment diagram: elastic supports
A simplification is to consider a rigid support at
each cable location, and thus the maximum moment is
found in the end span, Fig. 13. The result is a range of
possible moments, and thus a range of extreme fibre
stresses is found, Eqs. (6,7). Clearly then, the true stress
lie in the region of 6,2N/mm2 < σr < 0,5(259)N/mm2.
M=
M=

€

wl 2
10

+

Pl
4

(7)

( ) + ( 624)(2)(12)

164 12 2

10
2
M = 6106kNm << 176MNm
My 6106(2200)
σ2 =
=
= 6, 2N / mm 2
I
217 × 10 4

€
€

Figure 13: Bending moment diagram: rigid supports
5.2 Torsion
The torsional moment induced when the deck
undergoes asymmetrical loading, Fig.(14), as would be
the case if one carriageway is closed and the other fully
loaded is considered below. Loads are from Tables 1, 2.

M = 226 + 30,4MNm
M = 256MNm > 176,4MNm
My 256000(2200)
σ1 =
=
= 259N / mm 2
I
217 × 10 4

Figure 14: Characteristic torsional loading condition
€

The design UDL (Table 1) develops a torque of
(14,85×3×14,5 + 4,125×12×7) = 990kNm/m. The factored
axle loads (Table 2) at mid-span give an additional torque
of (312(15,5 + 13,5) + 208(12,5 + 10,5) + 104(9,5 + 7,5)) =
15,6MNm. The total torque in the deck will be shared
between the two abutments, and hence the maximum
torsion and associated shear stress in the steel box section
can be found, Eqs. (9, 10). The box section is constructed
of 50mm steel plates, with a total cross-sectional area of
20m2 [1]. With the addition of the shear stress at the
support (Eq. (8)), the total stress should be less than 50% of
fy, taken here as 0,5×275N/mm2 = 138N/mm2.
V=

2
2
3W Pb(3L − b )
+
8
2L3

1
[( 990 × 170) + 15600]
2
= 92MNm

€

τ max =

€
€

(9)

T max =
T max

T max
2tA

(10)

91,95
τ max,EC =
= 45,98MN / m 2
2 × 0.05× 20
τ total = 46 + 0,48 = 46,5N / mm 2 < 138N / mm 2

€5.3 Buckling
€
With the compression force of 120,6MN (4.5), the deck
is checked for buckling. If the cables take the complete
dead and live load, the deck remains flat and buckling
occurs between supports (span 12m). On the other hand,
considering the whole deck to deflect downwards like the
jelly shown earlier, buckling will occur over the whole
length (~175m). Clearly both these situations are incorrect,
but without further information an accurate solution cannot
be found, and so the true condition is taken to lie between
the buckling loads calculated below, Eqs. (11, 11a).

Figure 15: Deck compression

PE,1 =

π 2 EI
L2

=

π 2 × 200 × 10 6 × 217
12 2

PE,1 = 2974MN >> 120MN
€

σ 1 = 149N / mm 2

=

1752

(11a)

PE,2 = 14MN < 120MN
€

σ 2 = 0.7N / mm 2

5.4 Pylon
Behaviour of the pylon under varying live load is
€
described in Fig. 16. The bending moments created
under the two extreme loading conditions shown are
equal and opposite. A more complete check could
include temperature, wind and seismic effects.
6 Serviceability

v = 0,48N / mm 2

€

L2

π 2 × 200 × 10 6 × 217

(8)

V = 8610 + 1018kN
€

PE,2 =

π 2 EI

(11)

The bridge is monitored continuously by a network
of 341 sensors, which provide data on moments and
axial stresses, foundation settlement and rotations, deck
deflections and cable prestress losses, allowing the
serviceability of the bridge to be closely monitored.
7 Construction
The construction of Alamillo was never going to be
easy, considering the new techniques required to realise
the cantilevered pylon design. The original construction
documents envisaged a continuous cantilever method of
construction (Fig. 18).
Building the steel deck as prefabricated elements
meant that they could be lifted into position at the same
time as each pylon caisson was installed, and its
concrete cast in-situ. Then, once this was complete, the
cables for each section would be installed and posttensioned, giving the deck its required stability. From
this stable platform the next deck segment (12m long)
could be launched, and the next pylon segment cast.
Thus, the deck and pylon would grow together, with
each launching section corresponding to one pair of
cables from the pylon providing it with support.
This mode of construction is desirable, as it ensures
that the weight of the deck and pylon are balanced
during construction. However the major problem was
that co-ordination between the two processes would
have to be perfect for the duration of the build, and it
was considered that in order to get the bridge built on
time, the two elements (deck and pylon) should be
separated.
The revised construction plan introduced temporary
supports beneath the deck, and resolved the issues of
timing by effectively separating the pylon and deck
construction completely. It was not until the entire deck
was complete, and the pylon up to its fifth section that
the first set of cables was installed and post-tensioned.
This method of construction carried less risk for both
the contractor and client, who needed the bridge to be
operational for the Exposition.

€

Figure 16: Pylon loading conditions

The construction process was hindered in the early
stages by difficult ground conditions, and the piling took
four months longer than planned, setting back work
significantly. However, the benefits of the new construction
method included rapid installation of the cables, which took
an average of 9 days per pair [1]. A comparison between
the two methods of construction is shown in Figs. 18, 19.
However, supporting the deck during construction
meant the construction of a small embankment across the
Guadalquivir River, upon which temporary steel frames
were built, also requiring foundations to prevent settlement.
Post-construction, the frames were dismantled, but the
foundations remain, and added to the overall costs of the
bridge.

Figure 17: Cantilever wing design
The fabrication of the steel deck in 24m (average)
sections was carried out offsite, with each segment in two
pieces for ease of transportation and installation on site.
Once on site, they were supported on the temporary frames,
and raised into position using hydraulic jacks.
This
positioning was calculated to take into account the camber
of the road, and future deflections due to full dead-weight
loading.
From this box span the steel wings at 4m centres, upon
which the road slab is supported.
The wings work
efficiently, transferring moments in the slabs to the steel
box section in a simple push-pull action, Fig. 17. The top
of the wing has a high strength shear connection to take
tension, whilst the bottom is a simple welded joint,
transferring compressive forces. This enabled Calatrava to
take a chunk out of the steel beam, giving a lighter feel to
the underside of the bridge. The deck slab itself consists of
two concrete layers; a 100mm precast slab bearing directly
onto the wings, upon which a 130mm in-situ slab was cast.
Shear keys connect the two to form a composite deck.
Where the deck curves past the pylon base, a post-tensioned
slab was cast to span a footpath running along the riverbank
below. This was the only part of the in-situ slab to be
supported on temporary works, and has a much deeper
section than the rest of the deck. The slab is supported from
Cantilever deck
and pylon

Install and
tension cables

the pylon on y-shaped concrete beams, and rests on
neoprene bearings which allow movement in the
longitudinal direction.
As illustrated in Fig. 19, the construction of the
pylon did not start until late in the process. The pylon is
also formed from a series of steel hollow sections, each
filled with concrete to provide the required mass. They
have a complex profile to give the pylon its required
aesthetic features and allow connection of the cables.
The pylon is formed of 16 steel caisson sections,
each around 7m tall. Unlike the prefabricated deck
sections, these were all fabricated on site and lifted into
position. Significant reinforcement and strengthening
exists to provide the required section modulus for
bending of the pylon, and was also required to prevent
deformation of the steel caissons under the weight of the
wet concrete during construction.
The cables were installed in pairs, starting with the
shortest pair (Fig. 19). Each cable is formed of multiple
strands of 15.2mm diameter steel wire, epoxy coated for
protection, and encased in a plastic tubing [1]. This was
another world first – the cables were fabricated in-situ
and did not require injection of protective material into
the cable tubes, due to the epoxy coating of each strand.
The cables were lifted and pulled up the pylon
along Teflon coated tracks to reduce friction and prevent
any possible damage to the protective tubing. Each
cable was post-tensioned from beneath the deck, and so
the deck provides the active support position for each
pair of cables, while the pylon provides passive support.
Tensioning forces were applied immediately after
installation, and the cables were surveyed to ensure they
were behaving as expected. The cable connection to
both the pylon and deck is grouted to provide protection
against abrasion on the steel supports.
The cables are designed with 100% redundancy
under dead weight loading, meaning that replacement of
one of a pair of cables is possible, as the other has the
capacity to carry the bridge dead weight by itself.
Completion of the cable installation allowed the
removal of the temporary support tables from the
Guadalquivir River, and the installation of bridge
furniture, decking and other paraphernalia completed
the bridge. It was opened officially on February 29th
1992, seven weeks before Exposition 1992 began.
8 Foundations and Geotechnics
The extraordinary design of Alamillo called for a
large and expensive foundation to stabilise the bridge.
Of the two foundations, the west bank foundation,
beneath the pylon, is significantly larger than the east
Continue

Complete

Figure 18: Proposed construction method
Construct deck on
temporary supports

Pylon and
cables installed

Continue pylon;
remove supports

Figure 19: Actual construction method

Complete

foundation. As shown in section 5, and Fig. 16, the loads
imposed on the pylon develop significant bending moments
at its base under certain loading conditions. These are
dispersed through the moment resisting piled foundation.
When loads on the bridge change, tensile forces in the
cables will vary, and thus bending moments are produced in
the pylon. Wind loading and asymmetrical live loads on the
deck (which causes torsion in the deck beam) produce
moments acting in the transverse direction. Therefore the
foundation must be capable of taking moments in both
directions (M1 and M2, Fig. 20), along with the axial forces
from the bridge and pylon.
The East foundation on the other hand must only
provide restraint against torsion from the deck, and vertical
loads from the final span of the bridge. Movement joints
allow expansion of the deck under thermal loads, and so
there is no restraint against longitudinal loads.
8.1 West Foundation
The only option for the foundation is to use piles. The
ground here is predominantly marl [1], and the piles act
principally in bearing. The maximum load from the pylon
was calculated at 13MN per pile, and the final design uses
54 2m-diameter reinforced concrete piles, each 45.5m long
[1]. Load is transferred to the piles by a 28m × 38m × 4.5m
deep pile cap, on top of which the pylon and deck are
supported, Fig. 20.
The provided bearing strength per pile is calculated in
Eq. (12), with the undrained shear strength of the marl
taken to be 275kPa. The value is slightly high, as the pile
will not act in friction over its entire length of 45.5m, due to
the presence of varying quality strata, as shown in Fig. 20.
BS8004 recommends a minimum spacing of 3× Pile
Diameter, which here would equal 6m. The design has an
average spacing of around 3,25m [1], illustrating how hard
the piles are working. Roughly 10% of the cost of the
bridge was spent on piling the West Foundation alone.

(

As mentioned, the design of the bridge calls for a
much smaller foundation on the eastern bank of the
river. Here the steel deck is inserted into a large RC
abutment, which provides the necessary torsional
restraint and vertical support to the bridge deck.
Expansion joints are provided here to allow for
temperature effects in the bridge deck, and access to the
interior of the deck for inspection is also provided at this
abutment through a hexagonal doorway.
9 Temperature
Diurnal temperature fluctuations are important in
bridge loading, and both overall temperature increases
through the bridge (effective temperature changes) and
variations between top and bottom surfaces
(temperature difference) induce loads in the structure.
Given the nature of the bridge construction, temperature
changes in the cables and pylon are likely to induce
significant bending moments in both the deck and
foundations, and so should be investigated also.
For design to a 1:120 year temperature return
period, it is assumed that the deck is entirely restrained,
i.e. the movement joints are either faulty or jammed.
The coefficient of thermal expansion of steel and
concrete is taken as 12×10-6/ºC.
The design values for temperature change [1] were
±21ºC in the vertical direction, and ±14,5ºC in the
horizontal direction. Eq. (13) gives the apparent
compressive strain along the deck caused by these
temperature changes, while the associated deflections
are found in Eq. (14). The bridge will experience this
movement as an apparent compressive stress in the
section, Eq. (15). In the unlikely event of the movement
joints seizing up, or not working correctly, the bridge
deck will not buckle, as the critical buckling stress
found in Eq. (11) is 149N/mm2 (maximum).

(12)

Qult = qb Ab + qs As
3

8.2 East Foundation

) (

3

(

)

Qult = 275×10 × 9 × π + 0.5× 275×10 × π × 45.5
€

Qult = 27.4MN
€
€

€

€
€
€

Figure 20: West Foundation [1]
8.1.1 Settlement
Foundation settlement must be considered, as it may
increase the loading on the pylon, and has the potential to
destabilise the bridge itself. The calculation of settlement
for the pile group can be carried out using the equivalent
raft method.

)

ε = 12 × 10−6 × 21

(13)

ε = 252µε
δ = εc l

(14)

δ = 252 × 10−6 × 200000
δ = 50.4mm
σ capparent = Eε c

(15)

σ

apparent
c

= 210000 × 252 × 10

σ

apparent
c

= 52.9N / mm 2

−6

The second condition of temperature loading is
temperature difference through the deck cross section.
Taking h = 200mm, and assuming a 100mm concrete
€
slab over the steel box, the temperature profile is shown
in Fig. 21, from Ref [6]. A temperature gradient across
the deck will also induce a moment in the deck itself.
The effect of temperature change is also felt in the
cables, and a rise in temperature will reduce their load
carrying capacity. Twelve of the cable pairs have a
cross sectional area of 8,400mm2, and taking the change
in temperature again as 21ºC, the stress induced in the
cable is obtained, Eq. (16).
Fcable = 12 × 10−6 × 21× 210000 × A
2

2

Fcable = 53N / mm × 8,600mm = 455kN
€
€

(16)

unfactored). This is again very high, and should be used
with caution. The comparison with BS5400 is shown
below. Cd is calculated from Figure 5 of BS5400 using
a b/d ratio of 32m/5m = 6.4.
(20)

Pt = qA1 C D

Figure 21: Temperature profile

q = 0.613Vd

Considering one 12m section of deck (weighing
approximately 5MN) the post tension cable force is
calculated to be 5 × 106/sin24º = 12.3MN, and so the loss of
force due to temperature increase (455kN) is around 4% of
the full post-tension force, a significant effect. If the cables
slacken under full live loading, the deck must act as a beam
€ rely on the pylon; while under dead load only
as it cannot
the pylon must rely on the moment connection at its base as
the cables no longer provide effective support.

€

(

2

(21)

)(

Vd = SbT g S′h Vb S p Sa Sd

)

(22)

€

Table 4: Values for Eq. (20)
-1
V
=
42ms
Sp = 1,05 Sa = 1,01
Sd = 1,00
€ b
Sb = 1,21
Tg = 1,00 S’h = 1,00 Vd = 53,9m/s
q = 1781N/m2
A1 =
Cd = 1,27
Pt = 2,3MN
1000m2
=11,3kN/m

10 Wind and Seismic Effects

10.1 Longitudinal Wind Load

Wind loads on the bridge are analysed according to BS
EN 1991-1-4 (EC1). The force on the bridge deck is given
by Eqs. (17, 19).

EC1 (Ref. [3]) states that for plated bridges the ydirection loads may be taken as 25% of the x-direction
loads, yielding a force of 3,4kN/m. BS5400 states that
longitudinal loading from wind loads (PLS), and from
the effects of traffic on the bridge (PLL) must be
considered, Eqs. (23, 24). The depth, d, is taken as d =
d1 + dL, where dL = 2.5m. Thus d = 7.5m, Fig. 23.

2
1
ρv b CAref ,x
(17)
2
The density of air, ρ, is taken to be 1,25kg/m3. The
basic wind speed, vb, is derived from Ref. [1], and at a
height of 10m vb = 41,61ms-1. This information is taken
€from wind data used in the actual design, based on data
collected at Seville Airport. Note that vb = cdircseasonvb,0 but
as cdir and cseason have recommended values of 1,0 the value
of vb,0 is 41.61ms-1. The value of C is a force factor, found
using Eq. (18). The value of cfx is taken initially to be 1,3
(from Figure 8.3, Ref. [8]), but is further reduced due to the
inclination of the deck. The reduction is equal to 0,5% per
degree of inclination from the vertical, and thus is equal to a
13% reduction factor (Fig. 22), giving cf,x as 1.13. ce is
found by assuming a terrain category of II and taking the
deck to be 10m above terrain level to give a design value of
2,2 (interpolated from Fig 4.2, Ref. [8]).

Fw =

(18)

C = c e .c f ,x
C = (1,3× 0,87) × 2,20 = 2,49

The reference height of the deck, Aref,x, is found from
€
Table 8.1 (EC1) as d + 0,6 = 4,4m + 0,6m = 5m. Therefore,
€the force on the bridge in the x-direction (perpendicular to
span of the bridge) is:
1
(1,25) 41,612 ( 2,49)( 5)
2
Fw = 13,5kN / m
Fw =

(

)

(19)

Figure 23: Depth calculation [6]
PLS = 0.25qA1 C D1

(23)

PLL = 0.5qA1 C D 2

(24)

Table 5: Values for Eqs. (23,24)
€
q = 1781N/m2 A1 = 7,5 × CD1 = 1,30 CD2 = 1,45
€
32 = 240m2
PLS = 139kN
PLS =
PLL = 103kN
PLL =
4,3kN/m
3,2kN/m
10.2 Nominal Vertical Wind Load
The final wind loading effect to be considered is
wind uplift or down force acting on the deck. The force
calculated in Table 6 is small in comparison to the dead
load of the deck, and so is assumed to be taken by the
deck alone.
PV = qA3 C L

(25)

Table 6: Values for Eq. (25)
q = 1781N/m2
A3 =
CL = ±0,45 PV = 25,6kN/m
€
6400m2

€
€

Figure 22: Deck inclination
Eq. (19) shows a higher value than that found using the
equivalent Spanish Code, which yielded 11.58kN/m. A
brief analysis using BS5400 yields 11.3kN/m (all values are

10.3 Seismic Loads
The bridge was originally designed to the Spanish
Code, which considers a 1 in 500 year earthquake event.
The design condition found this to amount to a load of
approximately 3% of the dead weight of the pylon,
acting both horizontally and vertically [1].

11 Natural Frequency
Vibration effects in bridges are very important, at both
high and low frequencies.
High frequency vibrations
(>75Hz) may not cause collapse, but create unpleasant
physiological effects. Low frequency vibrations are critical,
and a natural frequency of less than 5Hz needs careful
consideration to limit the vertical accelerations of any part
of the bridge. Collapse can occur if the natural frequency is
close to that of the wind, or engine vibrations. The
fundamental natural frequency of the bridge is calculated
using a very simplified approach, Eq. (26) [7]. Mass
includes superimposed dead loads, but not live loading
conditions. The bridge is evaluated in both the clampclamp and clamp-pinned modes to ensure that ωn is above
5Hz, thus avoiding vibration and oscillation problems in the
deck at ULS. This is shown in Table 6.

( )

wn = β n l

2

EI
ml 4

(26)

Table 6: Values for Eq. (26)
m = 31,2×103kg/m l = 200m E = 200×109 I = 217,64m4
€
Clamp-clamp:
(βnl)2 = 22.37 ⇒
ωn = 20,9Hz
2
Clamp-pin:
(βnl) = 15.42 ⇒
ωn = 14,4Hz
12 Durability and Vandalism
Vandalism on a small scale will not cause any problems
for the bridge, but as a tourist attraction, the bridge should
be kept clean. Currently there is a small amount of graffiti
on the base of the pylon. This kind of low level attack is
more of an annoyance, as the bridge in some respects could
be seen as a piece of art, and should not be defaced.
The durability of the steel cables is a primary concern
in the design of any cable-stayed bridge, and there must be
some provision for inspection and maintenance of the
cables. The cables in Alamillo are all composed of 15.2mm
diameter epoxy-coated strands (60 strands or 45 strands in
the longest cables), contained in a protective polyethylene
tube [1]. This should provide sufficient protection for the
design life of the bridge.
A common problem with concrete deck slabs is the
washing through of de-icing salts, causing staining on the
steel or concrete below. Alamillo will not suffer too much
from this, mainly due to the infrequent occurrence of such
salting, and the fact that the steel under deck frame can
easily be cleaned and is protected from corrosion itself by
the painting of the steel.
Periodic inspection is a functional requirement of every
bridge, and Alamillo allows access to the deck section
through small access chambers located at the foot of the
pylon and in the East Foundation. The access route is partly
filled with concrete at the pylon end, and subsequently runs
the length of the deck between the stiffening diaphragms.
13 Future Changes
The spiral maintenance stairway inside the pylon leads
up to an observation deck, which, at 141m above ground
level, provides excellent views across Seville. During
construction an elevator ran up the back of the pylon to
provide access to the working platforms on the pylon, but
was removed on completion. In the future, it would be
possible for a permanent elevator to be installed in the same
position, but this would be quite expensive. The nature of

the bridge as a symbol of Seville means that it is
unlikely to see any significant changes to its aesthetics
in the near future, nor are any required.
14 Conclusion
This paper has provided a summary of the present
design conditions for the bridge, considering updated
European codes of practice which impose a more
onerous set of loading conditions for bridge design than
previously seen. This itself is interesting, as new codes
tend to be less conservative as experience and
confidence in design procedures grows. Whilst this is
true, it is also a reality that trucks are set to get bigger,
and are often overloaded, so new bridge design must
take this into account. The current maximum truck size
of 44t is often exceeded, and so the code revisions are
entirely necessary. That said, a reliability analysis (Ref
[10]) has shown EC1 to be more conservative than both
the Spanish Norma code used in the design of Alamillo,
and the American AASHTO. The implication is that all
our existing bridges could fail their assessments, but in
reality the use of existing assessment codes and
techniques, which permit lower design loads and more
realistic strength assessments, will help prevent this.
The design and construction of the Alamillo Bridge
provides an insight into one the best Architectural and
Engineering minds of our time. The cable stayed
cantilever spar concept has been since been replicated,
both by Calatrava and others, and is now an established,
if expensive, form of bridge construction. Calatrava
provided a fresh take on the idea with the Puente de la
Mujer in Buenos Aires, a bridge that opens to river
traffic, Ref. [9]. The faith that the Council of Seville put
in both the design and construction teams has truly paid
off, and this innovative bridge is a complete success.
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