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Proposal for a carbon fibre reinforced cdmposite
bridge across the Strait of Gibraltar at its
narrowest site

U Mecier, Dipi-Ing
Swiss Federal Laboratories for Materials Testing and Research, Diibendorl, Switzerland

Tremendous progress has been made in the construction of long span bridges within the last two centuries. In this evolution structural
concepts and strength of materials used have played key roles. The limiting span is defined as that span at which the structural system
will just support itself. Comparison is made between limiting spans of cable-stayed bridges made of steel and of advanced composites.
The use of advanced composites would allow the tripling of the limiting span in comparison to-steel structures. To compare the

quantities of material required for the cables cz[suspension and cable-stayed bridges, calculations are performed. The results are shown
within a proposal for an advanced compasites bridge across the Strait of Gibraltar.

1 INTRODUCTION

Advanced composites will never be able to compete
with traditional materials such as concrete and steel for
the building of commonplace structures. Where then
docs the potential for the structural applicalion of
advanced composites liec? One possibilily is in special
cascs where lightweight construction is demanded due
to local conditions. Another is for structures having
very large spans as shown in the following proposal.

2 PROPOSAL FOR A CFRP BRIDGE
2.1 Background

The idea of joining Europe and Africa together with a
fixed link has interested politicians and scientists for

centuries. The most suitable zone for such a structure is

the Strait of Gibrallar. For the possible implementation
of this structure, an agreement on technical and scienti-
ic co-operalion between the Spanish and Morrocan
zovernments was formulated in 1979. Following a tech-
“nical colloquium in Tangier in October 1980, and a
large gencral international colloquium in Madrid in
November 1982 on the feasibility of a fixed link across
the Strait of Gibraltar, the following possibilitics have

crystallized: a tunnel in the sea floor, constructed with -

conventional mining techniques, or a bridge mounted
‘on rigid towers.

The alignment for the crossing of the Strait of Gibral-
tar.was determined by deep seca measurements and the
distance between the two shores. Analysis of the deep
sea map suggesls two crossing locations: ‘

1. An axis which connects the iwo continents through
the shortest possible patk, that is between Funta
Cirés and Oliveros, having a length of approximately

15 km. Along this axis the sca depth ranges up to

900 m. .
2. A connection between the Capes of Malabata and
Palomas, taking advantage of an almost straight-line

This paper was presented at a conference on ‘Fibre reinforced composites 1986°
held in Liverpool on 8-10 April 1986. The revised MS was received on 15 Septem-
ber 1986 and was accepted for publicatlon on 4 December 1986,
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elevation of the sea floor. The length of this connec-
tion amounts to about 26 km. The sca depth does
. not exceed 300 m. _

Considering the existing state-ol-the-art of building
techniques, alternative 2 appears to be the most feasible.”
Taking into account the considerable sea depth (300 m)
at this location and.the small allowable gradient of
1.5-2.0 per cent, a railroad tunnel would have a length
of about 50 km of which approximately 28 km would
lie under the sea floor. A highway tunnel would be
shorter, but would present much more difficult venti-
lation and exhaust problems. At present, a bridge
employing conventional building materials and having
a length of about 30 km is under study. The central
portion of this bridge, where the sea is deepest, is to be
spanned with a suspension bridge having a length of
22 km. This will be composed of ten adjacent spans,
each 2000 m long and two end spans, each 1000 m long.

- Connection to the two shores is to be accomplished

with foreland bridges of 1800 m and 6000 m length. The
cost for the tunnel solution is estimated at approx-
imately $5000 M. For the ‘conventional’ bridge
described above, the cost would be about double. The
bridge solution has the additional disadvantage that.
ship passages through the Strait would be permanently
hindered by a minimum of ten towers separated from
each other by only 2000 m. A fixed link at the narro-
west site (alignment 1) is not possible with the building
materials currently employed, since the theoretical limit-
ing span for steel bridges lies in the range of 5000 m up
to a maximum of 7000 m. In a practical case, this
permits a span of at most 3500-4000 m. Since tower
foundations deeper than 350 m are not possible, a
minimum main span of about 8400 m is necessary for a
bridge utilizing alignment 1. Such spans could only be
accomplished by employing advanced composites.

2.2 Multiplication of the limiting span of the suspended
bridge ‘

The use of advanced composiles would allow the doub-
ling or tripling of the limiting span in comparison to

Proc Instn Mech Engrs Vol 201 No B2
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Fig. 1 Specific design load versus the main span {or the classical form

of suspension bridges (I, = limiting span)

steel structures. In Fig. 1 the specific design loads versus
the centre span for the classical form of suspension
bridges made of steel are compared with those made of
glass fibre reinlorced (GRP) or carbon fibre reinforced
(CFRP) plastics. The specific design load is defined as
the dead load w,, of the superstructure compared to the
load wy,., + Wy, (dcad load of the deck and live load).
- Calculation of the specific design load as a function of
the span [ is as follows:

-of(2m )

where a (assumed as 1.66 in the case of Fig. 1) rep-
resents a system coeflicient and y the density. The limit-
ing span Iy, is calculated as follows:

‘vslru:l\ue

M

Wieck + Wijve

Oallowable
’llm a)’ (2)

The uniaxially loaded cables and hangers are mainly
responsible for determining the allowable stress in equa-
tion (1). This permits the use of the allowable stress for
unidirectional fibre reinforced plastics.

The assumptions used for Fig. 1 can to some extent
be questioned. However, this would not have any fun-
damental infiuence on the qualitative statement of Fig.
1. The application of glass fibre reinforced plasucs
would permlt a doubling of the limiting span I, in
comparison to steel, and through the use of carbon ﬁbre
reinforced plastics, even a three[%d increase is possible.

In Fig. 2 the price relation '6f CFRP to steel, and
GRP to steel per unit mass is plotted as a function of |
the centre span of a suspension bridge. The assumptions
made are the same as in Fig. 1. Figure 2 demonstrates
that in 1985 the ‘break-even span’ for CFRP would
have been 4170 m and for GRP 4150 m. Assuming a
further downward development of prices for carbon
fibre and a stable price for cable steel this ‘break-even

Proc Instn Mech Engrs Vol 201 No B2

span’ for CFRP may in the future be in the region of
3900 m. This implies that only superstructures with
main spans in the range of 4000 m and grcaler ‘will be
the domain of advanced composites.

Due to the relatively low modulus of elasticily of
GRP, as well as other.disadvantages (and only very -

Price relation GRP/steel in 1985
e

Possible price relation CFRP/steel in future
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10 :
- ryé
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Fig. 2 Price rclation of CFRP and GRP to stecl based on

1985 prices: CFRP $21.00 per kg, GRP $13.00 per kg,
cable steel $0.61 per kg; and for the future CFRP
$12.00 per kg
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Fig. 3. Proposal for a CFRP bridge across the Strait of Gibraltar at its nar-
rowest site; since tower foundations deeper than 350 m are nol pos-
sible, a maximum span of about 8400 m is necessary.

small economical advantages, see Fig, 2) the following -

discussion will only deal with CFRP.

Carbon fibre reinforced plastics have been available
since the early 1960s. These composites have been the
subject of numerdus studies and reports, funded prin-

vally by government agencies that have rccognized .

1t the intrinsic qualities of these materials are valu-
aole lo aerospace applications. The modulus—density
ratio of CFRP is the highest available for structural
materials and, hence, CFRPs are found where
maximum stiffness apd light weight are essential. There
are also other béﬁéﬁ{?’shsuch as the low order of thermal
expansion coeflicients (much lower than steel) under
temperature extremes, enhanced fatigue life, and the
relative inertness of CFRP to corrosion.

At first sight these perspectives open enormous new
possibilities in the construction of very long span
bridges. However, these expectations are somewhat
restricted, as a large number of construction and
material problems must be resolved before such a long
span structure can become reality. These seem solvable,
but a considerable investment of time and money would
be required.

73 Choice of the superstructure

» -3 bridge a span of 8400-10000 m, as required for the
~e0ssing location 1 of the Strait of Gibraltar, only two
types of superstructure can be considered: suspension
and cable-stayed bridges made of advanced composites.
During the past two decades, cable-stayed bridges have
found widespread application especially in Western
Europe, but recently in cther parts of the world as well.
Nowadays the cable-stayed bridge competes against the
classical suspension bridge where very long spans are
required. It appears easier to adapt a cable-stayed

bridgé to certain boundary conditions than a suspen-

sion bridge.

The renewal of interest in the cable-stayed system in .

modern bridge engineering is due to the tendency of
bridge enginecrs (1) to strive toward optimum structural
performance. With respect (o the proposed CFRP
bridge across the Strait of Gibraltar, optimum structur-
al performance is of primary importance, due to the
high costs of advanced composites. In the following dis-
cussion, the suspension bridge solution will be men-
tioned only for comparison purposes, since, as will be
shown, the cable-stayed bridge is superior.

Depending on the longitudinal cable arrangement,

© IMechE 1987

cable-stayed bridges will here be classified as fan and
harp systems. In the fan system, all cables lead to the
top of the tower. Structurally, this arrangement is
perhaps the best since by directing all cables to the
tower top (Fig. 3), the maximum inclination to the hori-
zontal can be achieved. Consequently, the smallest
quantity of CFRP is required. The cables carry the
maximum component of the dead and live load forces,
and the axial component of the deck structure is a
minimum. This is important in a design using CFRP.
These cables can easily be built up of several hundred
parallel CFRP wires. Each individual wire having a
diameter of about 6 mm is pultruded from about
500000 continuous carbon fibres. Such cables are excel-
lent applications of CFRP since they take advantage of
the outstanding unidirectional properties (strength,
stifTness) of these composites.

In harp systems, the cables are connected to the
tower at different heights and placed parallel to each
other. This system is preferred from an aesthetic view-
point. The quantity of CFRP required for a harp-
shaped cable arrangement is slightly higher than for a
fan-shaped arrangement. '

To compare the quantities of material required for
the cables of suspension and cable-stayed bridges, calcu-
lations were performed in accordance with reference (1).
The results are shown in Fig. 4. The end spans are
assumed to be 0.4 times the centre span for each of the
three bridge types. Furthermore, the following assump-
tions were made:

Dead load plus live load (including

girder and deck) for CFRP structures 0.17 MN/m

Dead load plus live load (including

girder and deck) for steel structure

Bridge width according to Fig. 5 with

six road lanes and two raifroad tracks:
truss type (two decks) . 28m

0.28 MN/m

girder type (single deck) " 40 m
Cable unit weight:
CFRP 0.015 MN/m?®
steel 0.078 MN/m?
Allowable cable stress
CFRP _ 380 MN/m?
steel 720 MN/m?
Ratio of tower height to centre
span length h/i:- .
suspension type 0.10
~ stayed type 0.20

Proc Instn Mech Engrs Yol 201 No B2
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Fig. 4. Comparison of the quantities of material required for the cables of
suspension and cable-stayed bridges of steel or CFRP as a function of

the main span I; the end spans are assumed 1o be
span for cach of the three bridge types

It is important to note that the material weight of the
cables increases as the square of the span length for the
suspension bridge as well as for the cable-stayed bridge.
Therelore the saving of material with the cable-stayed
criterion also applies for its superior stiffness. This
undoubtedly proves .that compared to suspension
bridges, cable-stayed bridges are superior for all spans
above approximately 200 m.

For the Gibraltar bridge proposals the

following total
cable wci_ghts were calculated: '

Cable-stayed iypc with
a main span of 8400 m
(Fig. 3) for CFRP cables 1026 MN

(104 600 tonnes)

Suspension type with a
main span of 10000 m -
for CFRP cables 2879 MN

(293 500 tonnes)

For the girders and decks the tota! CFRP quantity is
in both cases approximately 454 MN (46 240 tonnes).
Finally the total CFRP weight of a superstructure as .

shown in Fig. 3 would amount to 1480 MN
(150 840 tonnes).,
5 FEASIBILITY CONSIDERATIOINS

The proposal described above for the bridging of the
Strait of Gibraltar at its narrowest site with a cable-
stayed bridge of CFRP would be a highly challenging
civil engineering task. This is true not only for the
superstructure but also for the towers, the foundations

Proc Instn Mech Engrs Vol 201 No B2 26

0.4 times the main

and the anchorages. Employing building materials cur-
rently used for superstructures, this challenge cannot be
met. The development step from previously designed
centre spans (approximately 1400 m) utilizing steel to
the proposed span of 8400 m (Fig. 3) or greater can:
only be achieved with advanced composites.: Indeed,
composites seem predestined, above all for the cables
which would comprise approximately 70 per cent of the
weight of the superstructure, since the outstanding
properties of strength and stiffness of unidirectional
fibre composites can be used to full advantage. :
The fabrication of cables from 6-10 mm wires does
not present any technical problems.. The wires them-
selves would be manufactured using pultrusion. In addi-
tion, the anchoring of the individual wires poses no real
problems since sufficient anchoring length is available.
On the other hand, the fabrication of the CFRP
girders appears to present some problems. The option
of Fig. 5a represents an aerodynamically optimized
cross-section presently employed for steel bridges. Such

CFRP cross-sections cannot be fabricated with current- =~

ly available machines. It would be necessary to produce
huge filament-winding or pultrusion machines to enable
their fabrication. Furthermore, a great difficulty lies in
the design of the joints for the individual prefabricated
girder sections. Based on the current state-of-the-art,
the truss arrangement sketched in Fig. 5b should be
considerably more simple to achicve using available
means. The principal bracing members of the lruss
would be of box-section design. The manufacture of box

"beams from composites is described in reference (2). The
" truss diagonals would be fabricated as filament-wound

tubes. :
It is important to emphasize that Fig. 5a and b shows

© IMcchE 1987
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Fig. 5 (a) Acrodynamically optimized girder cross-section
: with six road lanes and two railway tracks on one

deck
(b) Truss type girder cross-section with six road lanes
on the first and two railway tracks on the second
deck : S
The cross-sections shown are presently employed; for
the proposed CFRP bridge the design would have to
be improved to make the girders capable of carrying
high wind loads.

presently employed cross-sections. The design had to be
improved to make the girders capable to carry high
wind loads. :
From the cost point of view, a CFRP bridge at the
narrowest site (alignment 1) would certainly be less
expensive than a conventional bridge at alignment 2.
Whether the CFRP bridge at alignment 1 would also be
competitive with the tunnel alternative at alignment 2
(and could eventually be carried out) depends, above all,
on future developments in the price of carbon fibre.
Another obstacle would be the financing of a long
span bridge made of fibre reinforced plastics. Surely no
contractor is willing to build such an object without
being able to estimate the risk. This is only possible
after years of practical experience on an object of
medium span. Bridges of medium span, however, will

© 1MechE 1987

never be built economically from fibre reinforced plas-
tics as shown in Fig. 2.

But what can be done to develop confidence for
CFRP in civil engineering applications? At the Swiss
Federal Laboratories for Materials Testing and
Research a research programme has been continuing
since 1975 on GRP box beams which could be used for
the girder construction.

Six FRP box beams loaded in bending, each having a
length of 3 m, a height of 188 mm and a width of
118 mm, were tested under static and fatigue loading. In
short-time tests, these beams yielded similar failure
loads to those of an HEA 200 steel beam. Two beams
were tested under sinusoidal load-controlled conditions
at a frequency of 2 Hz. The minimum load in each case
was 4.8 per cent of the failure load, while the maximum
load was 19.1 per cent in one case and 28.6 per cent in
the other case. The beam fatigue tested at 19.1 per cent
of the failure load did not develop any detectable
damage before the test was terminated at 10® cycles -
(1.59 years of loading). The bending stiffness of this
beam after 10® cycles ‘was identical to that before
testing. The beam tested at 28.6 per cent of the failure
load showed no damage for the first 4 x 10% cycles; at
this point matrix cracks initiated on the matrix-rich
surface of the beam on the tensile side. Even at 10°
cycles, the observed damage caused a decrease in
bending stiffness of only 2 per cent (2). This investiga-
tion is continuing. : , o

Even more important are the cables. What can be.
done in this case? As a first step Swiss Federal Labor-’
atories for Materials Testing and Research started in
1984 with laboratory tests on single CFRP wires. This
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Fig. 6 Relalive equi'vﬁlenl modulus as a function of the hori-
zontal span I of the cable for CFRP and steel
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programme will be continued with investigations on
cables on large test rigs. In a second step the replace-
ment of one or two steel cables by CFRP cables in an
existing cable-stayed bridge is planned.

The stiflness of a cable-stayed bridge (Fig. 3) depends
largely upon the tensile stiffness of the stay cables. The
displacement of the end of a free-hanging stay cable

“under an axial load depends not only on the cross-
sectional- area and the modulus of elasticity of a cable
but to a certain extent on the cable sag, as described in
reference (3).

An equivalent modulus of elasticity E, of a cable is
defined as:

E = ; ()
R G
where
E, = equivalent modulus of inclined stay cable having
sag
E = modulus of elasticity of verllcally tested straight
cable

y = specific weight of cable
| = horizontal span ol stay cable
o = tensile stress in the cable

In Fig. 6 the relalive equivalent modulus of elasticity
of CFRP and steel cables are compared and the good

performance for CFRP cables is demonstrated. The
actual modulus of elasticity of CFRP wires is the same
as for steel wires or even slightly higher.

The proposed field tests appear to be feasible and will
help to develop confidence in CFRP for civil engineer-

ing.

4 CONCLUSIONS

Although a great number of problems (for example
resistance against wind loads, lightning strike, long-term
reliability efc.) remain to be solved, the bridging of the
Strait of Gibraltar at its narrowest site with a CFRP
bridge appears possible from the technical standpoint
within the next thirty to forty years.
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CONSTRUCTION

and “dog-bone” profile elements,
all bonded with two-component
epoxy. The beam, which has
greater load-bearing capacity per
square foot than a highway
bridge, comprises three parallel
planks at the top and three at the
bottom, connccted by internal
and external vertical webs.

There are no limits to the
lengths that can be pultruded, but
60 ft. is considered the practical
maximum. Elements are joined
on-site.-Peter Mapleston !

ites in civil engincering, a vast
and relatively untapped market.
It will take two weeks Lo erect
the bridge. Bridge clements are
being built by a consortium of
companies. The designer and
overseer is Maunsell Structural
Plastics, Beckenham, England.
The main component is a 23.6-
in. by 0.7-in. pultrusion used in a
3-1) boxbeam structure, which is
formed by joining several ele-
ments together with the use of
pultruded three-way connectors

Bridge shows
value of FRP in
civil engineering

What is claimed to be one of the
world's longest fiber-reinforced
plastics footbridges will be built
in Scotland during June and July
on a goll course in Aberfeldy. The
cable-stay structure, which will
be fabricated out of 60% glass-fi-
ber-reinforced unsaturated polyes-
ter, will have a central span of
197 ft. and two back spans of 98
ft. each; it will be 6.5 ft. wide.
The pylons will have a cellular
box-beam construclion, built up
of pultruded glass-reinforced poly-
ester planks, and the deck will be
made of similar pultrusions. The
cables will use polyaramid fiber
as reinforcement.

The installation focuses atten-
tion on the potential for compos-
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