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Bridges on the 
Gateshead Western 
Bypass 
Keith Ranawake 
Duncan Calkin 
Ian McCulloch 
Chris Slack 

I n t roduc t ion 
The Gateshead Western Bypass is the first large 
road and bridge project wh ich w e , as a firm, 
have designed in this country. This article is 
concerned wi th the bridges wh ich form about 
27% of the total contract value of £5.5 m. 
It is intended that a further article concerning 
the roadworks and the soil mechanics aspects 
of the project wi l l fol low. 
The bypass runs from the southern end of the 
Team Valley Trading Estate to the new 
Scotswood Bridge, carries traffic from the A1 
and also acts as part of the local road net
work in the Gateshead area. The road runs 
through both rural and urban surroundings 
and there are five grade separated interchanges 
along the total length of 5% miles. The 
topography of the site and the rather difficult 
ground condit ions, wh i ch include areas of old 
mine work ings, have combined to create 
difficulties at each bridge location. Care has 
been taken to give all the bridges a common 
and unobtrusive character and w e have 
worked closely wi th Humphrey Wood, of 
Renton Howard Wood Associates, to achieve 
this. 

M e d i u m and s h o r t s p a n b r i d g e s 
Design 
These bridges were designed wi th the fol low
ing standards and objectives in mind : 
1 The layout of the bridge decks to be 

determined as far as possible by the most 
efficient road layout. 
2 Economy. 
3 Minimum visual obstruction from abut
ments and piers. 
4 Consistency of form and detail. 
The first condition resulted in a large range of 
deck layouts. Horizontal al ignments range 
from straight to those wi th considerable 
curvature and skew. Vertical alignments take 
the form of constant grades, circular curves or 
sinusoidal curves. 
Economic considerations necessitated the 
inclusion of supports in the central reserve of 
the bypass. This reduced the maximum span 
to approximately 1 5.2 m (50 ft.) except for the 
A694 bridge wh ich has a central span of 
22.8 m (75 ft.) 
All the bridges have been designed with open 
abutments because they give minimum visual 
obstruction and. for this project, proved to be 
marginally cheaper than closed abutments. 
Various types of deck construction were 
examined and costed. It w a s found that the 
unit deck costs for in situ concrete slabs, 
composite steel and concrete construct ion, and 
prestressed precast concrete beams wi th in 
situ topping, are comparable for use in 
straight bridges. However, the considerable 
variation in the horizontal geometry of "the 
decks made it clear that cont inuous in situ 
reinforced concrete slabs of constant radial 
cross-sect ion provided the most practical and 
economic solution for spans up to 18.2 m 
(60 ft .) . A span to depth ratio of about 1 :20 
limits deflections to acceptable levels. Static 
to transient loading ratios are generally in the 
region of 2 : 1 . 

The deck slabs are supported at discrete 
points by columns usually arranged in 
parallel rows wh ich are also parallel to 
abutment lines (see Figs. 1 , 2 & 3 ) . The co l 
umns have been designed using one rec
tangular cross-sect ion only. It would have 
been possible to arrange the columns and 
abutments in radial lines but this would have 
made the decks longer and wou ld not have 

suited the topography so we l l . Each bridge 
deck is anchored at one point to one abut
ment and free to move in one direction 
only at the other abutment (F ig . 6 ) . Three types 
of mechanical bearings are used at the abut
ments ; f ixed point, guided uni-directional and 
free multi-directional. Al l bearings permit 
rotations in three directions. At the co lumns 
the deck is supported on pairs of laminated 
rubber bearings to the same specif icat ion. 
These permit horizontal movement up to 
38 mm (1 54 in.) and have the same shear 
sti f fness in any direction. 

Abutment beams are supported on spread 
footings, buttresses or piers. Where piling is 
necessary, bored cast in situ piles up to 610 mm 
(2 ft.) diameter are used, some of w h i c h are 
raked at anchor abutments. Columns are 
canti levered off the bases wh ich bear on 
spread footings or piles. 
In accordance wi th Ministry of Transport 
requirements, the bridges have been designed 
for full HA loading and checked for 45 units 
of H B loading. 
Analysis 

The bridge decks and all other structural 
members have been analyzed elastically. 
The preliminary deck analyses were rather 
crude but w e were able to make reasonable 
estimates of upper bounds for individual 
column loadings and for the total longitudinal 
bending moments at particular sect ions. 
Estimates of transverse bending moments and 
torsions were less satisfactory but. in any 
case, they are considerably less than the peak 
values of longitudinal bending moments. 
The final analysis of individual decks has 
been carried out using grillage programs, or 
P. L im's finite element plate bending program 
at Imperial College (F igs . 7 & 8 ) . The equi
valent grillage in the curved decks is formed 
using straight radial and curved c i rcum
ferential members. At the time these analyses 
were being carried out, neither the curved 
grillage program nor the finite element pro
gram had been fully tested. We therefore 

Text continued on page 7 

F i g . 12 
Plan at —5 m showing the area occupied by 
the basement 

F i g . 13 Basement 

a Elevation of the basement wal l 

b Cross section of the basement 

F i g . 14 Entrance Tunnel 

a Plan of the entrance tunnel 

b Longitudinal section through 
the entrance tunnel 
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Floor at 39.5 m (130 ft.) 
This floor is bounded on the outside by a 
typical external wal l profile and on the inside 
by the dome, and spans between the two. 
The soffit of the floor is not visible and a 
sophisticated expression of the rib geometry 
w a s not required for architectural reasons. 
The geometry chosen, for purely structural 
reasons, gives a floor structure of radial ribs, 
enabling economical precasting of 36 ele
ments to be achieved whi le taking account 
of the dome boundary and the varying 
perimeter line. Fig. 10. 
Floor at 43.5 m (143 ft.) 
This floor comprises two conical surfaces, 
resting on a flat boundary slab (F ig . 11 ) . 
The inner cone forms a parapet to the edge 
of the floor, leaving a gap between itself and 
the dome to al low light to penetrate to lower 
floors. The geometry of this cone, wh ich 
consists of twelve planes, is related to the 
geometry of the dome at this level. The base of 
the lower cone is set out from the external wal l 
profile at this level as shown in Fig 1 1 . In 
order not to introduce warped surfaces, both 
the top and the soffit of this part of the floor 
are stepped. 

S t r u c t u r e s b e l o w ground level 
In order to remove the need for ground level 
door openings wh ich would interfere with 
the surface of the monument, the internal 
space is entered by means of an entrance 
tunnel and a basement. Both of these are of 
reinforced concrete. 
B a s e m e n t 
The basement occupies a volume about 21 m 
(69 ft.) x 16 m (52 ft.) x 5 m (16 ft.) high, 
occurring between the buttress legs as shown 
in Fig. 12 and wil l be used for display pur
poses. The roof has to be able to support 
loads caused by heavy vehicles wh ich may be 
required to pass under the arch on festival 
occasions, and so the structural form used 
has to be efficient. To combine this require
ment wi th the need to provide an interesting 
space architecturally, a two pinned portal 
structure of varying cross section spanning 
in the shorter direction, is used. Th is produces 
the internal folded effect shown in Fig. 1 3. 
E n t r a n c e tunne l 

The basement is entered by means of an 
underground entrance tunnel wh i ch begins 
about 30 m (98 ft.) from the basement with 
steps down from ground level to underground 
cloakrooms and a ticket office. The tunnel 
itself also has a folded form but this has no 
structural signif icance. The form is shown in 
plan and section in Fig. 14. 
C o n c l u s i o n 
This article has concentrated on the develop
ment of the geometrical forms used in the 
monument. The further development of the 
material and structural forms is another story. 
Ove Arup & Partners' contribution to the 
geometrical form has been described in some 
detail, but it must be pointed out that the 
inspiration for all the forms used came from 
the architect, Hossein Amanat of Teheran. 
His design w a s selected from a national 
competition for a monument for this import
ant celebration. It w a s because of the archi
tect's tenacity in keeping, and improving 
where possible, all his original ideas that the 
problems described here had to be faced and 
solved. 

The contract has been let to an Iranian 
firm, the M A A P Construction Company and 
the work up to ground level is now complete. 
The marble is being cut, and the task of con
struction of the superstructure has just begun. 
Robert Af ia is our resident engineer for the 
project. 
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F i g . 2 
Consett North Overbridge 

F i g . 8 
Plan of the floor at 23.4 m 
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Dome 
Situated near the top of the monument is a 
dome about 10 m (33 ft.) high. The geometry 
of the dome is based very much on traditional 
Iranian architecture, the dome being the 
standard method in Iran of enclosing large 
spaces. They are commonly made of mud 
bricks and lined internally wi th coloured 
ceramics. 
The dome in the monument is a multi-facet 
surface made up of triangular planes, of 
wh i ch there is considerable repetition. The 
layout of these elements and a section are 
shown in Fig. 7. 
A s can be seen from the plan, the geometry of 
the dome is governed very much by the 
external wal l profile of the monument at the 
level at wh i ch it occurs. 
The triangular elements wi l l be of precast 
white bush-hammered concrete wi th cera
mics and coloured glass lights as decoration. 

F i g . 7a above r ight 
Plan of the dome 

F i g . 7b b e l o w r ight 
Section through dome 

F l o o r s 
The geometry of the major floors wh ich occur 
above level 21 m (69 ft.) is a function of the 
internal profile of the monument at their 
respective levels. 
Floor at 23.4 m (77 ft.) 
A section through the monument at this level 
includes a profile of the main arch, presenting 
an internal space in the shape of an egg timer 
(F ig. 8 ) . The floor at this level spans by means 
of ribs from wal l to wa l l , wi th a support on the 
crown of the arch. The ribs have profiles 
similar to that of the main arch section at this 
level. The internal profile at level 23.4 m 
(77 ft.) w a s obtained from the external one. 
and a best fit second order curve found to 
represent this. The rib profiles were then 
obtained at increments along their length to 
give the profiles shown in Fig. 8. 
Floor at 33 m (108 ft.) 

The main arch surface ends below this level 
and the section at level 33 m (108 ft.) is 
typical of the upper levels of the monument. 
The geometry of the ribs of this floor is based 
on the boundary wal l profile at soffit level. 
The rib profiles are set out in a floral pattern 
from circular arcs as shown in Fig. 9a. The 
ribs corresponding to this setting-out are 

32 shown in Fig. 9b. 
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CONSETT NORTH BRIDGE £. 

F i g . 4 above 
Perspective plot of Consett North Overbridge 
(Program OA 160) 
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F i g . 5 above 
A694 Underbridge (Drawing by courtesy of 
Renton Howard Wood Associates) 
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F i g . 6 
System of external forces, acting at 
bearings, for a typical medium span bridge 

intervals equal to the characteristic stone 
heights. 
Plane s u r f a c e s 
The plane surfaces are vertical and inclined 
slightly to one another as shown in Fig. 3. 
They rise from the boundary of the main arch 
to the top of the monument. 
S u r f a c e of the main a r c h 
The main arch surface takes the form of a 
saddle. It is bounded below by inclined wal ls 
at level 12 m (39 ft.) and above by the 
vertical plane wal ls . The lower boundary is a 
horizontal straight line. The arch base curve 
is ell iptical, tangential to the wal ls at level 
12 m (39 ft.) with its c rown at level 21 m 
(69 ft .) . 

The form of the upper boundary is very much 
governed by the form of the Defining Curve. 
As with the latter, it is defined in its projection 
in the y -z plane. It w a s originally drawn by the 
architect in three parts : 
1 a straight portion from level 12 m (39 ft.) 
to level 23 m (75 ft .) , wh ich w a s coincident 
with the inclined springing wal ls below level 
12 m (39 ft.). 
2 an upper straight portion wh ich coincided 
with the continuation of the lower straight 
portion of the Defining Curve and 
3 a circular arc tangential to both of these 
straights. In order to remove the visual effects 
of abrupt changes in curvature wh ich would 
result from this compound curve, the original 
definition w a s replaced wi th a single second 
order curve of the same general form as that 
used for the Defining Curve. This, straight
forward algebraic form would also help to 
simplify the overall surface definition. Four 
points were used as controlling conditions for 
determining the equation, together wi th the 
condition that it should be tangential to the 
inclined wal ls at level 12 m (39 ft ). 
The surface is formed by a family of parabolae. 
These lie in planes wh ich are normal to the 
ellipse where they meet it, and intersect the 
boundary hyperbola in such a way as to divide 
its projection on the y-z plane into equal arc 
lengths. Th is is shown in Fig. 4a. The para
bolae are in turn divided up as shown in Fig. 
4b. The nodes so formed are then joined to 
form the marble rib pattern wh ich is required 
(F ig . 4 c ) . The final form of the ribs wh ich are 
curved is shown in Fig. 6. The surface defined 
above corresponds to the outer surface of the 
ribs. 
Much effort w a s expended in an attempt to 
define the surface algebraically but the rigid 
constraints in form and boundary prevented 
this, or perhaps experience of a similar 
unavail ing task performed for the Defining 
Curve surfaces made surrender too easy. The 
geometry w a s . therefore, again evaluated by 
numerical techniques. Computer programs 
were used to determine the actual boundary 
intercepts; the co-ordinates of the curved 
ribs at increments along their length and 
horizontal section co-ordinates of the outer 
surface. 
S u r f a c e of the minor a r c h 
This arch forms a side entrance to the main 
arch area. It has a constant section of a form 
similar to the upper boundary of the main 
arch. 
In terna l s t r u c t u r e s 
Although the external surface is of the greatest 
importance there is a large volume of space 
inside the monument, and the architect has 
chosen to fill this wi th a number of interesting 
reinforced concrete structures. 

F i g . 5 Typical pattern of marble cladding 
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F i g . 6 
East -west section through main arch 
showing stone rib pattern 



Typical mtmotr of tht family of 
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Y F i g . 3 Surface definition by plan sections 

not a positive requirement, but instead 
represented a statement of the general profile 
needed in terms of simple geometrical forms. 
It also had a number of disadvantages 
Although easy to draw, it w a s not easy to 
represent in a continuous form algebraically, 
and the lack of transition in curvature between 
straights and the circular arc could read 
badly on the large scale of the finished 
monument. The circular arc only applied in 
the case of the Defining Curve itself, the 
other members of the family being made up 
from straights and a second order curve. 
Because of these disadvantages, it w a s 
decided to replace this compound definition 
wi th a smooth curve. A second order curve 
w a s obviously required to eliminate the 
possibility of reversals of curvature occurring 
between control points, wh ich might occur 
wi th a higher order curve. The general second 
order cu rve : 

A x 2 + B y 2 + Cxy + Dx + Ey + 1 = 0 
has five degrees of freedom to be controlled. 

To represent the complete Defining Curve in 
this w a y proved impossible as the architect 
required a near perfect straight line from 
level 0 m to level 21 m (69 ft ) . A full height 
curve could have been used if a maximum 
chord offset between levels 0 m and 21 m 
(69 ft.) of about 100 mm (4 in.) w a s accep
table, but the architect w a s not satisfied with 
this. When this offset w a s reduced by 
adjusting the position of a controlling point, 
a sudden change in the form of the hyperbola 
resulted and two separate branches with a 
gap in the middle were obtained. 

It w a s then decided to keep the straight line 
definition to level 21 m (69 ft.) and introduce 
a second order curve from level 21 m (69 ft.) 
to the top. Four controlling points were 
selected from the original Defining Curve, 
together wi th the condition that it should be 
tangential to the straight portion at level 21 m 
(69 ft.). A close approximation to the original 
w a s obtained. The architect realized the 
infinite possibilities of this procedure, and a 

number of further modifications w a s made to 
achieve the final profile. 
Considerable attempts were made to establish 
a general algebraic expression for the surface, 
and, for the portion below level 21 m (69 ft .) , 
it proved to be of the form : 
A z 2 + Bzx + Czy + Dx + Ey + Fz + 1 = 0 
However the surfaces above level 21 m (69 tt.) 
proved too difficult, as did the obtaining of 
general expressions for normals and parallel 
surfaces and, as these were the main reasons 
for want ing the surface equations, no further 
effort w a s put into this approach. 
At the same time, a parallel line of attack 
produced a numerical solution to the problem 
of surface definition by developing computer 
programs based on the fundamental synthesis 
of the geometry. This did not, of course, 
eliminate the problems of normals and 
parallel surfaces (wh ich still remain unsolved), 
but enabled the global co-ordinates of any 
surface to be obtained at any level, or at a 
number of levels at equal intervals or at 

F i g . 4 Main arch 

Planes 

Containing 

Paranoiac 

8 tqual parts 

.Hyperbola 

Ellipse 

a Half of east elevation of main arch showing 
typical members of the family of defining parabolae 

b Half of east-west section of main arch 
showing the division of parabolae 

c Half of east elevation of main arch 
showing basis of stone rib pattern 

approached the Ministry of Transport about 
this problem and were authorized to carry out 
two model tests at Imperial College under the 
direction of Dr. J . C. Chapman. The models 
were made to 1 :30 scale out of a homo
geneous unreinforced Araldite sand mix, the 
strength of w h i c h w a s designed to ensure 
elastic behaviour through the design stress 
range in tension and compression. They were 
very accurately made and tested. The com
bined compressive stiffness of columns plus 
bearings w a s also simulated as these had a 
signif icant effect on the distribution of 
moments. The effects of differential settlement 
between rows of supports were also investi
gated. The results obtained from the tests 
compared very wel l with the computer pro
gram results (F igs. 9 & 10 ) . under both 
uniformly distributed and point loading cases. 
A report is being prepared at Imperial College 
for the Ministry and may be referred to by 
anyone interested. Once the validity of the 
programs had been established the deck 
analyses reduced to a routine wh i ch , as usual, 
involved the processing of large quantities of 
data. 

In addition to vertical loading, each bridge 

deck is subject to horizontal forces arising from 
vehicle braking and the combined build up of 
forces at the bearings due to deck movement. 
The specified braking force of 45 tons in the 
case of the more sharply curved bridges, 
induces horizontal bending moments in the 
deck, wh i ch do not substantially increase the 
deck stresses but have to be resisted by fairly 
large horizontal reactions at the f ixed and 
guided abutment bearings. The resultant 
horizontal reaction at a f ixed bearing can be 
approximately 100 tons. 
The analysis and design of the abutments and 
columns fol lows standard procedures but 
considerable emphasis is placed on limiting 
both short and long term movements. Crack 
widths are a lways limited to a maximum of 
0.25 mm (0.01 in ) . 

In the case of the A 6 9 4 bridge (F ig . 3 ) , the 
structural system differs from the others in 
that the 22.8 m (75 ft.) main span is a pre-
stressed concrete voided slab because the 
practicable limit for a reinforced slab is 
exceeded. In addition, hinges have been intro
duced in the two reinforced concrete side 
spans to al low for differential settlements of 
up to 50 mm (2 in.) between the columns and 

F i g . 7 above 
Consett North Overbridge : equivalent 
curved grillage (Program OA 108) 

F i g . 8 b e l o w 
Consett North Overbr idge: arrangement of 
triangular 2D elements for finite element 
analysis (Program OA 115) 



F i g . 9 
Lobley Hill South Overbr idge: comparison 
of reactions obtained from analysis and 
model test for one column line 
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F i g . 10 
Lobley Hill South Overbridge: comparison 
of bending moments obtained from 
analyses and model test 

the abutments. The hinges provide a longi
tudinal moment release only. Columns and 
abutments are supported on spread footings 
at 80.5 k N / m 2 (% ton/ f t . 2 ) . Piles could not be 
used economical ly in this location and 
ground pre-consolidation by the Vibroflotation 
process is specified to reduce settlements. 
D e r w e n t Br idge 
Design 
This bridge, wh i ch has a 50.3 m (165 ft.) 
main span, crosses over the Derwent River on 
a skew of 32°. Various schemes were 
investigated wh ich divided into two main 
groups: three span arrangements and those 
wi th a series of short spans ranging between 
1 5.2 m (50 ft.) and 21.3 m (70 ft ) . The latter 
group proved to be more expensive due to the 
high cost of foundations in this location. Under 
the first group, designs in composite steel and 
concrete were investigated as wel l as in pre-
stressed concrete. The prestressed concrete 
scheme finally chosen consists of two struc
turally independent decks staggered in plan 
(F igs. 11 & 12 ) . The side spans are shal low 
voided slabs conforming in shape to the cross 
section of the short bridges. Th is section 
transforms to a two-cel l box for the main span 
and is prestressed wi th a total of twenty eight 
220-ton B B R V cables of wh ich 18 extend 
the full length of the deck. Problems 

8 associated wi th the skew are thus confined to 

the flexible side spans. The edge treatment of 
each deck, the columns and the abutment 
details, are similar in character to those of the 
other bridges. The abutment beams and the 
columns are supported on large diameter 
bored piles varying in length from 21.3 m to 
30.4 m (70 ft. to 100 f t ) . These piles are 
sleeved at the abutments to prevent load 
shedding onto them from the P F A (pulverized 
fuel ash) embankment as settlement occurs. 
For the same reason the abutment piles wi l l be 
bored through the completed embankments. 
Horizontal forces are resisted by the raked 
corner piles under the columns (see Fig. 14 ) . 
River training works have also been designed 
to keep the length of the bridge to the mini
mum and to protect the banks and the main 
column foundations. These works wi l l also 
succeed in reclaiming some rather extensive 
and unsightly mud flats. 

Deck Analysis 
Fig. 1 5 shows the relative properties of the 
structural elements of one deck. The main 
span is both flexurally and torsionally much 
stiffer than the side spans and consequently 
the deck is considerably less sensitive to the 
effects of differential settlements than one of 
constant depth. The columns, being stiffer 
than the side spans, absorb most of the 
deck torsion moments except those due to 
heavy vehic les close to the abutments. 

There were several possible approaches to the 
deck analysis including the use of a space 
frame program or a three dimensional finite 
element plate bending program. For a 
satisfactory analysis of the deck by these 
methods, a larger computer than the Elliot 
4120 would have been required and w e were 
deterred both by the cost and by the prospect 
of processing large quantities of data. The 
final decision w a s to treat the deck as a beam 
of varying section and to make adjustments 
and checks for the effects of transverse load 
distribution, warping stresses and skew. 
A simplified chart of the design process is 
shown in Fig. 1 6. Difficulties wh i ch resulted in 
repetition of some processes are omitted for 
clarity. For instance, w e found at a rather late 
stage that the most critical section for 
longitudinal bending stress is at the end of 
the transition and not at the support or mid 
span sections. Th is , and problems wi th the 
cables, involved adjustment of the internal 
void geometry during the final prestressing 
analysis. 

Bending and shear influence lines we re 
drawn after treating the deck as a beam using 
a plane frame program ( P R O G 2) and torsion 
influence lines were drawn from a hand 
analysis of the deck and column system. These 
are essential when applying the rather com
plicated loading condit ions specif ied by the 

The external surface is defined by four sepa
rate surface geometries and the areas to 
wh ich these different geometries apply are 
shown in Fig. 1. 

S u r f a c e s governed by the Def in ing 
C u r v e 
Most of the external surface is defined by a 
family of curves related to the Defining Curve 
wh ich is the projection in the y -z plane of the 
curve shown in Fig. 1. Th is family of curves 
is formed from the simple relationship given 
in Fig. 2. All the members of this family lie in 
vertical planes. A surface is formed as soon as 
plan sections at level 0 m and 45 m (148 ft.) 
are specif ied. The plan at level 45 m (148 ft.) 
is formed entirely of horizontal straight lines, 
and that at level 0 m generally so, wi th the 
exception of the curved portion A B wh ich is 
represented by a hyperbola. (See Fig. 3.) 

The geometry 
of Shahyad 
Ariamehr 
Peter Ayres 
I n t roduc t ion 
The monument of Shahyad Ariamehr is being 
built near Teheran to celebrate the 25th 
centenary of the foundation of the Iranian 
Empire, and of the Declaration of Human 
Rights by Cyrus the Great. As is fitting for 
such an occas ion, it is a monument to the 
past—its inspiration clearly coming from 
traditional design. But it has another purpose 
concerned very much wi th today. Iran is not 

advanced in the modern techniques of 
building and the monument is seen as an 
opportunity of introducing to that country 
some of the sophisticated methods of con 
struction available today—a stepping stone 
to the future, perhaps. 

Outer s u r f a c e geomet ry 
The monument is essentially an external 
visual experience and the external surface 
geometry is thus of the greatest importance. 
Although the monument has the qualities of a 
piece of sculpture, considerable rationalization 
of the details of the geometry has occurred 
during its development, wi th no loss of free 
form effect. 
The final geometry is controlled by a 3 m 
(10 ft.) square module in plan and elevation, 
wi th overall proportions governed by a 21 m 
(69 ft.) square grid. 

P l a n t s u r f a c e s 

This figure also shows the simple relationship 
wh ich governs the position of a defining 
curve of characteristic length l 2 . An outcome 
of this definition of geometry is that at any 
horizontal section, the wal l profile wi l l 
consist of straight lines, wi th the exception of 
the length A ' B ' . 
The surfaces are formed by slabs of marble as 
external c ladding/permanent shuttering and 
the family of defining curves is expressed in 
the form of grooves running from top to 
bottom. The depth and width of these grooves 
vary in such a w a y that the ratios of depth and 
width to the horizontal extent of the surface 
at any level are constant. Typical shapes used 
for the marble slabs are shown in Fig. 4. The 
vertical projections of the heights of these 
slabs decrease in an arithmetic progression 
as the level increases. 
The Defining Curve can be considered as 
being made up of two parts. 
The lower straight portion below level 21 m 
(69 ft.) is the diagonal of a basic 21 m (69 ft.) 
setting out square, whi le the upper portion is 
curved and lies within a 6 m (20 ft.) wide by 
24 m (79 ft.) high rectangle. 
The Defining Curve w a s originally envisaged 
by the architect as being made up of two 
straight lines joined by a circular arc w h i c h 
w a s tangential to both. (See Fig. 2a.) This w a s 
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ii) The cost-saving due to the more efficient 
cross-sect ions that might be obtained wi th 
the adaptable manufacturing techniques of 
C F R P is negligible. 
iii) Those cost savings are negligible wh ich 
would arise from the possibility of varying the 
cross-sect ion along the length of a member 
(probably by varying the thickness of material). 

The possible saving of volume in a member is 
zero for tension members, a theoretical maxi
mum of 1 5% for compression members, and a 
theoretical maximum of 33% for bending 
members though in practice this saving is very 
difficult to achieve. 

2 Those tending to overestimate the com
petitive price of C F R P : 
i) The reduction in the modulus of elasticity 
would not increase the sizes of C F R P mem
bers in order to limit the deflections or the 
possibility of buckl ing. 
ii) The dimensions of the C F R P members (e.g. 
wal l th icknesses) would not be so small as to 
be impracticable. 
iii) The extra cost of connect ions in C F R P 
members (e.g. reinforcement round holes) is 
negligible. 
The net effect of all these assumptions is 
probably, in general, that the competitive 
price of C F R P has been overestimated. 

It wi l l be observed that in the most favourable 
circumstances the competitive cost of C F R P 
is £4.250 per metric ton supplied and fixed. 
If we al low the same cost of erection per unit 

volume as that of steel i.e. 5 x 1 30 = £650 per 
metric ton, then the competit ive price for the 
supply of C F R P would be not greater than 
£3.6 per kg. (£1.6 per lb.) 
Fig. 3 shows the structural dead load and 
the live load carried for bridges of various 
spans. Fig. 4. shows the ratio of structural 
dead weight to total load. This ratio app
roaches 7 5 % for girder bridges (wi th steel 
decks) at a span of 300 m (1 ,000 ft.). For 
higher spans, cable-stayed and suspension 
bridges are more economic and they tend to 
have lower proportions of dead load. 
Suspension bridges are unsuitable for sub
stitution of C F R P because about 70% of their 
structural weight comes from the stiffening 
girders. Now these girders are designed to 
carry only live loading and w ind so that any 
saving of weight due to substitution of C F R P 
would only affect the cables (i.e. 30% of the 
bridge structure) though there would be some 
saving on the towers. However, the cost of 
towers is only about 1 6% of the total cost and 
the saving would in any case be significantly 
less than the proportionate saving in weight. 
The bridges, therefore, that are most likely to 
profit from the substitution of C F R P are the 
girder bridges of between 180 m and 300 m 
(590 ft. and 1,000 ft.) span for wh i ch the 
ratio of structural weight to total load is about 
70%. 

Fig. 5. is a general curve showing the 
relative weights of C F R P and steel required 
for various proportions of dead load. This is a 
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Forth HI , 
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Greet bolt bridge. 
(Arup design.) 
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F i g . 4 Proportions of structural weight to total load for various spans 

.5 6 .7 .8 .9 1.0 
Proportion Structural weight 

Total load 

F i g . 5 Reduction in weight achieved by using C F R P for various dead load ratios (equal 
working stresses taken for steel and C F R P ) 

general curve for any structure where the 
working stresses of the two materials are 
equal and is appropriate for long span 
bridges w h i c h use a high-strength steel at a 
working stress of 205 N / m m 2 (1 Vh t on / i n . 2 ) . 
Using this curve the weight of C F R P would 
be 0.07 of the weight of steel for a dead load 
ratio of 0.7. The capital cost of bridge 
steelwork is about £170 per metric ton 
erected. The capitalized maintenance cost is 
about £28 per metric ton for an exposed site 
and £22 per metric ton for an inland site 
assuming a 60-year life and a 4 % interest rate. 
For C F R P to be economic in long span 
bridges its cost including erection wou ld , 
therefore, need to be less than £198/0.07-;= 
£2,800 per metric ton or £2.8 per kg. (£1.3 
per lb.) It should be remarked that a steel 
girder bridge is not necessari ly the most 
economic solution for any particular site. On 
the other hand the use of C F R P wou ld 
increase the critical span above wh ich other 
solutions become more economic. 
Thus long span bridges appear less suitable 
than roofs as an application of C F R P although 
the dead load ratio is more favourable. Th is is 
because the initial costs and. more signif i
cantly, the maintenance costs of the small 
members used in steel roofs are much higher. 
The assumptions implicit in this cost analysis 
are similar to those made for roofs except that 
1 (i i i) and 2 (i i) are likely to be unimportant. 
For 1 (i i i) this is because in large bridge 
members it is practicable to vary the steel 
thickness. 

For bridges, the behaviour of C F R P near 
ultimate load and how this affects the required 
factors of safety and fatigue strength wou ld 
be more important. Consideration would also 
have to be given to the suitability for carrying 
traffic of thin sheets of C F R P topped wi th 
asphalt. 
A special type of structure wh ich approaches 
a zero value for the dead load ratio is the 
movable dish ratio, telescope or satellite 
tracker when it is enclosed in a so-cal led 
radome to protect it from the w ind as is 
sometimes done in the U S . Virtually, the only 
weight then carried is the structural weight. 
But l ightness carries two other bonuses : 
1 the weight has to be carried by expensive 
movable bearings and 
2 when the dish is rotated in azimuth the 
deflections change causing unevenness resul
ting either in loss of signal or requiring expen
sive compensat ing electronics. The saving of 
maintenance could wel l be signif icant also. A 
design enclosed in a radome is essential for 
this application because otherwise the w ind 
effects swamp the dead load effects. 
C o n c l u s i o n s 
It is a lways regrettable when a new develop
ment as interesting as carbon fibres is shown 
to be so acutely short of potential applications. 
This paper about its possible uses in structures 
has been almost exclusively negative, in that 
the price of the material cannot be expected 
to come close enough to the maximum 
acceptable figure in the foreseeable future 
(say ten years ) . However, these conclusions 
must be faced, and they may best be summed 
up in the fol lowing statements: 
1 Carbon fibres wi l l still be too expensive, 

(even when made in large quantit ies) to 
justify their large scale use in C F R P for 
structures. 

2 A number of technical problems must be 
resolved before it is possible to identify all 
the applications where small amounts wi l l 
be used to advantage. 

3 The most important technical problem is 
that of making connect ions between 
C F R P and either itself or other materials. 

4 Even w h e n these problems are resolved, 
it is unlikely that the construction 
industry wi l l be able to make full use of the 
prime characteristic of C F R P — i t s very 
high specif ic stiffness. 
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F i g . 13 F i g . 12 
Model showing prestressing cables for Model of Derwent Bridge 
Derwent Bridge (Pho to : David Osborne) (Photo : Henk Snoek) 

Ministry of Transport. The live load bending 
moments were modified by factors wh ich took 
account of non-uniform bending stresses 
across the section due to the load distribution 
properties of the structure and of warping 
stresses associated with the distortion of the 
cross-sect ion ( ' ) . These factors were esta
blished for the main span both by hand 
calculations (Vlasov 's method) and by using 
P. L im's finite element program at Imperial 
College ( P R O G 3 ) . In each case a two-cel l 
box with simple symmetrical and anti-
symmetrical load cases w a s analyzed. The 
side spans were examined using the O A P finite 
element plate bending program ( P R O G 4 ) . 
A major part of the total design effort w a s 
expended in prestressing calculat ions and in 
the production of cable profiles. The problem 
w a s twofold. Firstly, to decide how many 
cables of wh ich size and at what eccentricity 
were needed to satisfy the al lowable stress 
limits and. secondly, how to evolve cable 
geometries wh ich gave the required centroid 
profile. At the same time the cables had to 
f low smoothly from the box section to the side 
spans to give reasonable friction losses. These 
processes had to be carried out by hand. The 
profile geometry w a s solved graphically by 
drawing plans and elevations because the 
individual cable profiles could not, for 
practical purposes, be defined mathematically 
(F ig . 13 ) . 
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F i g . 14 
Derwent Br idge: system of external forces 
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and either itself or other structural members 
so that the connect ions are as strong as the 
basic member. 
Clearly the possibilities for the substitution of 
C F R P for loadbearing members in construc
tion are limited. In the aircraft industry, an 
industry wh i ch must use l ightweight struc
tural materials, C F R P is being examined wi th 
interest. However, the extent of the develop
ment work is fairly limited. For the B A C 3-11 
programme, it is being evaluated for reinforc
ing aluminium airframe components. The 
addition of C F R P to building structural 
members, however, seems to offer less scope. 
There is little point in stiffening steel with it, 
unless a complete skin of C F R P w a s built 
around the steel to give corrosion protection. 
Surface reinforcement of concrete members 
may be a possibility, when fire resistance is 
not required. Semi-structural members (cur
tain wal l mullions and transoms) could be 
made very slender but stiff by incorporation 
of C F R P into aluminium sections. Cladding 
panels of G R P or other composites (fibre 
reinforced cements or gypsum plaster) could 
be stiffened by adding carbon fibres instead 
of ribs. All potential applications of this type 
would have to be evaluated in prototype tests. 

P A R T B : T H E E C O N O M I C S OF C F R P IN 
L O N G S P A N S T R U C T U R E S 
(This part has been compiled by John Blan-
chard and Raymond Payne and takes the form 
of a commentary on the graphs) 
Fig. 1 shows the cost of structural steelwork 
in various roofs, plotted against the weight of 
steelwork per m. 2 The higher weights repre
sent longer spans, up to 67 m (220 ft .) . Main
tenance has been al lowed for. assuming a 
painting cycle of five years and a building life 
of 40 years. The salvage value has been 
assumed at £10 per metric ton. 
The costs shown are the present worth costs, 
i.e. the sum of money wh ich would , if 
invested now. produce the necessary money 
at the required time. For materials wh i ch 
require no maintenance the present worth 
equals the capital cost. 

Fig. 2 shows the cost to wh ich carbon fibre 
reinforced plastics should be reduced in order 
to make it competitive wi th structural steel. 
Th is is plotted against the weight of steelwork 
per m 2 in the competing roof. Roofs carrying 
two types of loading have been considered : 
1 'L ight load' i.e. 0.48 k N / m 2 ( 10 lbf. / f t . 2) 

show load, plus 0.05 k N / m 2 (1 lbf./ f t . 2) 
cladding 

2 the so called 'medium load' (though it is 
in fact rather light) i.e. 0.72 k N / m 2 

(15 lbf. / f t . 2) show load, plus 0.14 k N / m 2 

(3 lbf. / f t . 2) cladding. 
C F R P w a s assumed to have a density 7 s 
of that of steel and al lowable stresses under 
working load of 130% of that of ordinary 
mild steel (i.e. 1.3 x 160 = 208 N / m m 2 or 
13.6 t o n s / m 2 ) . Its modulus of elasticity w a s 
presumed to be 154.000 N / m m 2 (10 .000 
t o n s / m 2 ) . or 7 7 % of that of steel, but this w a s 
not used in the calculat ion. 
The calculation w a s made on the simple basis 
that the volume of structure required is pro
portional to the total load carried and inversely 
proportional to the al lowable stresses. For 
example, w h e n maintenance is not con 
sidered and the weight of structure is 
negligible compared wi th the superimposed 
loading, the competit ive cost of C F R P 
approaches 

1.3 
x 1 9 5 = £1 .270pe r t on 

0.2 
A number of assumptions is involved in this 
as detailed below. 
1 Those tending to underestimate the com

petitive price of C F R P : 
i) The savings in foundation costs due to 
reduction in weight of the roof are negligible. 

5 1000 
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Weight of stc«t In roof s t ructure (kg. per sq. metre.) 
F i g . 2 Economic costs of C F R P 
Note. The letters indicate the assumed costs of steelwork per metric ton, supplied and 
erected as indicated in the note to Fig. 1. 
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Note. The letters indicate the amount of steel in roof structures of various types. 

Span Type Centres C o s t * 

A 15 m (50 ft.) pitched trusses 3 m (10 ft ) £195 
B 9 m (30 ft.) lattice shell — £195 

15 m (50 ft.) pitched trusses 4.5 m (15 ft.) £200 
C 19 m (63 ft.) 5 degree trusses 7.5 m (25 ft.) £190 
D 40 m (130 ft.) trusses 6 m (20 ft.) £180 
E 58 m (190 ft.) braced arch — £185 

67 m (220 ft.) lattice portals 12 m (40 ft.) £190 
F 67 m (220 ft.) solid web portals 12 m (40 ft.) £180 

•Assumed costs of steelwork per metric ton supplied and erected. 

F i g . 1 Cost of structural steel in roofs 

N e w s t r u c t u r a l s o l u t i o n s 
With C F R P a material is available wi th the 
strength and stiffness of a high yield steel. 
The material behaves elastically almost to 
failure and so the elongation at break is small. 
There is no yielding and negligible plastic 
deformation. The forming and fabrication 
processes wi l l be very different from those of 
steel and so the structural shapes evolved 
may be quite different, particularly as it is 
anisotropic. 
With G R P structural members the problem 
has been to achieve adequate stiffness. Th is 
has been solved by providing rigidity through 
shape. Complex forms have often resulted 
wh ich could be made by the hand lay-up 
technique used for large units. Standardization 
and repetition of units have been desirable 
things to ask for, but they are not absolutely 
vital in G R P work. With C F R P . hand lay-up 
has not so far been used, but neither has it 
been proved to be useless. Difficulties would 
be expected as a result of the fibre stiffness, 
but these would not be insuperable. However, 
if the analogy wi th G R P is val id, the properties 
that wou ld be achieved wi th hand lay-up 
would be far short of those listed in Table 1. 
Th is technique is just not geared to producing 
a high performance engineering material. 
With new structural solutions, work should 
concentrate on utilizing forms that can be 
produced as standards in matched metal 
moulds, using hot setting resin systems. 
The directional properties in the finished 
laminate offer some hope for attempting to 
match the fibre orientation closely to the 
lines of stress imposed on the member. 
Economy could be sought by matching the 
properties very closely to the imposed 
stresses and limiting the redundancies so 
often built into structures. Attempts to do this 
would , of course, run counter to the stand
ardization required for economical fabrication. 

Without being clairvoyant and without having 
carried out the lengthy programme of research 
and prototype testing that wou ld be necessary, 
it is difficult to predict the outcome of the 
search for the optimum structural form for 
C F R P members. It is likely that the compon
ents produced wil l have forms defined by the 
shaping of sheets, rather than by the rolling 
or extending of sections. 

S u b s t i t u t i o n for o ther m a t e r i a l s 
When C F R P is compared to steel, its prime 
advantages are low weight and lack of 
susceptibil ity to corrosion. If it is to be used as 
a substitute for steel, either one or both of 
these advantages must be utilized. In building, 
it is rare for low weight to be considered an 
advantage for wh ich extra should be paid. 
This is in contrast to transport industries, 
where great savings in operational costs can 
be realized by low structural weight. The cases 
of long span roofs and bridges are considered 
in part B. 
The orientation dependence of C F R P proper
ties suggests that it might find uses for 
reinforcing bars or prestressing cables in 
concrete. However, reinforcement for con 
crete is not required to be of light weight. 
Corrosion resistance is an advantage, but this 
can be obtained by using galvanized steel or 
even stainless steel. The price ratio for 
galvanized steel/mild steel (about 1.5) is 
increasingly being considered to be acceptable 
for corrosion protection in certain projects. 
The price ratio for stainless steel/mild steel 
(about 9) is far too high for any large scale 
use of the material for concrete reinforcement. 
With a price ratio of about 23 (by volume 
excluding C F R P fabrication costs) for C F R P / 
mild steel, the scope for its use as reinforce
ment is very limited, even before the problem 
of achieving adequate bond strength to 
concrete is considered. 

When reviewing the possible use of C F R P 
for cables, the problems of price ratios are 

26 compounded by technical difficulties. In this 

application, corrosion resistance is an advant
age, whi le high stiffness may or may not be 
required. With G R P cables, difficulties have 
been experienced wi th anchorage devices. It 
seems likely that the same problems wil l arise 
wi th C F R P . Although the strength properties 
are good, they do not compete wi th the best 
steel wire strengths. 
Another possible application that could be 
investigated is in the field of loadbearing 
f ixing devices. With these, high strength and 
good corrosion resistance are an advantage. 
High stiffness may sometimes be useful, but 
low weight is very rarely important. Currently, 

stainless steel and phosphor bronze are used. 
The price ratio of 2.6 (by vo lume) is the lowest 
yet considered. (It is only 2.0 at the temporary 
inflated stainless steel price.) However, this 
does not include fabrication costs w h i c h 
could be a significant proportion of the price 
of a f ixing device. Once again, technical 
difficulties could limit the scope for substi tu
tion in this field. Fibrous materials are not 
necessari ly the best type for making connec
tions, as the stresses in them can be very 
complex and it is difficult to ensure that the 
fibre distribution is optimized. Similarly, it is 
difficult to make connect ions between C F R P 
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F i g . 17 
Derwent Bridge : transverse bending moments in main span under eccentric loading 

LONGER EDGE OF SKEW END 
F i g . 18 
Derwent Br idge: distribution of longitudinal bending moment across mid span due to eccentr ic loading 

After producing a set of cable profiles and 
tabulating each one relative to the cartesian 
co-ordinate system for the deck, w e then had 
to check that the proposed scheme w a s 
satisfactory. At this stage, computer programs 
were written to cope with much of the tedious 
calculat ion. The same data tape w a s used as 
the input to each of the programs. This 
contained the co-ordinates of all the cables, 
stressing forces, friction coeff icients, estimates 
of creep and shrinkage effects and a table of 
section centroid heights. The tape w a s first 
run wi th a checking program ( P R O G 5) wh i ch 
printed out difference tables from the cable 
co-ordinates and enabled data errors and 
kinks in the profiles to be corrected. A general 
friction losses program w a s written to deal 
wi th cables curving in both plan and elevation. 
Th is w a s then built into a larger program 
( P R O G 6) wh ich , when fed wi th the main 
data tape, gave, at each design section, the 
total force and eccentricity at both transfer 
and working conditions. Parasit ic moments, 
wh ich were small due to the relatively flexible 
side spans, were calculated by hand using the 
influence coefficient method. The final 
bending stresses were worked out with the 
aid of a short stresses program ( P R O G 7 ) . 
When a satisfactory prestressing scheme had 
been achieved the main data tape w a s input to 
the computer and the digital plotter drew cable 
positions on deck cross sections at a suitable 
scale for the preparation of detailed drawings. 
( P R O G 8 ) . Another program ( P R O G 9) 
interpolated the profiles at 760 mm (2 ft. 6 in.) 
intervals and printed setting-out tables. 
For the analysis of the side spans, and to test 
the assumption that the skew of the abutment 
support did not disturb the beam action of 
these spans, the finite element plate bending 
program ( P R O G 4 ) w a s used. The pre
stressing w a s simulated by lines of point 
loads and a program ( P R O G 10) w a s 
written to calculate the data. Various load 
cases were run and the results confirmed 
that there would be no uplift at the abutment 

12 bearings and that the distribution of longi

tudinal bending stresses across the section 
w a s within the limits al lowed for by the beam 
analysis factors (F ig . 1 8 ) . Th is work also 
determined the transverse bending moments 
and torsions for the reinforcement design. The 
main span w a s reinforced for the transverse 
action on the basis of hand calculat ions on the 
distortion of a slice of the deck treated as a 
frame (F ig . 1 7 ) . 
Extensive use w a s made of the computer to 
reduce the amount of manual computation, 
some of wh i ch arose directly from the shape 
of the deck. Seemingly small details, such as 
the soffit not being parallel to the deck 
surface, complicated the design, particularly 
when calculating section properties and 
working out cable profiles. When using 
structural analysis programs, and then trying 
to understand apparently inexplicable com
puter results, we were often forced to look at 
the action of the structure in new or simplified 
w a y s in order to enable quick hand checks to 
be made. Generally these agreed wel l w i th 
information won from the computer after 
considerable processing of data. 

C o m p u t e r p r o g r a m s u s e d in d e c k 
a n a l y s i s 
Program 
1 Sect ion properties ( O A 63) 
2 Plane frame (OA 100) 
3 Finite element 3D plate bending 

(Imperial Col lege) 
4 Finite element 2D plate bending 

( O A 115) 
5 Data check using finite di f ferences* 
6 Prestressing program* 
7 Sect ion st resses* 
8 Cable plotting on c ross-sec t ions* 
9 Sett ing out tables* 
10 Equivalent loading from prestress* 

•These programs were written in the course 
of the design. 

K i n g s w a y S o u t h V i a d u c t 
Design 
This viaduct crosses an old glacial valley now 
filled wi th soft alluvial deposits to a depth 
in excess of 46 m (1 50 ft .) . Piled foundation 
costs are. therefore, high and comparative 
estimates were made to determine the most 
economical arrangement of spans. The 
approach embankments are expected to 
settle from 760 mm (2 ft. 6 in.) at the centre 
to 305 mm (1 ft.) where the fill terminates. 
The deck consists of two continuous 
structurally independent halves wi th the end 
spans hinged to al low for differential settle
ment (F ig . 1 9 ) . The profile of each half is 
similar to the medium and short span 
bridges and the same details are used. The 
continuous spans are voided slabs, prestressed 
wi th eighteen 220-ton B B R V cables. The 
floating end spans are constructed in 
reinforced concrete. 

The columns and abutments are supported on 
1.2 m (4 ft.) diameter bored cast in situ 
concrete piles extending approximately 30.5 m 
(100 ft.) below existing ground level and 
under-reamed at the base. The down drag on 
the abutment piles is severe and cannot 
reasonably be prevented. Th is problem also 
occurs on the nearest column pile groups but 
has been minimized by locating these 
columns as far as possible from the embank
ments. The differential settlement between 
the column pile groups is not expected to 
exceed 13 mm (1/i in.) . 
Analysis 

The final analysis of the deck is being done at 
present. The longitudinal act ions are ca lcu 
lated, treating the prestressed section of the 
deck as a cont inuous beam. The actual 
distribution of longitudinal moments across 
the section, as wel l as the transverse bending 
moments and torsions, is being determined 
for a limited length of the deck, one span plus, 
using the grillage program OA 107 wh ich 
al lows for shear deformations of the equiv
alent transverse members. Th is program w a s 

Carbon fibres are made in two basic grades; a 
high tensile and a high modulus grade. The 
differences between them are shown in 
Table 1 . The specif ic strength of C F R P is no 
better than that of a good G R P (glassfibre 
reinforced plast ic) , but its specif ic modulus 
(for both type I and type II carbon fibres) is 
higher than for any other structural material. 

As wi th G R P . the properties of C F R P vary 
wi th fibre content. G R P laminates used in 
building have glass contents in the range 30-
40% weight. Current work wi th C F R P in the 
aircraft industry also uses about 60% of 
carbon fibre by weight. If a laminate of 
C F R P is made with this amount of type 1 
fibre (high modulus) a product is obtained 
wi th tensile strength and modulus properties 
similar to high-yield steels, but with only Vs 
of the density. 

Of course, being fibrous, carbon fibres have 
directional properties. In a laminate the 
strength obtained in any direction wi l l 
depend upon fibre orientation. Most work to 
date w a s either long unidirectional fibres, or 
short (say 1 mm) fibres randomly dispersed. 
The latter method is used for gear wheels and 
the like, where the very good wear ing 
qualities are advantageous. For structural 
purposes cross-ply laminates would normally 
be required. However, this produces a 
difficulty. The coefficient of thermal expansion 
is not the same along the length of the fibre 
as it is across its section. In fact, the co
efficient is negative (—5.14 x 10 / °C) longi
tudinally, and positive (50 x 10/°C) laterally. 
Th is can give rise to fabrication difficulties, 
particularly when hot setting resins are being 
used. 

It should also be noted that C F R P structural 
units wi l l be worse in fibres than steel. The 

resins used normally soften at about 200°C 
(390°F) and the fibres oxidize in air at 600° C 
(1110° F ) . Fatigue properties, however, are 
said to be outstandingly good, although data 
is not available on the tests that have been 
done. The bond between resin and fibre is also 
good, and is thought to be durable, although 
there is a lack of long-term performance data. 

The stress-strain diagram for C F R P is 
essentially linear over its who le length. 
Laminates exhibit brittle behaviour. 

F a b r i c a t i o n of C F R P c o m p o n e n t s 
Whereas wi th G R P the main fabrication 
technique used for building work is hand 
lay-up, very little of this has been done wi th 
C F R P . At present it is a sophisticated material 
being employed in industries used to mech
anized production processes. The v iew has 
been expressed that carbon fibres wi l l a lways 
be too sophisticated for crude production 
methods, as these wi l l not be capable of 
realizing the full properties, and hence of 
justifying the costs. If this turns out to be the 
case, it has implications for building com
ponents, as very rigorous standardization 
would be needed to keep fabrication costs to 
reasonable levels. 

T w o main processes are used for making 
C F R P components. 

When long fibres are used, matched metal 
moulding is employed. In this the fibres are 
usually pre-impregnated with resins (Fother-
gill Er Harvey sell these 'pre-pregs') that only 
cure at high temperatures (approx. 150° C 
300°F) . The fibres are placed in the mould 
and, after closing, heat is applied. 

With short fibres, injection or compression 
moulding may be used. Good reinforcement 
is obtained wi th short fibres if the aspect ratio 

T a b l e 2 : P r i ce c o m p a r i s o n s 

Material £ /kg £ / m 3 

(OOO's) 

Mild steel 0.055 0.43 

Lead 0.11 1.25 

Aluminium 0.25 0.78 

Polypropylene fibre 0.35 — 

Glassfibre 0.38 0.95 

Stainless steel 1 0.50 3.90 

Copper 0.60 5.35 

Tin 1.41 8.45 

Titanium 2.20 9.90 

Carbon fibre 2 11.00 18.70 4 

Silver 23.40 246.00 

Carbon fibre 3 110.00 187.00 4 

Gold 543.00 10.500.00 

Platinum 1590.00 34.000.00 

Notes. 1 Price before the recent shortage 
2 Price if a 4 5 0 metric ton plant is installed 
3 Price in 1 9 6 9 - 7 0 
4 For type II carbon fibre 

(length :diameter) exceeds 100. However, the 
fibres are easily broken during moulding due 
to their brittleness. 
A s work has not yet been carried out on 
fabrication of C F R P building components, it 
is not possible to identify all the problems. 
Suff ic ient is known from other industries to 
suggest that it wi l l not be all that easy. For 
one thing, the stiffness of the fibres does not 
al low them to take up the mould shape 
easily. Current G R P methods may not be 
extensively used for C F R P . Of course, it all 
depends on what sort of components are 
required. 

Pr ice c o m p a r i s o n s 
Any discussion of uses for carbon fibres or 
C F R P cannot long avoid the question of price. 
It has already been stated that the current 
price is about £100 per kg. (£45 per lb.) and 
that this would drop to about £11 per kg. 
(£5 per lb.) if a plant w a s built to produce 
about 450 metric tons per year. These prices 
are compared wi th those for some other 
materials in Table 2. 
It may be seen from the tables that carbon 
fibres are in the precious' metals price 
bracket, if the comparison is made by weight. 
However, it has been suggested that this is an 
unfair w a y of making comparisons, and that a 
volume basis should be used. This has. 
therefore, been included as wel l , and it is 
clear that carbon fibres are not in the ' jewellery' 
c lass when looked at in this way. 
Obviously the comparisons of price of the 
basic materials are not all that useful. It is 
better to compare the unit price of C F R P . Th is 
is, of course, difficult to estimate at this 
stage, due to the unknown fabrication costs. 
If these costs are excluded, a basic materials 
cost of £7 per kg. (£3 per lb.) or £10.000 per 
m 3 (£283 per f t . 3 ) is obtained, using the low 
price of carbon fibres. 

From this it is apparent that the price ratio for 
C F R P / m i l d steel is of the order of 126 (by 
weight) and 23 (by volume). The equivalent 
ratios for C F R P / G R P are 11 and 8. Other 
ratios may be calculated. In all considerations 
of potential uses it is necessary to bear these 
prices in mind, as C F R P is only likely to 
achieve large scale use if these extra costs 
can in some way be shown to be justified, or 
if the overall design of the components can 
bring the total cost down to the level of the 
components being replaced. 

S o m e genera l c o n s i d e r a t i o n s 
For convenience, the problem of the potential 
applications for C F R P in load-bearing com
ponents may be divided into two parts: 

1 substitution for other materials in exist ing 
structural solutions 

2 new structural solutions 
The purist might argue that a new structural 
material requires new structural solutions to 
achieve maximum economy and effect iveness. 
This approach rarely leads to the early 
development of applications for a new 
product. Faster results are obtained by 
investigating the possibilities of substitution. 
Quicker feedback is obtained, and structural 
solutions may then be progressively modified 
to improve the fit between properties available 
and properties used. 
Despite this, it is probably worth taking a look 
at the work being done on new structural 
solutions for plastics materials, as C F R P 
materials differ from G R P only in certain 
important respects. The technology of use 
may not be too dissimilar (but see the section 
on fabrication above) . It may be noted any
w a y that new structural solutions for plastics 
have, to some extent, evolved out of the 
substi tut ion/development process mentioned 
above, and C F R P should be able to benefit from 
this. To fol low on from there is merely to 
treat C F R P as just another reinforced 
plastics material, rather than a completely new 
product. 



Carbon fibres: 
potential 
applications 
in structures 
Turlogh O'Brien 
This paper is based upon reports that were 
prepared for discussion wi th the National 
Research Development Corporation ( N R D C ) 
during the letter's recent survey of potential 
applications in various industries. It is divided 
into two parts; the first describing the nature 
and properties of the material, its price com
pared to other materials, and the w a y s in 
w h i c h it might be used in bui ldings: the 
second, evaluating the economics of its use in 
long span structures. 

P A R T A : T H E M A T E R I A L A N D ITS U S E S 
T h e p r e s e n t s i tua t ion 
Carbon fibres were first patented by the 
Japanese , but the breakthrough in methods of 
production w a s achieved at the Royal Aircraft 
Establishment. Farnborough. Development 
work has been carried out at the Atomic 
Energy Research Establishment. Harwel l , and 
the N R D C controls development and l icences 
for the government. At present the 'carbon 
fibre club' in the private sector consists of 
Ro l l s -Royce . Courtaulds and Morgan 
Crucible. Rolls only manufacture enough for 
their own u s e s ; Courtaulds produce the raw 
material, a special variety of their synthetic 
fibre Courtelle; Morgan Crucible manufacture 

carbon fibres through their subsidiary Morgan-
ite Research and Development, and, unlike 
Rol ls, sell it to anyone prepared to pay the 
current price of around £110 per kg. ( £50 per 
lb.) 

There has been quite a lot of publicity 
recently concerning ICI 's investigation into 
whether it should also enter the field. A 
select committee on carbon fibres urged in 
February 1969 that a plant be built to 
produce 450 metric tons of fibre per year, 
wi th an investment of £5m. ICI have decided 
that this proposal is not viable, as the cost of 
the product wi l l still be higher (£11 per kg. : 
£5 per lb.) than is estimated to be required for 
large scale use. ICI have, therefore, w i thdrawn 
from the field, at least temporarily. 

The only other company involved in a large 
w a y is Fothergill & Harvey. It is a small 
company, wel l established in glassfibre 
reinforced plastics, wh ich has invested 
considerable effort in solving the problems of 
making carbon fibre reinforced plastics. Its 
know-how is reckoned to be as advanced as 
Ro l l s -Royce , and this wi l l put them in a very 
strong position as the use of the material 
develops. 

The present situation is one of small demand 
(mostly from the aerospace industry) and 
very high prices. Heavy investment in large 
scale production facil it ies wi l l bring the 
price down, but not quite far enough. There 
are worries that, unless this country takes the 
gamble and invests the required capital in the 
hope that uses wi l l be found, the Amer icans 
wil l take the plunge and Britain wi l l end up 
having to import the material from across the 
Atlantic at considerable expense in foreign 
exchange. 

Whether or not these fears are justified is not 
within the scope of this paper to consider. It 
has been suggested that the construction 
industry should be a potential large-scale 
user of carbon-fibre reinforced plastics 
( C F R P ) . and should lead the w a y by using it 
now, thus paving the w a y for the low price/ 
large volume production that everyone wants . 
This paper seeks to show whether this 
is realistic, or whether it is merely the idle 
dream of people bemused by the large 
quantities of materials that disappear into 
structures. 

C a r b o n f i b r e s and C F R P 
Carbon fibres are produced from poly-
acrylonitrile (Courtelle) by a secret process 
wh ich involves heating to very high tem
peratures (exceeding 2 0 0 0 ° C ; 3630°F) in a 
special atmosphere. Fibres up to 300 m 
(980 ft.) in length may be produced. To make 
C F R P these must then be increased in a 
resin matrix. Matrices of thermoplastics (e.g. 
ny lon) , metals or ceramics may be used 
but, for the purposes of structures, either 
polyester or epoxy resins are likely to be the 
principal ones. 

The properties that create all the excitement 
arethe density.the high Young 's Modulus.and 
the high strengths. The differences between 
carbon fibres and other materials are best 
illustrated by the specif ic tensile strength 
(strength divided by specif ic gravity) and 
specif ic modulus (modulus divided by 
specif ic gravi ty) . The only materials to show 
higher values than those for carbon fibres are 
graphite, alumina and si l icon whiskers, w h i c h 
are not likely to be useable as structural 
materials for many many years. Table 1 
summarizes the properties. 

Tab le 1 : M e c h a n i c a l p roper t ies * 

Material 
Speci f ic 
Youngs 
modulus 
k N / m m 2 

Speci f ic 
U.T .S. 

k N / m m 2 

Youngs 
modulus 

k N / m m 2 

Ultimate 
Tensi le 
Strength 
k N / m m 2 

Specif ic 
Gravity 

C F R P (type I) f 110 0.34 179 0.55 1.6 

C F R P (type I I ) t 67 0.59 96 0.86 1.45 

High tensile steel 26.2 0.13 207 1.00 7 8 

Aluminium alloy 25.9 0.17 72 0.46 2.8 

Titanium 24.1 0.21 110 0.93 4.5 

Glassfibre 
reinforced plastics t 20.7 0.52 41 1.03 2.0 

Carbon fibre—type I 1 8 6 - 2 2 8 0 .69 -1 .03 3 8 0 - 4 5 0 1.38-2.07 2.0 

Carbon fibre—type II 1 4 5 - 1 8 0 1.38-1.73 2 4 0 - 3 1 0 2 .41 -3 .10 1.7 

Boron fibre 165 1.10 414 2.76 2.6 

Steel wire 26.2 0 .35 -0 .53 207 2 .76-4 .14 7.8 

S—glassfibre 33.8 1.83 86 4.48 2.5 

E—glassfibre 24.1 1.38 62 3.45 2.5 

f Unidirectional fibres, fibre content 60% by weight. 

* This table is reprinted from 
F O T H E R G I L L & H A R V E Y L T D . Publication no. 23. Resin i mpregnated high modulus carbon fibre. 2nd edition 1969. 
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Kingsway South Viaduct 
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Lobley Hill Footbridge 
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developed for the A1 Viaduct, Gateshead. 
Out-of-balance torsional moments in indivi
dual spans are taken in bending at the columns 
because the torsional stiffness of the column 
support system is higher than that of the deck. 
The floating end spans are analyzed as simply 
supported rectangular slabs using the same 
grillage program mentioned previously. 

F o o t b r i d g e s 
The largest spans on the footbridges (Figs. 20 
& 21) range between 15.2 m (50 ft.) and 
30.5 m (100 ft .) . A deck cross-sect ion has 
been designed wh ich can span up to 18.3 m 
(60 ft.) as a solid reinforced concrete T -beam, 
or up to 30.5 m (100 ft.) as a hol low pre-
stressed section wi th the same overall profile. 
Ramps are provided where necessary. In each 
footbridge the spans are cont inuous over a 
single row of column supports. The columns 
have the same cross-sect ion as those for the 
medium and short span bridges. The edge 
treatment of the decks and the design of the 
abutments are also similar in form to the road 
bridges. The decks are restrained horizontally 
at the abutments. 

G a t e s h e a d W e s t e r n B y p a s s 
e s t i m a t e d c o s t of s t r u c t u r e s 
Road Bridges 
Kingsway South Viaduct 
Lobley Hill South 
Lobley Hill North 
Consett South 
Consett North 
Ellison Road 
Dunston Road 
Derwent Bridge 
A 6 9 4 Bridge 
Footbridges 
Lobley Hill 
Chiltern Gardens 
West Way 
Ancillary structures 
Pedestrian Subways 
Accommodat ion S u b w a y s 
Retaining Wal ls 
Underpasses 
R C Culverts 

£ 
310,000 

60,000 
62,000 
53,000 
62,000 
45 ,000 
65,000 

269,000 
71.000 

1 2.000 
11.000 
27.000 

408 ,000 

Total cost of structures £1,455,000 

C o n c l u s i o n 
At the time of writ ing, the preparation of draft 
contract documents is nearing completion and 
w e hope to go out to tender later this year. 
The anticipated contract period is two years 
but this may be extended. 

C L I E N T S 
Our joint clients for this project are J . L. 
Hurrell Esq . , Borough Planner and Engineer, 
County Borough of Gateshead, and W. H. B. 
Cotton Esq. , County Engineer and Surveyor, 
Durham County Counci l . 

A C K N O W L E D G E M E N T S 
The drawings for this article were prepared 
by Susan Pickard, Roy Butler and Ian 
Fowler. 
We wou ld like to thank Renton Howard Wood 
Associates for giving us permission to use 
their perspectives. 

R E F E R E N C E S 
(1 ) S M Y T H . W. and S R I N I V A S A N . The 
analysis of the A1 viaduct, Gateshead. 
Arup Journal, 4 ( 3 ) . pp. 1 6 - 2 5 . Sept. 1969. 

the computer should be consulted as it is the 
only one w h o really understands it. Unfort
unately it wi l l soon be entirely enclosed, 
wi th copper sheeting on top and a ribbed 
timber ceiling underneath. 
It wi l l come as no surprise to a fol lower of 
J a c k Bonnington's work that the staircases 
at Sunderland are all in steelwork. There is 
one, however, w h i c h is in the usual idiom but 
has a different shape. This is a helical staircase 
wi th curved flat steel stringers and folded 
steel treads, rather similar to the staircases in 
Russel l & Bromley's London shoe shops, 
except that the one at Sunderland is only 
supported at the top and bottom. The amount 
of bounce is negligible. 

F i g . 18 b e l o w 
Three -way steel. The mats over columns, 
being separate, are reinforced orthogonally 
Projecting steel from precast mullions can be 
seen in front of the edge shutter. In the 
distance, moulds for triangular coffered slab 
(Photo : George Curry of J o h n Laing & 
Sons Ltd.) 

F i g . 19 above 
Counci l chamber roof steelwork (Photo : 
Sam Price) 

F i g . 20 b e l o w 
Helical steel staircase 
(Pho to : Sam Price) 

C o n c l u s i o n 
With the landscaping hardly begun there is 
not yet enough to attract the photographers. 
We shall have to wai t at least six months for 
their usual glamorous deceptions. Meanwhi le 
the aerial photograph shows the extent of the 
work in September 1969. 
Architects 

Quantity surveyors 
Main contractor 

Value 

Sir Basi l Spence. 
Bonnington & Coll ins 
Reynolds & Young 
J o h n Laing Construction 
Co. Ltd. 
£3.382,1 20 

F i g . 21 b e l o w 
Aerial photograph of Civ ic Centre (Pho to : Sunderland Echo) 
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Footbridge over Burdon Road : section 

F i g . 15 
Footbridge over Burdon Road (Pho to : Sam Price) 

• 

• 

us 
: 

The parapet of Park Lane Bridge, like the 
parapet of Burdon Road Bridge, is made of 
panels of precast concrete, with the external 
face in knapped, ribbed, 'elephant house' 
concrete, and infilled on the pavement side 
wi th facing bricks. The Park Lane Bridge 
edgebeams have a fine-ribbed surface 
produced by casting against rubber floor 
matting. 
Burdon Road Footbridge 
With the footbridge there were, of course, no 
services or other bridges to complicate 
matters but it w a s . nevertheless, quite as 
difficult to design as the others. A multitude 
of different schemes adorned the office wa l ls 
including one splendid version, by Mark 
Kitchen, of the Coalbrookdale cast iron bridge 
in concrete. Eventual ly the die fell on the side 
of safety and it was decided to make our foot
bridge as shal low as possible. This w a s . at 
least, a definable end and ensured that the 
concrete would be post-tensioned wh ich 
satisfied the structural appetite. The span is 
26 m (85 ft .) , and the section is an 839 mm 
(2 ft. 9 in.) deep aerofoil, hollow inside, wi th 
a central spine containing the cables. The 
footway is tiled and the soffit is in the f ine-
ribbed concrete. 
C o n s t r u c t i o n 
The successful tenderer was J o h n Laing 
Construction Co. Ltd., w h o elected to build 
the whole civic centre in 27 months for a 
sum of £3.382,1 20 on a fluctuations contract. 
They started on site in January 1968 and have 
so far achieved a very satisfactory standard of 
workmanship. 
There have been few serious problems during 
construction. Under the south courtyard an 
area of very poor rock w a s encountered wh ich 
necessitated a slight alteration in foundation 
sizes, and, under the civic suite, the rock w a s 
much deeper than anticipated because of 
quarrying, wh ich the bore holes had missed. 
At Laing's suggestion the pad footings were 
changed to piles to save a lot of expensive 
planking -and-strutt ing. 
Laing's took a lot of trouble with the setting-
out as they realized that the tolerances in our 
specification would have to be achieved if 
the w indows and precast cladding panels 
were to fit. The precast mullions were set up 
in j igs, about six at a time, and checked by an 
engineer before grouting, wi th a resulting 
high degree of accuracy. 
Reinforcement 

When the grid w a s evolved it w a s assumed 
that, although the columns were laid out in 
triangles, the slab reinforcement would be 
orthogonal. However, when we came to 
work out the steel, w e found that the 
corners, wh i ch occupy a large part of the 
floor area, were extremely difficult and 
wasteful to detail, so a triangular steel 
arrangement w a s checked and found to be 
actually more economical than the orthogonal 
system. It w a s very satisfying that, despite our 
initial obtuseness. the triangular design 
triumphed in the end. The bars are placed on 
all three directions and at constant centres, so 
that a uniform mesh of steel covers the slab, 
and the bar diameters are altered to suit the 
bending moments. Laing's steel fixers had no 
complaints wi th the system. The slabs are so 
far remarkably free from cracking, even at the 
construction joints, and we suspect that the 
three-way arrangement is actually superior to 
orthogonal steel. 
S t r u c t u r a l s t e e l w o r k 
The counci l chamber, wh ich stands at the 
southern end of the building, is a large 
irregular hexagon in plan and, so that it 
should be easily identifiable as a separate 
entity, has a pointed roof like a w i tch 's cap. 
The roof has a span of about 24.4 m (80 ft.) 
each w a y and contains large ventilation 
ducts. The structure is a sort of three-
dimensional tied, warped, arched vierendeel 

22 truss system in steel. For a better description 
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F i g . 16 lef t 
Shutter box for a lance-corporal column. Al l 
s l im-j ims and lance-corporals are in 
fairfaced concrete, and shutter bolts through 
the columns are not acceptable, hence the 
strong-backs (Pho to : Sam Price) 

F i g . 17 b e l o w 
Precast mullions in an erection jig (Pho to : 
J o h n A. Herring. Sunderland) 
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Sunderland 
Civic Centre 
Sam Price 

W o r k i n g m e t h o d 
When work started on the design of the new 
Sunderland Civic Centre in March 1965. 
Mark Kitchen and I moved into Sir Basil 
Spence. Bonnington and Coll ins' office in 
Fitzroy Square and thus completed a 
professional circle. Spence 's had already 
established their own section of services 
engineers, and Reynolds and Young, their 
quantity surveyors, had installed a team of 
surveyors in the same building. There w a s , 
therefore, within one office, a complete 
multi-professional group working on the new 
project. For the other designers and ourselves 
the Sunderland experiment w a s a most 
interesting and enjoyable experience, and 
there w a s a general feeling that the building 
had profited from this method of work ing. It 
w a s a pity that, during detail design, the 
number in the team grew to about fourteen, 
and communicat ions suffered. As a result of 
this some of the later work w a s designed more 
than once. But perhaps the only w a y of 
avoiding this is to stick to small jobs. 

T h e d e s i g n 
For many years the original imposing 
Victorian buildings have been unable to 
contain the expanding departments of the 

Sunderland Corporation, and the Counci l 
Off ices are. at present, housed in a variety of 
buildings scattered all over the town. 
Although some still enjoy the standards of the 
good old days—the Borough Engineer has a 
fine v iew from his bay w i n d o w onto the 
main shopping street—others are not so 
fortunate, and some of the departments 
occupy very old and inadequate buildings. So 
in 1964 the Corporation asked Sir Basil 
Spence to design them new accommodation. 
The site for the new building w a s West Park, 
a fine open space overlooking the centre of 
the town from the south. It used to be a 
quarry about a hundred years ago. but during 
this century, at least, has been public open 
space. Not all the ratepayers were in agree
ment wi th the Corporation that this w a s the 
ideal place for new counci l off ices—one man, 
in fact, stopped on his daily wa lk with the dog 
to express his v iews very clearly to us as w e 
stood in West Park looking at the early plans 
and trying to make out the extent of our 
proposed building. 

An Ordnance Survey map of the site is shown 
in Fig. 2. Most of West Park is flat and lies 
between a large red-brick Victorian school to 
the west and Burdon Road, in the cutting, to 
the east. At the northern end the ground 
drops steeply to the top of the rai lway 
cutting, wh i ch is a nearly vertical rock face 
about 7.5 m (25 ft.) high. The rai lway, wh i ch 
carries coal from, and sometimes to, New
castle, is still working. At the top of the 
rai lway embankment runs a 384 mm (1 ft. 3 in.) 
diameter pipe carrying sea water at high 
pressure to Turner and Newal l 's chemical 

works at Washington. Further to the north is a 
triangle of rough land entirely enclosed by 
rai lway lines. Th is w a s not originally included 
in the site. 

The brief asked for an office block of about 
18.200 m 2 ( 200 .000 sq. ft ) , a c iv ic suite, 
containing a counci l chamber and committee 
rooms, and car parking for staff and visitors to 
the new building. In early discussions about 
the project the Counci l pointed out that they 
had plans for building a multi-storey car park 
on the triangle of scruffy land to the north of 
the rai lway line. The architects suggested that 
if this were included in their brief, they could 
carry the car park over the rai lway and 
integrate it w i th the new building. The 
parking space could be partly for the c iv ic 
centre and partly for the public using the 
town 's shopping centre. The Corporation 
agreed to this idea and the brief w a s extended 
accordingly. Reconstruct ion and widening of 
the bridges on Burdon Road and Park Lane 
were also included in the brief and the 
architect's proposal to link the new Civ ic 
Centre to Mowbray Park wi th a footbridge 
spanning Burdon Road w a s also accepted. 

The brief stressed the need for easy access at 
ground level to most of the departments, 
preferably wi th separate entrances, so that, for 
example, people coming to a wedding in the 
registry office didn't get mixed up wi th road 
sweepers collecting their pay. The car 
parking, both for visiting public and for the 
counci l staff, w a s required as close as 
possible to the off ices. 

From this brief J a c k Bonnington developed 
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F i g . 12 above 
Park Lane Bridge (Pho to : J o h n Laing & 
Sons Ltd.) 

F i g . 10 above 
The car park. The level over the rai lway 

3. 
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F i g . 11 above 
Burdon Road Bridge services. From the left: 
new water main, new gas main, old water 
main (Photo : George Curry of J o h n Laing 
& Sons Ltd.) 

width of the lane the loading to be taken on 
these members shall be that appropriate to a 
half lane width. ' The lane width w a s 3.66 m 
(12 ft.) and the beams, therefore, had to 'take' 
the loading from twice the width of road slab 
that they were actually supporting. However, 
the slab w a s clearly capable of some dis
tribution of load and the deck w a s , therefore, 
analyzed by the computer for various 
combinations of loading of alternate beams. 
The results showed that, for the spans and 
stif fnesses of this bridge, the slab distributed 
the load very we l l , and the loaded beams 
carried only a little more than their neighbours. 
Both abutments are of in situ concrete clad in 
brickwork. The north abutment being only 
about 4.6 m (1 5 ft.) deep and resting partly on 
clay is backfi l led inside wi th P F A , but the 
south abutment, 10.5 m (35 ft.) high is an 
empty box of concrete wa l ls cut a few feet 
into the rock, and closed on top wi th a 
suspended road slab of precast prestressed 
planks wi th in situ topping. 

mm 
4 % 
mm 

4 
F i g . 13 le f t 
Park Lane Br idge: cladding panels in lightly 
knapped, ribbed concrete; aluminium 
f lash ing; edge beam in f ine-ribbed concrete 
(Pho to : Sam Price) 



3fe 
F i g . 7 
Precasting portal beams on site. The three columns in the foreground 
are ready to receive beams (Pho to : Sam Price) 

F i g . 8 above 
Portal beams erected. In situ connect ions 
still to be concreted (Pho to : Sam Price) 

F i g . 9 b e l o w 
Car park ramps (Photo : J o h n A. Herring, 
Sunderland) 

columns at certain places (F ig . 1 0 ) . so that 
the slabs in these areas are supported only 
at the corners of regular hexagons, 12.2 m 
(40 ft.) across the points. These slabs are 
282 mm (11 in.) thick. The yield-l ine analysis 
of these areas w a s simplified by the discovery 
in Wood's 'Plast ic and Elastic design of slabs 
and plates', of Bill Smyth 's solution to this 
very case. 

Cost 
The cost plan cost of the car-park super
structure, excluding the cost of bridging the 
rai lway, but including proportions of the 
preliminaries, w a s about 13/6 per sq. ft. 

T h e t h r e e b r i d g e s 
Burdon Road Bridge 
The reconstruction of Burdon Road Bridge 
would have been necessary even if there had 
been no c iv ic centre. The old bridge w a s in 
bad shape, and the vibration caused by 
passing traffic w a s quite alarming. Al though 
the choice of structure for the new bridge w a s 
quite easy, the planning of the sequence of 
demolition and construction w a s really diffi
cult, even though the Borough Engineer w a s 
prepared to close the road for a month. The 
difficulty w a s due to the variety of services 
running in and beside Burdon Road (F ig . 1 1 ) . 
To the west of the bridge there w a s a 564 mm 
(1 ft. 10 in.) diameter pipe carrying main 
water supply to the southern end of the 
town. Within the bridge deck of cast iron 
girders and brick jack arches ran the main gas 
supply in a pipe special ly transformed from 
487 mm (1 ft. 7 in.) diameter to a flat elliptical 
section so that it could fit and in various places 
under the pavements were an 11 kV cable, 
some small water pipes and the street lighting. 
Eventual ly all the services were either re
routed into a new suspended pipe duct beside 
the bridge or cut off temporarily or per
manently. The old bridge deck w a s demolished 
and replaced with a 460 mm (1 ft. 6 in.) slab 
formed of C & C A precast, prestressed, 
inverted T-beams wi th an in situ concrete 
topping. 

Park Lane Bridge 
Park Lane Bridge w a s a completely different 
problem. The existing four-span arch bridge, 
built of local l imestone, w a s as sound as a 
bell and contained practically no services. 
However, the carr iageway w a s only about 
6.1 m (20 ft.) w ide and there w a s only one 
narrow pavement wh i ch would certainly be 
inadequate to cope wi th the traffic generated 
by the new civic centre. The aesthetic 
problems of building immediately beside an 
old bridge could have been avoided by 
removing the arches or even the who le 
structure. But there were no good structural 
reasons for doing th is ; cost w a s positively 
against it, and so w a s the Borough Engineer, 
w h o w a s understandably fond of the old 
bridge. 
After much scheming and some model-making 
it w a s decided to w iden the road by building 
a new bridge wi th a similar elevation beside 
the old one (F ig . 1 2 ) . At a late stage this design 
w a s almost vetoed by the Ministry of 
Transport w h o pointed out that the arched 
deck w a s almost certainly more expensive 
than a deck of C & C A beams, and that their 
own publication Appearance of Bridges' 
expressly advised against any attempted 
imitation of an adjacent bridge. Fortunately 
architecture w a s a hobby of the Ministry's 
engineer and he w a s persuaded by the 
eminence of our architect. 
The bridge deck is formed of arched precast 
reinforced concrete beams, 230 mm (9 in.) 
w ide, at 924 mm (3 ft.) centres, wi th 
permanent concrete shutters and in situ 
concrete topping forming a 154 mm (6 in.) 
slab on top. The analysis of this structure 
produced one point of interest. B S 153, part 
3 a : Loads, states that 'where longitudinal 
members are spaced at less than half the 

a fill mil 

F i g . 2 r ight 
Site plan 

rough outlines for the building. These early 
sketches showed a building almost identical 
in massing and arrangement to the final 
design (F ig . 1 ) . T w o , three, or four storeys 
surround two large hexagonal courtyards 
linked together at one point to form a figure-
of-eight. The c iv ic suite joins onto the southern 
end of the off ice block and the south 
courtyard completely covers car parking at 
ground level. There are wide underpasses 
through the building into the courtyards, and 
several entrances from each courtyard into the 
building. In this w a y the easy access to the 
various departments is provided. 
This w a s the point at wh ich w e moved up to 
Fitzroy Square. There were no floor plans, 
only the vaguest idea of elevations, and a few 
basic pr inciples: 

1 The office building wou ld be in some parts 
about 12 m (40 ft.) w ide and in some 
parts about 18 m (60 ft.) depending on 
whether the section w a s off ice/corr idor/ 
office or off ice/corr idor/storage space / 
corridor office (F ig . 3a) . 

2 There would be car parking under quite a 
lot of the off ices. 

3 At the pedestrian underpasses through the 
building into the courtyards columns 
were acceptable at reasonable spacings. 
The edge columns should preferably be a 
little back from the face of the buildings 
above. 
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Fig. 3a 
Basic planning 
the two possible 
block widths 
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F i g . 3b 
Major and 
minor grids 

F i g . 3c 
The plan developed. Mull ions support the edge of the slab. 
Flat columns absorb into the corridor wal ls 

4 A convenient module for the planning of 
off ices w a s thought to be about 1.5 m 
(5 f t .) , and the edge of the building 
should preferably be supported on con 
crete mullions at about 1.5 m (5 ft.) 
centres. Th is is a feature of the recent 
Spence, Bonnington and Col l ins' buildings 
at Southampton University. 

5 The foundations were unlikely to affect the 
design as there w a s good rock very near 
the surface. 

The chief problems facing both the architects 
and ourselves were how to turn 60° and 1 20° 
corners, both internally and externally, and 
sometimes both at once at different levels, 
and how to plan car parking under the 
offices so as to avoid awkward and expensive 
beams transferring loads at high level in the 
car park. 
The solution developed is shown in Fig. 3b. A 
major grid of 6.1 m (20 ft.) equilateral 
triangles covers the whole site of the 
building. All columns stand at the apex of a 
major grid triangle. The major grid is broken 
down into 1.52 m (5 ft.) equilateral triangles 
and the mull ions supporting the edge of the 
floors stand on the apexes of minor grid 
triangles and one small triangle beyond the 
major gridline. The corners are turned 
internally or externally around a column point. 
The system is much easier to draw than 
explain (Figs. 3c. 3d ) . 
Block widths are two big triangles and two 
little triangles on the 13.2 m (43 ft. 4 in.) 
wide blocks, and three big triangles and two 
little triangles on the 18.5 m (60 ft. 8 in.) w ide 
blocks. In the car parkunderneaththebui ld ing. 
the aisle width is 5.28 m (17 ft. 4 in.) 
(the perpendicular height of a 6.1 m (20 ft.) tri
angle) and two cars park at 60° between the 
columns. This is. in fact, an economical 
arrangement. The floors in the office block are 
230 mm (9 in.) concrete flat slabs. Generally 
the edges of the floor slabs are supported on 
1 28 mm x 385 mm (5 in. x 1 ft. 3 in.) concrete 
mullions at 1.52 m (5 ft.) centres. Precast 
concrete cladding panels faced wi th cast- in 
brick tiles rest on the edge of the slab and are 
bolted to the mullions. Above slab level the 
panels, wh ich are E-shaped, house the 
services, and below the slab light fittings and 
Venetian blind boxes for the floor beneath. At 
the underpasses the edge load from, at the 
most, three floors comes down 1.32 m 
(4 ft. 4 in.) (the perpendicular height of a 
1.52 m (5 ft.) triangle) beyond the columns 
underneath, and the floors become 513 mm 
(2 ft.) deep triangular coffers, wh i ch are deep 
enough to transfer the mullion loads back to 
the columns and also line through wi th the 
soffit of the cladding panels. 

/ 

F i g . 3d 
Car parking at 60° 

Inside the building there are three types of 
co lumn: round: s l im- j im; or lance-corporal 
(F ig . 4.) The last two names were, or course, 
invented on site. J a c k Bonnington prefers 
to be unaware of structure in the offices and 
corridors and hence the use of the sl im-j im, 
wh ich is absorbed as a panel into the corridor 
wa l l . It quite often happens that a sl im-j im on 
one floor points along a different gridline to the 
sl im-j im below, and in these cases the columns 
are reinforced against splitting forces like the 
end-blocks of prestressed beams. 
Originally the change of direction of corridor 
wal ls a lways occurred at least 1.52 m (5 ft.) 
from the column grid point, but during the 
development of the detail design this 
principle w a s sacrif iced and the lance-
corporal w a s born. The lance-corporal can 
also occur above or below a sl im-j im. 
pointing in any of the three directions, 
although this junction is not so easy to 
analyse as the centres of gravity of the two 
columns are not quite in line. 

Services 
It w a s assumed from the start that the main 
services distribution would run in a void 
above the false ceil ing in the corridors. 
Heating is by finned tube convectors in the 
spandrel wal ls below the w indows . As there 
are no false ceil ings in the off ices there is the 
usual problem of joining the main distribution 
circuit to the convectors, and this has been 
dealt wi th in the usual way by leaving chases 
in the screed and slab. As the slabs span 
t w o - w a y s the positions at wh ich this is 
possible are limited and the arrangement is 
probably not ideal. 
The lavatories are a lways planned to be 
vertically stacked within the central area of the 
wide blocks, so that the plumbing services 
drop in straight ducts to ground level. 
The electrical main runs above the corridors 
false cei l ings to distribution boards, and 
from these the conduits are cast in the slab. 

Expansion joints 
It was decided at an early stage in the design 
that there wou ld be no expansion joints in the 
office block floors. They wou ld have been 
difficult to accommodate without making 
breaks in the structural grid system, and these 
would have altered the whole concept. The 
problems of shrinkage and temperature move
ment could not, of course, be ignored in a 
building more than 168 m (550 ft.) long, and 
the slab reinforcement w a s carefully detailed 
so that there were no weak points. This 
appears, so far, to have been successful . 
Cost 
The cost plan cost of the office block super
structure, including proportions of pre
liminaries, etc., is 1 5 / - per sq. ft. 

S e c o n d t h o u g h t s 
The structure as designed is in one respect 
unsuited to the building form. It is not really 
sensible to design for continuous support to 
the slabs at their edges when , at the lower 
floors, there are several entrances to the 
building wh ich necessitate the omission of 
mullions. The mullions on either side of the 
opening are not strong enough to carry the 
concentration of the load. At these entrances 
the undercroft structure of round columns on 
the major grid w a s used, but for a number of 
reasons it w a s necessary to take these 
columns through the upper floors as wel l and 
this does perhaps spoil some of the rooms 
affected. 
The difficulty w a s appreciated during the 
scheme design and two possible solutions 
were found. The purest w a s to support the 
floors only on columns on the major grid, and 
completely free the elevations of load-bearing 
mullions. Th is meant accepting the columns 
in the large rooms and planning the small 
rooms so that the wal ls passed through column 
grid points. It also meant a slight change of 
minor grid size so that the w i n d o w mullions 
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F i g . 4 
The three column types : round, s l im-j im, 
lance-corporal 
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F i g . 5 
Moving the seawater main. The old main is 
on the left, the new main being laid in 
parallel on new stools close to the back wal l 
of the new car park (Pho to : Sam Price) 

wou ld be two bays beyond the column grid 
and thus in line wi th a column grid point. 
However, it w a s felt that the design w a s too 
far advanced and time too short to try again. 
C a r park 
As the triangular grid system for the office 
block had been developed partly to suit the 
car parking it seemed logical to extend the 
same grid over the area of the multi-storey car 
park. The two northern sides of the triangle 
of land between the rai lways are, in fact, 
exactly parallel to the grid lines, but otherwise 
the site is a very awkward shape, restricted 
by the coal rai lway line and the seawater 
pipeline, and an efficient parking layout at 
every level was not easy to find. 
In order to make the most of the site the 
seawater main had to be moved about 4.6 m 
(15 ft .) , and put inside the car park against 
the back wal l at one level. Turner and Newall 
were naturally very concerned at the prospect 
of this operation, as the main runs day and 
night and they only have enough salt water 
stored at the works for one day's production. 
However, they did agree that it could be done 
subject to colossal damages if the reconnec-
tion to the new pipe took more than 24 hours. 
It didn't. 

The construction over the rai lway line could 
have been designed in two w a y s : either the 
upper floor columns could occur at normal 
grid positions and stand on big beams over 
the track, or they could fol low the curve of the 
rai lway at every level. The arrangement of car 
parking w a s difficult enough without having 
to cope wi th the curve of the rai lway on all the 
upper floors, and the first solution w a s , there
fore, adopted. A 6.1 m (20 ft.) high retaining 
wal l w a s necessary on the south side of the 
track and so the big beams are. in fact, portal 
frames. They are identical in all respects 
except the points at wh ich the column loads 
from above are applied. The computer w a s a 
great help in solving this repetitive problem of 
analysis. 

V 7 V 7 

V 7 V7^ 

F i g . 6 
Portal frames over the rai lway 

The rai lway is in daily use and no propping 
w a s possible between the tracks. The con 
tractor w a s given the option of either precast 
or in situ construction, and chose to precast 
the beams on site. The placing of the beams 
required a mobile crane capable of lifting 
about 28,400 kg (28 tons) at a radius of about 
10.7 m (35 ft.)—the largest mobile crane in 
England. An in situ connection w a s formed 
at the back of the beams and the top of the 
columns after the beams had been levelled in. 
The ramps were really no problem as there 
w a s virtually only one place they could go. 
The whole conception of the civic centre is 
horizontal and sloping ramps on the elevation 
were quite unacceptable, so they were put 
near the middle of the lowest level, and 
because of the geometry they are curved 
through 120° in plan. The position of the 
ramps necessitated a parking layout wi th 
carr iageways at right angles to the north-
south gridline and this meant leaving out the 
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Fig. 3a 
Basic planning 
the two possible 
block widths 
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F i g . 3b 
Major and 
minor grids 

F i g . 3c 
The plan developed. Mull ions support the edge of the slab. 
Flat columns absorb into the corridor wal ls 

4 A convenient module for the planning of 
off ices w a s thought to be about 1.5 m 
(5 f t .) , and the edge of the building 
should preferably be supported on con 
crete mullions at about 1.5 m (5 ft.) 
centres. Th is is a feature of the recent 
Spence, Bonnington and Col l ins' buildings 
at Southampton University. 

5 The foundations were unlikely to affect the 
design as there w a s good rock very near 
the surface. 

The chief problems facing both the architects 
and ourselves were how to turn 60° and 1 20° 
corners, both internally and externally, and 
sometimes both at once at different levels, 
and how to plan car parking under the 
offices so as to avoid awkward and expensive 
beams transferring loads at high level in the 
car park. 
The solution developed is shown in Fig. 3b. A 
major grid of 6.1 m (20 ft.) equilateral 
triangles covers the whole site of the 
building. All columns stand at the apex of a 
major grid triangle. The major grid is broken 
down into 1.52 m (5 ft.) equilateral triangles 
and the mull ions supporting the edge of the 
floors stand on the apexes of minor grid 
triangles and one small triangle beyond the 
major gridline. The corners are turned 
internally or externally around a column point. 
The system is much easier to draw than 
explain (Figs. 3c. 3d ) . 
Block widths are two big triangles and two 
little triangles on the 13.2 m (43 ft. 4 in.) 
wide blocks, and three big triangles and two 
little triangles on the 18.5 m (60 ft. 8 in.) w ide 
blocks. In the car parkunderneaththebui ld ing. 
the aisle width is 5.28 m (17 ft. 4 in.) 
(the perpendicular height of a 6.1 m (20 ft.) tri
angle) and two cars park at 60° between the 
columns. This is. in fact, an economical 
arrangement. The floors in the office block are 
230 mm (9 in.) concrete flat slabs. Generally 
the edges of the floor slabs are supported on 
1 28 mm x 385 mm (5 in. x 1 ft. 3 in.) concrete 
mullions at 1.52 m (5 ft.) centres. Precast 
concrete cladding panels faced wi th cast- in 
brick tiles rest on the edge of the slab and are 
bolted to the mullions. Above slab level the 
panels, wh ich are E-shaped, house the 
services, and below the slab light fittings and 
Venetian blind boxes for the floor beneath. At 
the underpasses the edge load from, at the 
most, three floors comes down 1.32 m 
(4 ft. 4 in.) (the perpendicular height of a 
1.52 m (5 ft.) triangle) beyond the columns 
underneath, and the floors become 513 mm 
(2 ft.) deep triangular coffers, wh i ch are deep 
enough to transfer the mullion loads back to 
the columns and also line through wi th the 
soffit of the cladding panels. 

/ 

F i g . 3d 
Car parking at 60° 

Inside the building there are three types of 
co lumn: round: s l im- j im; or lance-corporal 
(F ig . 4.) The last two names were, or course, 
invented on site. J a c k Bonnington prefers 
to be unaware of structure in the offices and 
corridors and hence the use of the sl im-j im, 
wh ich is absorbed as a panel into the corridor 
wa l l . It quite often happens that a sl im-j im on 
one floor points along a different gridline to the 
sl im-j im below, and in these cases the columns 
are reinforced against splitting forces like the 
end-blocks of prestressed beams. 
Originally the change of direction of corridor 
wal ls a lways occurred at least 1.52 m (5 ft.) 
from the column grid point, but during the 
development of the detail design this 
principle w a s sacrif iced and the lance-
corporal w a s born. The lance-corporal can 
also occur above or below a sl im-j im. 
pointing in any of the three directions, 
although this junction is not so easy to 
analyse as the centres of gravity of the two 
columns are not quite in line. 

Services 
It w a s assumed from the start that the main 
services distribution would run in a void 
above the false ceil ing in the corridors. 
Heating is by finned tube convectors in the 
spandrel wal ls below the w indows . As there 
are no false ceil ings in the off ices there is the 
usual problem of joining the main distribution 
circuit to the convectors, and this has been 
dealt wi th in the usual way by leaving chases 
in the screed and slab. As the slabs span 
t w o - w a y s the positions at wh ich this is 
possible are limited and the arrangement is 
probably not ideal. 
The lavatories are a lways planned to be 
vertically stacked within the central area of the 
wide blocks, so that the plumbing services 
drop in straight ducts to ground level. 
The electrical main runs above the corridors 
false cei l ings to distribution boards, and 
from these the conduits are cast in the slab. 

Expansion joints 
It was decided at an early stage in the design 
that there wou ld be no expansion joints in the 
office block floors. They wou ld have been 
difficult to accommodate without making 
breaks in the structural grid system, and these 
would have altered the whole concept. The 
problems of shrinkage and temperature move
ment could not, of course, be ignored in a 
building more than 168 m (550 ft.) long, and 
the slab reinforcement w a s carefully detailed 
so that there were no weak points. This 
appears, so far, to have been successful . 
Cost 
The cost plan cost of the office block super
structure, including proportions of pre
liminaries, etc., is 1 5 / - per sq. ft. 

S e c o n d t h o u g h t s 
The structure as designed is in one respect 
unsuited to the building form. It is not really 
sensible to design for continuous support to 
the slabs at their edges when , at the lower 
floors, there are several entrances to the 
building wh ich necessitate the omission of 
mullions. The mullions on either side of the 
opening are not strong enough to carry the 
concentration of the load. At these entrances 
the undercroft structure of round columns on 
the major grid w a s used, but for a number of 
reasons it w a s necessary to take these 
columns through the upper floors as wel l and 
this does perhaps spoil some of the rooms 
affected. 
The difficulty w a s appreciated during the 
scheme design and two possible solutions 
were found. The purest w a s to support the 
floors only on columns on the major grid, and 
completely free the elevations of load-bearing 
mullions. Th is meant accepting the columns 
in the large rooms and planning the small 
rooms so that the wal ls passed through column 
grid points. It also meant a slight change of 
minor grid size so that the w i n d o w mullions 
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F i g . 4 
The three column types : round, s l im-j im, 
lance-corporal 
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F i g . 5 
Moving the seawater main. The old main is 
on the left, the new main being laid in 
parallel on new stools close to the back wal l 
of the new car park (Pho to : Sam Price) 

wou ld be two bays beyond the column grid 
and thus in line wi th a column grid point. 
However, it w a s felt that the design w a s too 
far advanced and time too short to try again. 
C a r park 
As the triangular grid system for the office 
block had been developed partly to suit the 
car parking it seemed logical to extend the 
same grid over the area of the multi-storey car 
park. The two northern sides of the triangle 
of land between the rai lways are, in fact, 
exactly parallel to the grid lines, but otherwise 
the site is a very awkward shape, restricted 
by the coal rai lway line and the seawater 
pipeline, and an efficient parking layout at 
every level was not easy to find. 
In order to make the most of the site the 
seawater main had to be moved about 4.6 m 
(15 ft .) , and put inside the car park against 
the back wal l at one level. Turner and Newall 
were naturally very concerned at the prospect 
of this operation, as the main runs day and 
night and they only have enough salt water 
stored at the works for one day's production. 
However, they did agree that it could be done 
subject to colossal damages if the reconnec-
tion to the new pipe took more than 24 hours. 
It didn't. 

The construction over the rai lway line could 
have been designed in two w a y s : either the 
upper floor columns could occur at normal 
grid positions and stand on big beams over 
the track, or they could fol low the curve of the 
rai lway at every level. The arrangement of car 
parking w a s difficult enough without having 
to cope wi th the curve of the rai lway on all the 
upper floors, and the first solution w a s , there
fore, adopted. A 6.1 m (20 ft.) high retaining 
wal l w a s necessary on the south side of the 
track and so the big beams are. in fact, portal 
frames. They are identical in all respects 
except the points at wh ich the column loads 
from above are applied. The computer w a s a 
great help in solving this repetitive problem of 
analysis. 

V 7 V 7 

V 7 V7^ 

F i g . 6 
Portal frames over the rai lway 

The rai lway is in daily use and no propping 
w a s possible between the tracks. The con 
tractor w a s given the option of either precast 
or in situ construction, and chose to precast 
the beams on site. The placing of the beams 
required a mobile crane capable of lifting 
about 28,400 kg (28 tons) at a radius of about 
10.7 m (35 ft.)—the largest mobile crane in 
England. An in situ connection w a s formed 
at the back of the beams and the top of the 
columns after the beams had been levelled in. 
The ramps were really no problem as there 
w a s virtually only one place they could go. 
The whole conception of the civic centre is 
horizontal and sloping ramps on the elevation 
were quite unacceptable, so they were put 
near the middle of the lowest level, and 
because of the geometry they are curved 
through 120° in plan. The position of the 
ramps necessitated a parking layout wi th 
carr iageways at right angles to the north-
south gridline and this meant leaving out the 
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F i g . 7 
Precasting portal beams on site. The three columns in the foreground 
are ready to receive beams (Pho to : Sam Price) 

F i g . 8 above 
Portal beams erected. In situ connect ions 
still to be concreted (Pho to : Sam Price) 

F i g . 9 b e l o w 
Car park ramps (Photo : J o h n A. Herring, 
Sunderland) 

columns at certain places (F ig . 1 0 ) . so that 
the slabs in these areas are supported only 
at the corners of regular hexagons, 12.2 m 
(40 ft.) across the points. These slabs are 
282 mm (11 in.) thick. The yield-l ine analysis 
of these areas w a s simplified by the discovery 
in Wood's 'Plast ic and Elastic design of slabs 
and plates', of Bill Smyth 's solution to this 
very case. 

Cost 
The cost plan cost of the car-park super
structure, excluding the cost of bridging the 
rai lway, but including proportions of the 
preliminaries, w a s about 13/6 per sq. ft. 

T h e t h r e e b r i d g e s 
Burdon Road Bridge 
The reconstruction of Burdon Road Bridge 
would have been necessary even if there had 
been no c iv ic centre. The old bridge w a s in 
bad shape, and the vibration caused by 
passing traffic w a s quite alarming. Al though 
the choice of structure for the new bridge w a s 
quite easy, the planning of the sequence of 
demolition and construction w a s really diffi
cult, even though the Borough Engineer w a s 
prepared to close the road for a month. The 
difficulty w a s due to the variety of services 
running in and beside Burdon Road (F ig . 1 1 ) . 
To the west of the bridge there w a s a 564 mm 
(1 ft. 10 in.) diameter pipe carrying main 
water supply to the southern end of the 
town. Within the bridge deck of cast iron 
girders and brick jack arches ran the main gas 
supply in a pipe special ly transformed from 
487 mm (1 ft. 7 in.) diameter to a flat elliptical 
section so that it could fit and in various places 
under the pavements were an 11 kV cable, 
some small water pipes and the street lighting. 
Eventual ly all the services were either re
routed into a new suspended pipe duct beside 
the bridge or cut off temporarily or per
manently. The old bridge deck w a s demolished 
and replaced with a 460 mm (1 ft. 6 in.) slab 
formed of C & C A precast, prestressed, 
inverted T-beams wi th an in situ concrete 
topping. 

Park Lane Bridge 
Park Lane Bridge w a s a completely different 
problem. The existing four-span arch bridge, 
built of local l imestone, w a s as sound as a 
bell and contained practically no services. 
However, the carr iageway w a s only about 
6.1 m (20 ft.) w ide and there w a s only one 
narrow pavement wh i ch would certainly be 
inadequate to cope wi th the traffic generated 
by the new civic centre. The aesthetic 
problems of building immediately beside an 
old bridge could have been avoided by 
removing the arches or even the who le 
structure. But there were no good structural 
reasons for doing th is ; cost w a s positively 
against it, and so w a s the Borough Engineer, 
w h o w a s understandably fond of the old 
bridge. 
After much scheming and some model-making 
it w a s decided to w iden the road by building 
a new bridge wi th a similar elevation beside 
the old one (F ig . 1 2 ) . At a late stage this design 
w a s almost vetoed by the Ministry of 
Transport w h o pointed out that the arched 
deck w a s almost certainly more expensive 
than a deck of C & C A beams, and that their 
own publication Appearance of Bridges' 
expressly advised against any attempted 
imitation of an adjacent bridge. Fortunately 
architecture w a s a hobby of the Ministry's 
engineer and he w a s persuaded by the 
eminence of our architect. 
The bridge deck is formed of arched precast 
reinforced concrete beams, 230 mm (9 in.) 
w ide, at 924 mm (3 ft.) centres, wi th 
permanent concrete shutters and in situ 
concrete topping forming a 154 mm (6 in.) 
slab on top. The analysis of this structure 
produced one point of interest. B S 153, part 
3 a : Loads, states that 'where longitudinal 
members are spaced at less than half the 
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F i g . 2 r ight 
Site plan 

rough outlines for the building. These early 
sketches showed a building almost identical 
in massing and arrangement to the final 
design (F ig . 1 ) . T w o , three, or four storeys 
surround two large hexagonal courtyards 
linked together at one point to form a figure-
of-eight. The c iv ic suite joins onto the southern 
end of the off ice block and the south 
courtyard completely covers car parking at 
ground level. There are wide underpasses 
through the building into the courtyards, and 
several entrances from each courtyard into the 
building. In this w a y the easy access to the 
various departments is provided. 
This w a s the point at wh ich w e moved up to 
Fitzroy Square. There were no floor plans, 
only the vaguest idea of elevations, and a few 
basic pr inciples: 

1 The office building wou ld be in some parts 
about 12 m (40 ft.) w ide and in some 
parts about 18 m (60 ft.) depending on 
whether the section w a s off ice/corr idor/ 
office or off ice/corr idor/storage space / 
corridor office (F ig . 3a) . 

2 There would be car parking under quite a 
lot of the off ices. 

3 At the pedestrian underpasses through the 
building into the courtyards columns 
were acceptable at reasonable spacings. 
The edge columns should preferably be a 
little back from the face of the buildings 
above. 
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The Civ ic Centre from the east 
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Sunderland 
Civic Centre 
Sam Price 

W o r k i n g m e t h o d 
When work started on the design of the new 
Sunderland Civic Centre in March 1965. 
Mark Kitchen and I moved into Sir Basil 
Spence. Bonnington and Coll ins' office in 
Fitzroy Square and thus completed a 
professional circle. Spence 's had already 
established their own section of services 
engineers, and Reynolds and Young, their 
quantity surveyors, had installed a team of 
surveyors in the same building. There w a s , 
therefore, within one office, a complete 
multi-professional group working on the new 
project. For the other designers and ourselves 
the Sunderland experiment w a s a most 
interesting and enjoyable experience, and 
there w a s a general feeling that the building 
had profited from this method of work ing. It 
w a s a pity that, during detail design, the 
number in the team grew to about fourteen, 
and communicat ions suffered. As a result of 
this some of the later work w a s designed more 
than once. But perhaps the only w a y of 
avoiding this is to stick to small jobs. 

T h e d e s i g n 
For many years the original imposing 
Victorian buildings have been unable to 
contain the expanding departments of the 

Sunderland Corporation, and the Counci l 
Off ices are. at present, housed in a variety of 
buildings scattered all over the town. 
Although some still enjoy the standards of the 
good old days—the Borough Engineer has a 
fine v iew from his bay w i n d o w onto the 
main shopping street—others are not so 
fortunate, and some of the departments 
occupy very old and inadequate buildings. So 
in 1964 the Corporation asked Sir Basil 
Spence to design them new accommodation. 
The site for the new building w a s West Park, 
a fine open space overlooking the centre of 
the town from the south. It used to be a 
quarry about a hundred years ago. but during 
this century, at least, has been public open 
space. Not all the ratepayers were in agree
ment wi th the Corporation that this w a s the 
ideal place for new counci l off ices—one man, 
in fact, stopped on his daily wa lk with the dog 
to express his v iews very clearly to us as w e 
stood in West Park looking at the early plans 
and trying to make out the extent of our 
proposed building. 

An Ordnance Survey map of the site is shown 
in Fig. 2. Most of West Park is flat and lies 
between a large red-brick Victorian school to 
the west and Burdon Road, in the cutting, to 
the east. At the northern end the ground 
drops steeply to the top of the rai lway 
cutting, wh i ch is a nearly vertical rock face 
about 7.5 m (25 ft.) high. The rai lway, wh i ch 
carries coal from, and sometimes to, New
castle, is still working. At the top of the 
rai lway embankment runs a 384 mm (1 ft. 3 in.) 
diameter pipe carrying sea water at high 
pressure to Turner and Newal l 's chemical 

works at Washington. Further to the north is a 
triangle of rough land entirely enclosed by 
rai lway lines. Th is w a s not originally included 
in the site. 

The brief asked for an office block of about 
18.200 m 2 ( 200 .000 sq. ft ) , a c iv ic suite, 
containing a counci l chamber and committee 
rooms, and car parking for staff and visitors to 
the new building. In early discussions about 
the project the Counci l pointed out that they 
had plans for building a multi-storey car park 
on the triangle of scruffy land to the north of 
the rai lway line. The architects suggested that 
if this were included in their brief, they could 
carry the car park over the rai lway and 
integrate it w i th the new building. The 
parking space could be partly for the c iv ic 
centre and partly for the public using the 
town 's shopping centre. The Corporation 
agreed to this idea and the brief w a s extended 
accordingly. Reconstruct ion and widening of 
the bridges on Burdon Road and Park Lane 
were also included in the brief and the 
architect's proposal to link the new Civ ic 
Centre to Mowbray Park wi th a footbridge 
spanning Burdon Road w a s also accepted. 

The brief stressed the need for easy access at 
ground level to most of the departments, 
preferably wi th separate entrances, so that, for 
example, people coming to a wedding in the 
registry office didn't get mixed up wi th road 
sweepers collecting their pay. The car 
parking, both for visiting public and for the 
counci l staff, w a s required as close as 
possible to the off ices. 

From this brief J a c k Bonnington developed 
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F i g . 12 above 
Park Lane Bridge (Pho to : J o h n Laing & 
Sons Ltd.) 

F i g . 10 above 
The car park. The level over the rai lway 
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F i g . 11 above 
Burdon Road Bridge services. From the left: 
new water main, new gas main, old water 
main (Photo : George Curry of J o h n Laing 
& Sons Ltd.) 

width of the lane the loading to be taken on 
these members shall be that appropriate to a 
half lane width. ' The lane width w a s 3.66 m 
(12 ft.) and the beams, therefore, had to 'take' 
the loading from twice the width of road slab 
that they were actually supporting. However, 
the slab w a s clearly capable of some dis
tribution of load and the deck w a s , therefore, 
analyzed by the computer for various 
combinations of loading of alternate beams. 
The results showed that, for the spans and 
stif fnesses of this bridge, the slab distributed 
the load very we l l , and the loaded beams 
carried only a little more than their neighbours. 
Both abutments are of in situ concrete clad in 
brickwork. The north abutment being only 
about 4.6 m (1 5 ft.) deep and resting partly on 
clay is backfi l led inside wi th P F A , but the 
south abutment, 10.5 m (35 ft.) high is an 
empty box of concrete wa l ls cut a few feet 
into the rock, and closed on top wi th a 
suspended road slab of precast prestressed 
planks wi th in situ topping. 

mm 
4 % 
mm 
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F i g . 13 le f t 
Park Lane Br idge: cladding panels in lightly 
knapped, ribbed concrete; aluminium 
f lash ing; edge beam in f ine-ribbed concrete 
(Pho to : Sam Price) 
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Footbridge over Burdon Road : section 

F i g . 15 
Footbridge over Burdon Road (Pho to : Sam Price) 
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The parapet of Park Lane Bridge, like the 
parapet of Burdon Road Bridge, is made of 
panels of precast concrete, with the external 
face in knapped, ribbed, 'elephant house' 
concrete, and infilled on the pavement side 
wi th facing bricks. The Park Lane Bridge 
edgebeams have a fine-ribbed surface 
produced by casting against rubber floor 
matting. 
Burdon Road Footbridge 
With the footbridge there were, of course, no 
services or other bridges to complicate 
matters but it w a s . nevertheless, quite as 
difficult to design as the others. A multitude 
of different schemes adorned the office wa l ls 
including one splendid version, by Mark 
Kitchen, of the Coalbrookdale cast iron bridge 
in concrete. Eventual ly the die fell on the side 
of safety and it was decided to make our foot
bridge as shal low as possible. This w a s . at 
least, a definable end and ensured that the 
concrete would be post-tensioned wh ich 
satisfied the structural appetite. The span is 
26 m (85 ft .) , and the section is an 839 mm 
(2 ft. 9 in.) deep aerofoil, hollow inside, wi th 
a central spine containing the cables. The 
footway is tiled and the soffit is in the f ine-
ribbed concrete. 
C o n s t r u c t i o n 
The successful tenderer was J o h n Laing 
Construction Co. Ltd., w h o elected to build 
the whole civic centre in 27 months for a 
sum of £3.382,1 20 on a fluctuations contract. 
They started on site in January 1968 and have 
so far achieved a very satisfactory standard of 
workmanship. 
There have been few serious problems during 
construction. Under the south courtyard an 
area of very poor rock w a s encountered wh ich 
necessitated a slight alteration in foundation 
sizes, and, under the civic suite, the rock w a s 
much deeper than anticipated because of 
quarrying, wh ich the bore holes had missed. 
At Laing's suggestion the pad footings were 
changed to piles to save a lot of expensive 
planking -and-strutt ing. 
Laing's took a lot of trouble with the setting-
out as they realized that the tolerances in our 
specification would have to be achieved if 
the w indows and precast cladding panels 
were to fit. The precast mullions were set up 
in j igs, about six at a time, and checked by an 
engineer before grouting, wi th a resulting 
high degree of accuracy. 
Reinforcement 

When the grid w a s evolved it w a s assumed 
that, although the columns were laid out in 
triangles, the slab reinforcement would be 
orthogonal. However, when we came to 
work out the steel, w e found that the 
corners, wh i ch occupy a large part of the 
floor area, were extremely difficult and 
wasteful to detail, so a triangular steel 
arrangement w a s checked and found to be 
actually more economical than the orthogonal 
system. It w a s very satisfying that, despite our 
initial obtuseness. the triangular design 
triumphed in the end. The bars are placed on 
all three directions and at constant centres, so 
that a uniform mesh of steel covers the slab, 
and the bar diameters are altered to suit the 
bending moments. Laing's steel fixers had no 
complaints wi th the system. The slabs are so 
far remarkably free from cracking, even at the 
construction joints, and we suspect that the 
three-way arrangement is actually superior to 
orthogonal steel. 
S t r u c t u r a l s t e e l w o r k 
The counci l chamber, wh ich stands at the 
southern end of the building, is a large 
irregular hexagon in plan and, so that it 
should be easily identifiable as a separate 
entity, has a pointed roof like a w i tch 's cap. 
The roof has a span of about 24.4 m (80 ft.) 
each w a y and contains large ventilation 
ducts. The structure is a sort of three-
dimensional tied, warped, arched vierendeel 

22 truss system in steel. For a better description 
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F i g . 16 lef t 
Shutter box for a lance-corporal column. Al l 
s l im-j ims and lance-corporals are in 
fairfaced concrete, and shutter bolts through 
the columns are not acceptable, hence the 
strong-backs (Pho to : Sam Price) 

F i g . 17 b e l o w 
Precast mullions in an erection jig (Pho to : 
J o h n A. Herring. Sunderland) 
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F i g . 21 
West Way Footbridge 
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F i g . 20 
Lobley Hill Footbridge 
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developed for the A1 Viaduct, Gateshead. 
Out-of-balance torsional moments in indivi
dual spans are taken in bending at the columns 
because the torsional stiffness of the column 
support system is higher than that of the deck. 
The floating end spans are analyzed as simply 
supported rectangular slabs using the same 
grillage program mentioned previously. 

F o o t b r i d g e s 
The largest spans on the footbridges (Figs. 20 
& 21) range between 15.2 m (50 ft.) and 
30.5 m (100 ft .) . A deck cross-sect ion has 
been designed wh ich can span up to 18.3 m 
(60 ft.) as a solid reinforced concrete T -beam, 
or up to 30.5 m (100 ft.) as a hol low pre-
stressed section wi th the same overall profile. 
Ramps are provided where necessary. In each 
footbridge the spans are cont inuous over a 
single row of column supports. The columns 
have the same cross-sect ion as those for the 
medium and short span bridges. The edge 
treatment of the decks and the design of the 
abutments are also similar in form to the road 
bridges. The decks are restrained horizontally 
at the abutments. 

G a t e s h e a d W e s t e r n B y p a s s 
e s t i m a t e d c o s t of s t r u c t u r e s 
Road Bridges 
Kingsway South Viaduct 
Lobley Hill South 
Lobley Hill North 
Consett South 
Consett North 
Ellison Road 
Dunston Road 
Derwent Bridge 
A 6 9 4 Bridge 
Footbridges 
Lobley Hill 
Chiltern Gardens 
West Way 
Ancillary structures 
Pedestrian Subways 
Accommodat ion S u b w a y s 
Retaining Wal ls 
Underpasses 
R C Culverts 

£ 
310,000 

60,000 
62,000 
53,000 
62,000 
45 ,000 
65,000 

269,000 
71.000 

1 2.000 
11.000 
27.000 

408 ,000 

Total cost of structures £1,455,000 

C o n c l u s i o n 
At the time of writ ing, the preparation of draft 
contract documents is nearing completion and 
w e hope to go out to tender later this year. 
The anticipated contract period is two years 
but this may be extended. 

C L I E N T S 
Our joint clients for this project are J . L. 
Hurrell Esq . , Borough Planner and Engineer, 
County Borough of Gateshead, and W. H. B. 
Cotton Esq. , County Engineer and Surveyor, 
Durham County Counci l . 

A C K N O W L E D G E M E N T S 
The drawings for this article were prepared 
by Susan Pickard, Roy Butler and Ian 
Fowler. 
We wou ld like to thank Renton Howard Wood 
Associates for giving us permission to use 
their perspectives. 

R E F E R E N C E S 
(1 ) S M Y T H . W. and S R I N I V A S A N . The 
analysis of the A1 viaduct, Gateshead. 
Arup Journal, 4 ( 3 ) . pp. 1 6 - 2 5 . Sept. 1969. 

the computer should be consulted as it is the 
only one w h o really understands it. Unfort
unately it wi l l soon be entirely enclosed, 
wi th copper sheeting on top and a ribbed 
timber ceiling underneath. 
It wi l l come as no surprise to a fol lower of 
J a c k Bonnington's work that the staircases 
at Sunderland are all in steelwork. There is 
one, however, w h i c h is in the usual idiom but 
has a different shape. This is a helical staircase 
wi th curved flat steel stringers and folded 
steel treads, rather similar to the staircases in 
Russel l & Bromley's London shoe shops, 
except that the one at Sunderland is only 
supported at the top and bottom. The amount 
of bounce is negligible. 

F i g . 18 b e l o w 
Three -way steel. The mats over columns, 
being separate, are reinforced orthogonally 
Projecting steel from precast mullions can be 
seen in front of the edge shutter. In the 
distance, moulds for triangular coffered slab 
(Photo : George Curry of J o h n Laing & 
Sons Ltd.) 

F i g . 19 above 
Counci l chamber roof steelwork (Photo : 
Sam Price) 

F i g . 20 b e l o w 
Helical steel staircase 
(Pho to : Sam Price) 

C o n c l u s i o n 
With the landscaping hardly begun there is 
not yet enough to attract the photographers. 
We shall have to wai t at least six months for 
their usual glamorous deceptions. Meanwhi le 
the aerial photograph shows the extent of the 
work in September 1969. 
Architects 

Quantity surveyors 
Main contractor 

Value 

Sir Basi l Spence. 
Bonnington & Coll ins 
Reynolds & Young 
J o h n Laing Construction 
Co. Ltd. 
£3.382,1 20 

F i g . 21 b e l o w 
Aerial photograph of Civ ic Centre (Pho to : Sunderland Echo) 



Carbon fibres: 
potential 
applications 
in structures 
Turlogh O'Brien 
This paper is based upon reports that were 
prepared for discussion wi th the National 
Research Development Corporation ( N R D C ) 
during the letter's recent survey of potential 
applications in various industries. It is divided 
into two parts; the first describing the nature 
and properties of the material, its price com
pared to other materials, and the w a y s in 
w h i c h it might be used in bui ldings: the 
second, evaluating the economics of its use in 
long span structures. 

P A R T A : T H E M A T E R I A L A N D ITS U S E S 
T h e p r e s e n t s i tua t ion 
Carbon fibres were first patented by the 
Japanese , but the breakthrough in methods of 
production w a s achieved at the Royal Aircraft 
Establishment. Farnborough. Development 
work has been carried out at the Atomic 
Energy Research Establishment. Harwel l , and 
the N R D C controls development and l icences 
for the government. At present the 'carbon 
fibre club' in the private sector consists of 
Ro l l s -Royce . Courtaulds and Morgan 
Crucible. Rolls only manufacture enough for 
their own u s e s ; Courtaulds produce the raw 
material, a special variety of their synthetic 
fibre Courtelle; Morgan Crucible manufacture 

carbon fibres through their subsidiary Morgan-
ite Research and Development, and, unlike 
Rol ls, sell it to anyone prepared to pay the 
current price of around £110 per kg. ( £50 per 
lb.) 

There has been quite a lot of publicity 
recently concerning ICI 's investigation into 
whether it should also enter the field. A 
select committee on carbon fibres urged in 
February 1969 that a plant be built to 
produce 450 metric tons of fibre per year, 
wi th an investment of £5m. ICI have decided 
that this proposal is not viable, as the cost of 
the product wi l l still be higher (£11 per kg. : 
£5 per lb.) than is estimated to be required for 
large scale use. ICI have, therefore, w i thdrawn 
from the field, at least temporarily. 

The only other company involved in a large 
w a y is Fothergill & Harvey. It is a small 
company, wel l established in glassfibre 
reinforced plastics, wh ich has invested 
considerable effort in solving the problems of 
making carbon fibre reinforced plastics. Its 
know-how is reckoned to be as advanced as 
Ro l l s -Royce , and this wi l l put them in a very 
strong position as the use of the material 
develops. 

The present situation is one of small demand 
(mostly from the aerospace industry) and 
very high prices. Heavy investment in large 
scale production facil it ies wi l l bring the 
price down, but not quite far enough. There 
are worries that, unless this country takes the 
gamble and invests the required capital in the 
hope that uses wi l l be found, the Amer icans 
wil l take the plunge and Britain wi l l end up 
having to import the material from across the 
Atlantic at considerable expense in foreign 
exchange. 

Whether or not these fears are justified is not 
within the scope of this paper to consider. It 
has been suggested that the construction 
industry should be a potential large-scale 
user of carbon-fibre reinforced plastics 
( C F R P ) . and should lead the w a y by using it 
now, thus paving the w a y for the low price/ 
large volume production that everyone wants . 
This paper seeks to show whether this 
is realistic, or whether it is merely the idle 
dream of people bemused by the large 
quantities of materials that disappear into 
structures. 

C a r b o n f i b r e s and C F R P 
Carbon fibres are produced from poly-
acrylonitrile (Courtelle) by a secret process 
wh ich involves heating to very high tem
peratures (exceeding 2 0 0 0 ° C ; 3630°F) in a 
special atmosphere. Fibres up to 300 m 
(980 ft.) in length may be produced. To make 
C F R P these must then be increased in a 
resin matrix. Matrices of thermoplastics (e.g. 
ny lon) , metals or ceramics may be used 
but, for the purposes of structures, either 
polyester or epoxy resins are likely to be the 
principal ones. 

The properties that create all the excitement 
arethe density.the high Young 's Modulus.and 
the high strengths. The differences between 
carbon fibres and other materials are best 
illustrated by the specif ic tensile strength 
(strength divided by specif ic gravity) and 
specif ic modulus (modulus divided by 
specif ic gravi ty) . The only materials to show 
higher values than those for carbon fibres are 
graphite, alumina and si l icon whiskers, w h i c h 
are not likely to be useable as structural 
materials for many many years. Table 1 
summarizes the properties. 

Tab le 1 : M e c h a n i c a l p roper t ies * 

Material 
Speci f ic 
Youngs 
modulus 
k N / m m 2 

Speci f ic 
U.T .S. 

k N / m m 2 

Youngs 
modulus 

k N / m m 2 

Ultimate 
Tensi le 
Strength 
k N / m m 2 

Specif ic 
Gravity 

C F R P (type I) f 110 0.34 179 0.55 1.6 

C F R P (type I I ) t 67 0.59 96 0.86 1.45 

High tensile steel 26.2 0.13 207 1.00 7 8 

Aluminium alloy 25.9 0.17 72 0.46 2.8 

Titanium 24.1 0.21 110 0.93 4.5 

Glassfibre 
reinforced plastics t 20.7 0.52 41 1.03 2.0 

Carbon fibre—type I 1 8 6 - 2 2 8 0 .69 -1 .03 3 8 0 - 4 5 0 1.38-2.07 2.0 

Carbon fibre—type II 1 4 5 - 1 8 0 1.38-1.73 2 4 0 - 3 1 0 2 .41 -3 .10 1.7 

Boron fibre 165 1.10 414 2.76 2.6 

Steel wire 26.2 0 .35 -0 .53 207 2 .76-4 .14 7.8 

S—glassfibre 33.8 1.83 86 4.48 2.5 

E—glassfibre 24.1 1.38 62 3.45 2.5 

f Unidirectional fibres, fibre content 60% by weight. 

* This table is reprinted from 
F O T H E R G I L L & H A R V E Y L T D . Publication no. 23. Resin i mpregnated high modulus carbon fibre. 2nd edition 1969. 
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F i g . 17 
Derwent Bridge : transverse bending moments in main span under eccentric loading 

LONGER EDGE OF SKEW END 
F i g . 18 
Derwent Br idge: distribution of longitudinal bending moment across mid span due to eccentr ic loading 

After producing a set of cable profiles and 
tabulating each one relative to the cartesian 
co-ordinate system for the deck, w e then had 
to check that the proposed scheme w a s 
satisfactory. At this stage, computer programs 
were written to cope with much of the tedious 
calculat ion. The same data tape w a s used as 
the input to each of the programs. This 
contained the co-ordinates of all the cables, 
stressing forces, friction coeff icients, estimates 
of creep and shrinkage effects and a table of 
section centroid heights. The tape w a s first 
run wi th a checking program ( P R O G 5) wh i ch 
printed out difference tables from the cable 
co-ordinates and enabled data errors and 
kinks in the profiles to be corrected. A general 
friction losses program w a s written to deal 
wi th cables curving in both plan and elevation. 
Th is w a s then built into a larger program 
( P R O G 6) wh ich , when fed wi th the main 
data tape, gave, at each design section, the 
total force and eccentricity at both transfer 
and working conditions. Parasit ic moments, 
wh ich were small due to the relatively flexible 
side spans, were calculated by hand using the 
influence coefficient method. The final 
bending stresses were worked out with the 
aid of a short stresses program ( P R O G 7 ) . 
When a satisfactory prestressing scheme had 
been achieved the main data tape w a s input to 
the computer and the digital plotter drew cable 
positions on deck cross sections at a suitable 
scale for the preparation of detailed drawings. 
( P R O G 8 ) . Another program ( P R O G 9) 
interpolated the profiles at 760 mm (2 ft. 6 in.) 
intervals and printed setting-out tables. 
For the analysis of the side spans, and to test 
the assumption that the skew of the abutment 
support did not disturb the beam action of 
these spans, the finite element plate bending 
program ( P R O G 4 ) w a s used. The pre
stressing w a s simulated by lines of point 
loads and a program ( P R O G 10) w a s 
written to calculate the data. Various load 
cases were run and the results confirmed 
that there would be no uplift at the abutment 

12 bearings and that the distribution of longi

tudinal bending stresses across the section 
w a s within the limits al lowed for by the beam 
analysis factors (F ig . 1 8 ) . Th is work also 
determined the transverse bending moments 
and torsions for the reinforcement design. The 
main span w a s reinforced for the transverse 
action on the basis of hand calculat ions on the 
distortion of a slice of the deck treated as a 
frame (F ig . 1 7 ) . 
Extensive use w a s made of the computer to 
reduce the amount of manual computation, 
some of wh i ch arose directly from the shape 
of the deck. Seemingly small details, such as 
the soffit not being parallel to the deck 
surface, complicated the design, particularly 
when calculating section properties and 
working out cable profiles. When using 
structural analysis programs, and then trying 
to understand apparently inexplicable com
puter results, we were often forced to look at 
the action of the structure in new or simplified 
w a y s in order to enable quick hand checks to 
be made. Generally these agreed wel l w i th 
information won from the computer after 
considerable processing of data. 

C o m p u t e r p r o g r a m s u s e d in d e c k 
a n a l y s i s 
Program 
1 Sect ion properties ( O A 63) 
2 Plane frame (OA 100) 
3 Finite element 3D plate bending 

(Imperial Col lege) 
4 Finite element 2D plate bending 

( O A 115) 
5 Data check using finite di f ferences* 
6 Prestressing program* 
7 Sect ion st resses* 
8 Cable plotting on c ross-sec t ions* 
9 Sett ing out tables* 
10 Equivalent loading from prestress* 

•These programs were written in the course 
of the design. 

K i n g s w a y S o u t h V i a d u c t 
Design 
This viaduct crosses an old glacial valley now 
filled wi th soft alluvial deposits to a depth 
in excess of 46 m (1 50 ft .) . Piled foundation 
costs are. therefore, high and comparative 
estimates were made to determine the most 
economical arrangement of spans. The 
approach embankments are expected to 
settle from 760 mm (2 ft. 6 in.) at the centre 
to 305 mm (1 ft.) where the fill terminates. 
The deck consists of two continuous 
structurally independent halves wi th the end 
spans hinged to al low for differential settle
ment (F ig . 1 9 ) . The profile of each half is 
similar to the medium and short span 
bridges and the same details are used. The 
continuous spans are voided slabs, prestressed 
wi th eighteen 220-ton B B R V cables. The 
floating end spans are constructed in 
reinforced concrete. 

The columns and abutments are supported on 
1.2 m (4 ft.) diameter bored cast in situ 
concrete piles extending approximately 30.5 m 
(100 ft.) below existing ground level and 
under-reamed at the base. The down drag on 
the abutment piles is severe and cannot 
reasonably be prevented. Th is problem also 
occurs on the nearest column pile groups but 
has been minimized by locating these 
columns as far as possible from the embank
ments. The differential settlement between 
the column pile groups is not expected to 
exceed 13 mm (1/i in.) . 
Analysis 

The final analysis of the deck is being done at 
present. The longitudinal act ions are ca lcu 
lated, treating the prestressed section of the 
deck as a cont inuous beam. The actual 
distribution of longitudinal moments across 
the section, as wel l as the transverse bending 
moments and torsions, is being determined 
for a limited length of the deck, one span plus, 
using the grillage program OA 107 wh ich 
al lows for shear deformations of the equiv
alent transverse members. Th is program w a s 

Carbon fibres are made in two basic grades; a 
high tensile and a high modulus grade. The 
differences between them are shown in 
Table 1 . The specif ic strength of C F R P is no 
better than that of a good G R P (glassfibre 
reinforced plast ic) , but its specif ic modulus 
(for both type I and type II carbon fibres) is 
higher than for any other structural material. 

As wi th G R P . the properties of C F R P vary 
wi th fibre content. G R P laminates used in 
building have glass contents in the range 30-
40% weight. Current work wi th C F R P in the 
aircraft industry also uses about 60% of 
carbon fibre by weight. If a laminate of 
C F R P is made with this amount of type 1 
fibre (high modulus) a product is obtained 
wi th tensile strength and modulus properties 
similar to high-yield steels, but with only Vs 
of the density. 

Of course, being fibrous, carbon fibres have 
directional properties. In a laminate the 
strength obtained in any direction wi l l 
depend upon fibre orientation. Most work to 
date w a s either long unidirectional fibres, or 
short (say 1 mm) fibres randomly dispersed. 
The latter method is used for gear wheels and 
the like, where the very good wear ing 
qualities are advantageous. For structural 
purposes cross-ply laminates would normally 
be required. However, this produces a 
difficulty. The coefficient of thermal expansion 
is not the same along the length of the fibre 
as it is across its section. In fact, the co
efficient is negative (—5.14 x 10 / °C) longi
tudinally, and positive (50 x 10/°C) laterally. 
Th is can give rise to fabrication difficulties, 
particularly when hot setting resins are being 
used. 

It should also be noted that C F R P structural 
units wi l l be worse in fibres than steel. The 

resins used normally soften at about 200°C 
(390°F) and the fibres oxidize in air at 600° C 
(1110° F ) . Fatigue properties, however, are 
said to be outstandingly good, although data 
is not available on the tests that have been 
done. The bond between resin and fibre is also 
good, and is thought to be durable, although 
there is a lack of long-term performance data. 

The stress-strain diagram for C F R P is 
essentially linear over its who le length. 
Laminates exhibit brittle behaviour. 

F a b r i c a t i o n of C F R P c o m p o n e n t s 
Whereas wi th G R P the main fabrication 
technique used for building work is hand 
lay-up, very little of this has been done wi th 
C F R P . At present it is a sophisticated material 
being employed in industries used to mech
anized production processes. The v iew has 
been expressed that carbon fibres wi l l a lways 
be too sophisticated for crude production 
methods, as these wi l l not be capable of 
realizing the full properties, and hence of 
justifying the costs. If this turns out to be the 
case, it has implications for building com
ponents, as very rigorous standardization 
would be needed to keep fabrication costs to 
reasonable levels. 

T w o main processes are used for making 
C F R P components. 

When long fibres are used, matched metal 
moulding is employed. In this the fibres are 
usually pre-impregnated with resins (Fother-
gill Er Harvey sell these 'pre-pregs') that only 
cure at high temperatures (approx. 150° C 
300°F) . The fibres are placed in the mould 
and, after closing, heat is applied. 

With short fibres, injection or compression 
moulding may be used. Good reinforcement 
is obtained wi th short fibres if the aspect ratio 

T a b l e 2 : P r i ce c o m p a r i s o n s 

Material £ /kg £ / m 3 

(OOO's) 

Mild steel 0.055 0.43 

Lead 0.11 1.25 

Aluminium 0.25 0.78 

Polypropylene fibre 0.35 — 

Glassfibre 0.38 0.95 

Stainless steel 1 0.50 3.90 

Copper 0.60 5.35 

Tin 1.41 8.45 

Titanium 2.20 9.90 

Carbon fibre 2 11.00 18.70 4 

Silver 23.40 246.00 

Carbon fibre 3 110.00 187.00 4 

Gold 543.00 10.500.00 

Platinum 1590.00 34.000.00 

Notes. 1 Price before the recent shortage 
2 Price if a 4 5 0 metric ton plant is installed 
3 Price in 1 9 6 9 - 7 0 
4 For type II carbon fibre 

(length :diameter) exceeds 100. However, the 
fibres are easily broken during moulding due 
to their brittleness. 
A s work has not yet been carried out on 
fabrication of C F R P building components, it 
is not possible to identify all the problems. 
Suff ic ient is known from other industries to 
suggest that it wi l l not be all that easy. For 
one thing, the stiffness of the fibres does not 
al low them to take up the mould shape 
easily. Current G R P methods may not be 
extensively used for C F R P . Of course, it all 
depends on what sort of components are 
required. 

Pr ice c o m p a r i s o n s 
Any discussion of uses for carbon fibres or 
C F R P cannot long avoid the question of price. 
It has already been stated that the current 
price is about £100 per kg. (£45 per lb.) and 
that this would drop to about £11 per kg. 
(£5 per lb.) if a plant w a s built to produce 
about 450 metric tons per year. These prices 
are compared wi th those for some other 
materials in Table 2. 
It may be seen from the tables that carbon 
fibres are in the precious' metals price 
bracket, if the comparison is made by weight. 
However, it has been suggested that this is an 
unfair w a y of making comparisons, and that a 
volume basis should be used. This has. 
therefore, been included as wel l , and it is 
clear that carbon fibres are not in the ' jewellery' 
c lass when looked at in this way. 
Obviously the comparisons of price of the 
basic materials are not all that useful. It is 
better to compare the unit price of C F R P . Th is 
is, of course, difficult to estimate at this 
stage, due to the unknown fabrication costs. 
If these costs are excluded, a basic materials 
cost of £7 per kg. (£3 per lb.) or £10.000 per 
m 3 (£283 per f t . 3 ) is obtained, using the low 
price of carbon fibres. 

From this it is apparent that the price ratio for 
C F R P / m i l d steel is of the order of 126 (by 
weight) and 23 (by volume). The equivalent 
ratios for C F R P / G R P are 11 and 8. Other 
ratios may be calculated. In all considerations 
of potential uses it is necessary to bear these 
prices in mind, as C F R P is only likely to 
achieve large scale use if these extra costs 
can in some way be shown to be justified, or 
if the overall design of the components can 
bring the total cost down to the level of the 
components being replaced. 

S o m e genera l c o n s i d e r a t i o n s 
For convenience, the problem of the potential 
applications for C F R P in load-bearing com
ponents may be divided into two parts: 

1 substitution for other materials in exist ing 
structural solutions 

2 new structural solutions 
The purist might argue that a new structural 
material requires new structural solutions to 
achieve maximum economy and effect iveness. 
This approach rarely leads to the early 
development of applications for a new 
product. Faster results are obtained by 
investigating the possibilities of substitution. 
Quicker feedback is obtained, and structural 
solutions may then be progressively modified 
to improve the fit between properties available 
and properties used. 
Despite this, it is probably worth taking a look 
at the work being done on new structural 
solutions for plastics materials, as C F R P 
materials differ from G R P only in certain 
important respects. The technology of use 
may not be too dissimilar (but see the section 
on fabrication above) . It may be noted any
w a y that new structural solutions for plastics 
have, to some extent, evolved out of the 
substi tut ion/development process mentioned 
above, and C F R P should be able to benefit from 
this. To fol low on from there is merely to 
treat C F R P as just another reinforced 
plastics material, rather than a completely new 
product. 
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Weight of steel in roof s t ruc ture (kg. per sq. metre.) 

Note. The letters indicate the amount of steel in roof structures of various types. 

Span Type Centres C o s t * 

A 15 m (50 ft.) pitched trusses 3 m (10 ft ) £195 
B 9 m (30 ft.) lattice shell — £195 

15 m (50 ft.) pitched trusses 4.5 m (15 ft.) £200 
C 19 m (63 ft.) 5 degree trusses 7.5 m (25 ft.) £190 
D 40 m (130 ft.) trusses 6 m (20 ft.) £180 
E 58 m (190 ft.) braced arch — £185 

67 m (220 ft.) lattice portals 12 m (40 ft.) £190 
F 67 m (220 ft.) solid web portals 12 m (40 ft.) £180 

•Assumed costs of steelwork per metric ton supplied and erected. 

F i g . 1 Cost of structural steel in roofs 

N e w s t r u c t u r a l s o l u t i o n s 
With C F R P a material is available wi th the 
strength and stiffness of a high yield steel. 
The material behaves elastically almost to 
failure and so the elongation at break is small. 
There is no yielding and negligible plastic 
deformation. The forming and fabrication 
processes wi l l be very different from those of 
steel and so the structural shapes evolved 
may be quite different, particularly as it is 
anisotropic. 
With G R P structural members the problem 
has been to achieve adequate stiffness. Th is 
has been solved by providing rigidity through 
shape. Complex forms have often resulted 
wh ich could be made by the hand lay-up 
technique used for large units. Standardization 
and repetition of units have been desirable 
things to ask for, but they are not absolutely 
vital in G R P work. With C F R P . hand lay-up 
has not so far been used, but neither has it 
been proved to be useless. Difficulties would 
be expected as a result of the fibre stiffness, 
but these would not be insuperable. However, 
if the analogy wi th G R P is val id, the properties 
that wou ld be achieved wi th hand lay-up 
would be far short of those listed in Table 1. 
Th is technique is just not geared to producing 
a high performance engineering material. 
With new structural solutions, work should 
concentrate on utilizing forms that can be 
produced as standards in matched metal 
moulds, using hot setting resin systems. 
The directional properties in the finished 
laminate offer some hope for attempting to 
match the fibre orientation closely to the 
lines of stress imposed on the member. 
Economy could be sought by matching the 
properties very closely to the imposed 
stresses and limiting the redundancies so 
often built into structures. Attempts to do this 
would , of course, run counter to the stand
ardization required for economical fabrication. 

Without being clairvoyant and without having 
carried out the lengthy programme of research 
and prototype testing that wou ld be necessary, 
it is difficult to predict the outcome of the 
search for the optimum structural form for 
C F R P members. It is likely that the compon
ents produced wil l have forms defined by the 
shaping of sheets, rather than by the rolling 
or extending of sections. 

S u b s t i t u t i o n for o ther m a t e r i a l s 
When C F R P is compared to steel, its prime 
advantages are low weight and lack of 
susceptibil ity to corrosion. If it is to be used as 
a substitute for steel, either one or both of 
these advantages must be utilized. In building, 
it is rare for low weight to be considered an 
advantage for wh ich extra should be paid. 
This is in contrast to transport industries, 
where great savings in operational costs can 
be realized by low structural weight. The cases 
of long span roofs and bridges are considered 
in part B. 
The orientation dependence of C F R P proper
ties suggests that it might find uses for 
reinforcing bars or prestressing cables in 
concrete. However, reinforcement for con 
crete is not required to be of light weight. 
Corrosion resistance is an advantage, but this 
can be obtained by using galvanized steel or 
even stainless steel. The price ratio for 
galvanized steel/mild steel (about 1.5) is 
increasingly being considered to be acceptable 
for corrosion protection in certain projects. 
The price ratio for stainless steel/mild steel 
(about 9) is far too high for any large scale 
use of the material for concrete reinforcement. 
With a price ratio of about 23 (by volume 
excluding C F R P fabrication costs) for C F R P / 
mild steel, the scope for its use as reinforce
ment is very limited, even before the problem 
of achieving adequate bond strength to 
concrete is considered. 

When reviewing the possible use of C F R P 
for cables, the problems of price ratios are 

26 compounded by technical difficulties. In this 

application, corrosion resistance is an advant
age, whi le high stiffness may or may not be 
required. With G R P cables, difficulties have 
been experienced wi th anchorage devices. It 
seems likely that the same problems wil l arise 
wi th C F R P . Although the strength properties 
are good, they do not compete wi th the best 
steel wire strengths. 
Another possible application that could be 
investigated is in the field of loadbearing 
f ixing devices. With these, high strength and 
good corrosion resistance are an advantage. 
High stiffness may sometimes be useful, but 
low weight is very rarely important. Currently, 

stainless steel and phosphor bronze are used. 
The price ratio of 2.6 (by vo lume) is the lowest 
yet considered. (It is only 2.0 at the temporary 
inflated stainless steel price.) However, this 
does not include fabrication costs w h i c h 
could be a significant proportion of the price 
of a f ixing device. Once again, technical 
difficulties could limit the scope for substi tu
tion in this field. Fibrous materials are not 
necessari ly the best type for making connec
tions, as the stresses in them can be very 
complex and it is difficult to ensure that the 
fibre distribution is optimized. Similarly, it is 
difficult to make connect ions between C F R P 
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Derwent Br idge: f low chart showing design 
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F i g . 13 F i g . 12 
Model showing prestressing cables for Model of Derwent Bridge 
Derwent Bridge (Pho to : David Osborne) (Photo : Henk Snoek) 

Ministry of Transport. The live load bending 
moments were modified by factors wh ich took 
account of non-uniform bending stresses 
across the section due to the load distribution 
properties of the structure and of warping 
stresses associated with the distortion of the 
cross-sect ion ( ' ) . These factors were esta
blished for the main span both by hand 
calculations (Vlasov 's method) and by using 
P. L im's finite element program at Imperial 
College ( P R O G 3 ) . In each case a two-cel l 
box with simple symmetrical and anti-
symmetrical load cases w a s analyzed. The 
side spans were examined using the O A P finite 
element plate bending program ( P R O G 4 ) . 
A major part of the total design effort w a s 
expended in prestressing calculat ions and in 
the production of cable profiles. The problem 
w a s twofold. Firstly, to decide how many 
cables of wh ich size and at what eccentricity 
were needed to satisfy the al lowable stress 
limits and. secondly, how to evolve cable 
geometries wh ich gave the required centroid 
profile. At the same time the cables had to 
f low smoothly from the box section to the side 
spans to give reasonable friction losses. These 
processes had to be carried out by hand. The 
profile geometry w a s solved graphically by 
drawing plans and elevations because the 
individual cable profiles could not, for 
practical purposes, be defined mathematically 
(F ig . 13 ) . 
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F i g . 14 
Derwent Br idge: system of external forces 
acting at bearings 
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F i g . 15 
Derwent Bridge : exploded v iew of one 
deck (diagrammatic) 
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and either itself or other structural members 
so that the connect ions are as strong as the 
basic member. 
Clearly the possibilities for the substitution of 
C F R P for loadbearing members in construc
tion are limited. In the aircraft industry, an 
industry wh i ch must use l ightweight struc
tural materials, C F R P is being examined wi th 
interest. However, the extent of the develop
ment work is fairly limited. For the B A C 3-11 
programme, it is being evaluated for reinforc
ing aluminium airframe components. The 
addition of C F R P to building structural 
members, however, seems to offer less scope. 
There is little point in stiffening steel with it, 
unless a complete skin of C F R P w a s built 
around the steel to give corrosion protection. 
Surface reinforcement of concrete members 
may be a possibility, when fire resistance is 
not required. Semi-structural members (cur
tain wal l mullions and transoms) could be 
made very slender but stiff by incorporation 
of C F R P into aluminium sections. Cladding 
panels of G R P or other composites (fibre 
reinforced cements or gypsum plaster) could 
be stiffened by adding carbon fibres instead 
of ribs. All potential applications of this type 
would have to be evaluated in prototype tests. 

P A R T B : T H E E C O N O M I C S OF C F R P IN 
L O N G S P A N S T R U C T U R E S 
(This part has been compiled by John Blan-
chard and Raymond Payne and takes the form 
of a commentary on the graphs) 
Fig. 1 shows the cost of structural steelwork 
in various roofs, plotted against the weight of 
steelwork per m. 2 The higher weights repre
sent longer spans, up to 67 m (220 ft .) . Main
tenance has been al lowed for. assuming a 
painting cycle of five years and a building life 
of 40 years. The salvage value has been 
assumed at £10 per metric ton. 
The costs shown are the present worth costs, 
i.e. the sum of money wh ich would , if 
invested now. produce the necessary money 
at the required time. For materials wh i ch 
require no maintenance the present worth 
equals the capital cost. 

Fig. 2 shows the cost to wh ich carbon fibre 
reinforced plastics should be reduced in order 
to make it competitive wi th structural steel. 
Th is is plotted against the weight of steelwork 
per m 2 in the competing roof. Roofs carrying 
two types of loading have been considered : 
1 'L ight load' i.e. 0.48 k N / m 2 ( 10 lbf. / f t . 2) 

show load, plus 0.05 k N / m 2 (1 lbf./ f t . 2) 
cladding 

2 the so called 'medium load' (though it is 
in fact rather light) i.e. 0.72 k N / m 2 

(15 lbf. / f t . 2) show load, plus 0.14 k N / m 2 

(3 lbf. / f t . 2) cladding. 
C F R P w a s assumed to have a density 7 s 
of that of steel and al lowable stresses under 
working load of 130% of that of ordinary 
mild steel (i.e. 1.3 x 160 = 208 N / m m 2 or 
13.6 t o n s / m 2 ) . Its modulus of elasticity w a s 
presumed to be 154.000 N / m m 2 (10 .000 
t o n s / m 2 ) . or 7 7 % of that of steel, but this w a s 
not used in the calculat ion. 
The calculation w a s made on the simple basis 
that the volume of structure required is pro
portional to the total load carried and inversely 
proportional to the al lowable stresses. For 
example, w h e n maintenance is not con 
sidered and the weight of structure is 
negligible compared wi th the superimposed 
loading, the competit ive cost of C F R P 
approaches 

1.3 
x 1 9 5 = £1 .270pe r t on 

0.2 
A number of assumptions is involved in this 
as detailed below. 
1 Those tending to underestimate the com

petitive price of C F R P : 
i) The savings in foundation costs due to 
reduction in weight of the roof are negligible. 
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F i g . 2 Economic costs of C F R P 
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ii) The cost-saving due to the more efficient 
cross-sect ions that might be obtained wi th 
the adaptable manufacturing techniques of 
C F R P is negligible. 
iii) Those cost savings are negligible wh ich 
would arise from the possibility of varying the 
cross-sect ion along the length of a member 
(probably by varying the thickness of material). 

The possible saving of volume in a member is 
zero for tension members, a theoretical maxi
mum of 1 5% for compression members, and a 
theoretical maximum of 33% for bending 
members though in practice this saving is very 
difficult to achieve. 

2 Those tending to overestimate the com
petitive price of C F R P : 
i) The reduction in the modulus of elasticity 
would not increase the sizes of C F R P mem
bers in order to limit the deflections or the 
possibility of buckl ing. 
ii) The dimensions of the C F R P members (e.g. 
wal l th icknesses) would not be so small as to 
be impracticable. 
iii) The extra cost of connect ions in C F R P 
members (e.g. reinforcement round holes) is 
negligible. 
The net effect of all these assumptions is 
probably, in general, that the competitive 
price of C F R P has been overestimated. 

It wi l l be observed that in the most favourable 
circumstances the competitive cost of C F R P 
is £4.250 per metric ton supplied and fixed. 
If we al low the same cost of erection per unit 

volume as that of steel i.e. 5 x 1 30 = £650 per 
metric ton, then the competit ive price for the 
supply of C F R P would be not greater than 
£3.6 per kg. (£1.6 per lb.) 
Fig. 3 shows the structural dead load and 
the live load carried for bridges of various 
spans. Fig. 4. shows the ratio of structural 
dead weight to total load. This ratio app
roaches 7 5 % for girder bridges (wi th steel 
decks) at a span of 300 m (1 ,000 ft.). For 
higher spans, cable-stayed and suspension 
bridges are more economic and they tend to 
have lower proportions of dead load. 
Suspension bridges are unsuitable for sub
stitution of C F R P because about 70% of their 
structural weight comes from the stiffening 
girders. Now these girders are designed to 
carry only live loading and w ind so that any 
saving of weight due to substitution of C F R P 
would only affect the cables (i.e. 30% of the 
bridge structure) though there would be some 
saving on the towers. However, the cost of 
towers is only about 1 6% of the total cost and 
the saving would in any case be significantly 
less than the proportionate saving in weight. 
The bridges, therefore, that are most likely to 
profit from the substitution of C F R P are the 
girder bridges of between 180 m and 300 m 
(590 ft. and 1,000 ft.) span for wh i ch the 
ratio of structural weight to total load is about 
70%. 

Fig. 5. is a general curve showing the 
relative weights of C F R P and steel required 
for various proportions of dead load. This is a 
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working stresses taken for steel and C F R P ) 

general curve for any structure where the 
working stresses of the two materials are 
equal and is appropriate for long span 
bridges w h i c h use a high-strength steel at a 
working stress of 205 N / m m 2 (1 Vh t on / i n . 2 ) . 
Using this curve the weight of C F R P would 
be 0.07 of the weight of steel for a dead load 
ratio of 0.7. The capital cost of bridge 
steelwork is about £170 per metric ton 
erected. The capitalized maintenance cost is 
about £28 per metric ton for an exposed site 
and £22 per metric ton for an inland site 
assuming a 60-year life and a 4 % interest rate. 
For C F R P to be economic in long span 
bridges its cost including erection wou ld , 
therefore, need to be less than £198/0.07-;= 
£2,800 per metric ton or £2.8 per kg. (£1.3 
per lb.) It should be remarked that a steel 
girder bridge is not necessari ly the most 
economic solution for any particular site. On 
the other hand the use of C F R P wou ld 
increase the critical span above wh ich other 
solutions become more economic. 
Thus long span bridges appear less suitable 
than roofs as an application of C F R P although 
the dead load ratio is more favourable. Th is is 
because the initial costs and. more signif i
cantly, the maintenance costs of the small 
members used in steel roofs are much higher. 
The assumptions implicit in this cost analysis 
are similar to those made for roofs except that 
1 (i i i) and 2 (i i) are likely to be unimportant. 
For 1 (i i i) this is because in large bridge 
members it is practicable to vary the steel 
thickness. 

For bridges, the behaviour of C F R P near 
ultimate load and how this affects the required 
factors of safety and fatigue strength wou ld 
be more important. Consideration would also 
have to be given to the suitability for carrying 
traffic of thin sheets of C F R P topped wi th 
asphalt. 
A special type of structure wh ich approaches 
a zero value for the dead load ratio is the 
movable dish ratio, telescope or satellite 
tracker when it is enclosed in a so-cal led 
radome to protect it from the w ind as is 
sometimes done in the U S . Virtually, the only 
weight then carried is the structural weight. 
But l ightness carries two other bonuses : 
1 the weight has to be carried by expensive 
movable bearings and 
2 when the dish is rotated in azimuth the 
deflections change causing unevenness resul
ting either in loss of signal or requiring expen
sive compensat ing electronics. The saving of 
maintenance could wel l be signif icant also. A 
design enclosed in a radome is essential for 
this application because otherwise the w ind 
effects swamp the dead load effects. 
C o n c l u s i o n s 
It is a lways regrettable when a new develop
ment as interesting as carbon fibres is shown 
to be so acutely short of potential applications. 
This paper about its possible uses in structures 
has been almost exclusively negative, in that 
the price of the material cannot be expected 
to come close enough to the maximum 
acceptable figure in the foreseeable future 
(say ten years ) . However, these conclusions 
must be faced, and they may best be summed 
up in the fol lowing statements: 
1 Carbon fibres wi l l still be too expensive, 

(even when made in large quantit ies) to 
justify their large scale use in C F R P for 
structures. 

2 A number of technical problems must be 
resolved before it is possible to identify all 
the applications where small amounts wi l l 
be used to advantage. 

3 The most important technical problem is 
that of making connect ions between 
C F R P and either itself or other materials. 

4 Even w h e n these problems are resolved, 
it is unlikely that the construction 
industry wi l l be able to make full use of the 
prime characteristic of C F R P — i t s very 
high specif ic stiffness. 
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F i g . 9 
Lobley Hill South Overbr idge: comparison 
of reactions obtained from analysis and 
model test for one column line 
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F i g . 10 
Lobley Hill South Overbridge: comparison 
of bending moments obtained from 
analyses and model test 

the abutments. The hinges provide a longi
tudinal moment release only. Columns and 
abutments are supported on spread footings 
at 80.5 k N / m 2 (% ton/ f t . 2 ) . Piles could not be 
used economical ly in this location and 
ground pre-consolidation by the Vibroflotation 
process is specified to reduce settlements. 
D e r w e n t Br idge 
Design 
This bridge, wh i ch has a 50.3 m (165 ft.) 
main span, crosses over the Derwent River on 
a skew of 32°. Various schemes were 
investigated wh ich divided into two main 
groups: three span arrangements and those 
wi th a series of short spans ranging between 
1 5.2 m (50 ft.) and 21.3 m (70 ft ) . The latter 
group proved to be more expensive due to the 
high cost of foundations in this location. Under 
the first group, designs in composite steel and 
concrete were investigated as wel l as in pre-
stressed concrete. The prestressed concrete 
scheme finally chosen consists of two struc
turally independent decks staggered in plan 
(F igs. 11 & 12 ) . The side spans are shal low 
voided slabs conforming in shape to the cross 
section of the short bridges. Th is section 
transforms to a two-cel l box for the main span 
and is prestressed wi th a total of twenty eight 
220-ton B B R V cables of wh ich 18 extend 
the full length of the deck. Problems 

8 associated wi th the skew are thus confined to 

the flexible side spans. The edge treatment of 
each deck, the columns and the abutment 
details, are similar in character to those of the 
other bridges. The abutment beams and the 
columns are supported on large diameter 
bored piles varying in length from 21.3 m to 
30.4 m (70 ft. to 100 f t ) . These piles are 
sleeved at the abutments to prevent load 
shedding onto them from the P F A (pulverized 
fuel ash) embankment as settlement occurs. 
For the same reason the abutment piles wi l l be 
bored through the completed embankments. 
Horizontal forces are resisted by the raked 
corner piles under the columns (see Fig. 14 ) . 
River training works have also been designed 
to keep the length of the bridge to the mini
mum and to protect the banks and the main 
column foundations. These works wi l l also 
succeed in reclaiming some rather extensive 
and unsightly mud flats. 

Deck Analysis 
Fig. 1 5 shows the relative properties of the 
structural elements of one deck. The main 
span is both flexurally and torsionally much 
stiffer than the side spans and consequently 
the deck is considerably less sensitive to the 
effects of differential settlements than one of 
constant depth. The columns, being stiffer 
than the side spans, absorb most of the 
deck torsion moments except those due to 
heavy vehic les close to the abutments. 

There were several possible approaches to the 
deck analysis including the use of a space 
frame program or a three dimensional finite 
element plate bending program. For a 
satisfactory analysis of the deck by these 
methods, a larger computer than the Elliot 
4120 would have been required and w e were 
deterred both by the cost and by the prospect 
of processing large quantities of data. The 
final decision w a s to treat the deck as a beam 
of varying section and to make adjustments 
and checks for the effects of transverse load 
distribution, warping stresses and skew. 
A simplified chart of the design process is 
shown in Fig. 1 6. Difficulties wh i ch resulted in 
repetition of some processes are omitted for 
clarity. For instance, w e found at a rather late 
stage that the most critical section for 
longitudinal bending stress is at the end of 
the transition and not at the support or mid 
span sections. Th is , and problems wi th the 
cables, involved adjustment of the internal 
void geometry during the final prestressing 
analysis. 

Bending and shear influence lines we re 
drawn after treating the deck as a beam using 
a plane frame program ( P R O G 2) and torsion 
influence lines were drawn from a hand 
analysis of the deck and column system. These 
are essential when applying the rather com
plicated loading condit ions specif ied by the 

The external surface is defined by four sepa
rate surface geometries and the areas to 
wh ich these different geometries apply are 
shown in Fig. 1. 

S u r f a c e s governed by the Def in ing 
C u r v e 
Most of the external surface is defined by a 
family of curves related to the Defining Curve 
wh ich is the projection in the y -z plane of the 
curve shown in Fig. 1. Th is family of curves 
is formed from the simple relationship given 
in Fig. 2. All the members of this family lie in 
vertical planes. A surface is formed as soon as 
plan sections at level 0 m and 45 m (148 ft.) 
are specif ied. The plan at level 45 m (148 ft.) 
is formed entirely of horizontal straight lines, 
and that at level 0 m generally so, wi th the 
exception of the curved portion A B wh ich is 
represented by a hyperbola. (See Fig. 3.) 

The geometry 
of Shahyad 
Ariamehr 
Peter Ayres 
I n t roduc t ion 
The monument of Shahyad Ariamehr is being 
built near Teheran to celebrate the 25th 
centenary of the foundation of the Iranian 
Empire, and of the Declaration of Human 
Rights by Cyrus the Great. As is fitting for 
such an occas ion, it is a monument to the 
past—its inspiration clearly coming from 
traditional design. But it has another purpose 
concerned very much wi th today. Iran is not 

advanced in the modern techniques of 
building and the monument is seen as an 
opportunity of introducing to that country 
some of the sophisticated methods of con 
struction available today—a stepping stone 
to the future, perhaps. 

Outer s u r f a c e geomet ry 
The monument is essentially an external 
visual experience and the external surface 
geometry is thus of the greatest importance. 
Although the monument has the qualities of a 
piece of sculpture, considerable rationalization 
of the details of the geometry has occurred 
during its development, wi th no loss of free 
form effect. 
The final geometry is controlled by a 3 m 
(10 ft.) square module in plan and elevation, 
wi th overall proportions governed by a 21 m 
(69 ft.) square grid. 

P l a n t s u r f a c e s 

This figure also shows the simple relationship 
wh ich governs the position of a defining 
curve of characteristic length l 2 . An outcome 
of this definition of geometry is that at any 
horizontal section, the wal l profile wi l l 
consist of straight lines, wi th the exception of 
the length A ' B ' . 
The surfaces are formed by slabs of marble as 
external c ladding/permanent shuttering and 
the family of defining curves is expressed in 
the form of grooves running from top to 
bottom. The depth and width of these grooves 
vary in such a w a y that the ratios of depth and 
width to the horizontal extent of the surface 
at any level are constant. Typical shapes used 
for the marble slabs are shown in Fig. 4. The 
vertical projections of the heights of these 
slabs decrease in an arithmetic progression 
as the level increases. 
The Defining Curve can be considered as 
being made up of two parts. 
The lower straight portion below level 21 m 
(69 ft.) is the diagonal of a basic 21 m (69 ft.) 
setting out square, whi le the upper portion is 
curved and lies within a 6 m (20 ft.) wide by 
24 m (79 ft.) high rectangle. 
The Defining Curve w a s originally envisaged 
by the architect as being made up of two 
straight lines joined by a circular arc w h i c h 
w a s tangential to both. (See Fig. 2a.) This w a s 
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not a positive requirement, but instead 
represented a statement of the general profile 
needed in terms of simple geometrical forms. 
It also had a number of disadvantages 
Although easy to draw, it w a s not easy to 
represent in a continuous form algebraically, 
and the lack of transition in curvature between 
straights and the circular arc could read 
badly on the large scale of the finished 
monument. The circular arc only applied in 
the case of the Defining Curve itself, the 
other members of the family being made up 
from straights and a second order curve. 
Because of these disadvantages, it w a s 
decided to replace this compound definition 
wi th a smooth curve. A second order curve 
w a s obviously required to eliminate the 
possibility of reversals of curvature occurring 
between control points, wh ich might occur 
wi th a higher order curve. The general second 
order cu rve : 

A x 2 + B y 2 + Cxy + Dx + Ey + 1 = 0 
has five degrees of freedom to be controlled. 

To represent the complete Defining Curve in 
this w a y proved impossible as the architect 
required a near perfect straight line from 
level 0 m to level 21 m (69 ft ) . A full height 
curve could have been used if a maximum 
chord offset between levels 0 m and 21 m 
(69 ft.) of about 100 mm (4 in.) w a s accep
table, but the architect w a s not satisfied with 
this. When this offset w a s reduced by 
adjusting the position of a controlling point, 
a sudden change in the form of the hyperbola 
resulted and two separate branches with a 
gap in the middle were obtained. 

It w a s then decided to keep the straight line 
definition to level 21 m (69 ft.) and introduce 
a second order curve from level 21 m (69 ft.) 
to the top. Four controlling points were 
selected from the original Defining Curve, 
together wi th the condition that it should be 
tangential to the straight portion at level 21 m 
(69 ft.). A close approximation to the original 
w a s obtained. The architect realized the 
infinite possibilities of this procedure, and a 

number of further modifications w a s made to 
achieve the final profile. 
Considerable attempts were made to establish 
a general algebraic expression for the surface, 
and, for the portion below level 21 m (69 ft .) , 
it proved to be of the form : 
A z 2 + Bzx + Czy + Dx + Ey + Fz + 1 = 0 
However the surfaces above level 21 m (69 tt.) 
proved too difficult, as did the obtaining of 
general expressions for normals and parallel 
surfaces and, as these were the main reasons 
for want ing the surface equations, no further 
effort w a s put into this approach. 
At the same time, a parallel line of attack 
produced a numerical solution to the problem 
of surface definition by developing computer 
programs based on the fundamental synthesis 
of the geometry. This did not, of course, 
eliminate the problems of normals and 
parallel surfaces (wh ich still remain unsolved), 
but enabled the global co-ordinates of any 
surface to be obtained at any level, or at a 
number of levels at equal intervals or at 

F i g . 4 Main arch 

Planes 

Containing 

Paranoiac 

8 tqual parts 

.Hyperbola 

Ellipse 

a Half of east elevation of main arch showing 
typical members of the family of defining parabolae 

b Half of east-west section of main arch 
showing the division of parabolae 

c Half of east elevation of main arch 
showing basis of stone rib pattern 

approached the Ministry of Transport about 
this problem and were authorized to carry out 
two model tests at Imperial College under the 
direction of Dr. J . C. Chapman. The models 
were made to 1 :30 scale out of a homo
geneous unreinforced Araldite sand mix, the 
strength of w h i c h w a s designed to ensure 
elastic behaviour through the design stress 
range in tension and compression. They were 
very accurately made and tested. The com
bined compressive stiffness of columns plus 
bearings w a s also simulated as these had a 
signif icant effect on the distribution of 
moments. The effects of differential settlement 
between rows of supports were also investi
gated. The results obtained from the tests 
compared very wel l with the computer pro
gram results (F igs. 9 & 10 ) . under both 
uniformly distributed and point loading cases. 
A report is being prepared at Imperial College 
for the Ministry and may be referred to by 
anyone interested. Once the validity of the 
programs had been established the deck 
analyses reduced to a routine wh i ch , as usual, 
involved the processing of large quantities of 
data. 

In addition to vertical loading, each bridge 

deck is subject to horizontal forces arising from 
vehicle braking and the combined build up of 
forces at the bearings due to deck movement. 
The specified braking force of 45 tons in the 
case of the more sharply curved bridges, 
induces horizontal bending moments in the 
deck, wh i ch do not substantially increase the 
deck stresses but have to be resisted by fairly 
large horizontal reactions at the f ixed and 
guided abutment bearings. The resultant 
horizontal reaction at a f ixed bearing can be 
approximately 100 tons. 
The analysis and design of the abutments and 
columns fol lows standard procedures but 
considerable emphasis is placed on limiting 
both short and long term movements. Crack 
widths are a lways limited to a maximum of 
0.25 mm (0.01 in ) . 

In the case of the A 6 9 4 bridge (F ig . 3 ) , the 
structural system differs from the others in 
that the 22.8 m (75 ft.) main span is a pre-
stressed concrete voided slab because the 
practicable limit for a reinforced slab is 
exceeded. In addition, hinges have been intro
duced in the two reinforced concrete side 
spans to al low for differential settlements of 
up to 50 mm (2 in.) between the columns and 

F i g . 7 above 
Consett North Overbridge : equivalent 
curved grillage (Program OA 108) 

F i g . 8 b e l o w 
Consett North Overbr idge: arrangement of 
triangular 2D elements for finite element 
analysis (Program OA 115) 
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F i g . 4 above 
Perspective plot of Consett North Overbridge 
(Program OA 160) 
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F i g . 5 above 
A694 Underbridge (Drawing by courtesy of 
Renton Howard Wood Associates) 
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F i g . 6 
System of external forces, acting at 
bearings, for a typical medium span bridge 

intervals equal to the characteristic stone 
heights. 
Plane s u r f a c e s 
The plane surfaces are vertical and inclined 
slightly to one another as shown in Fig. 3. 
They rise from the boundary of the main arch 
to the top of the monument. 
S u r f a c e of the main a r c h 
The main arch surface takes the form of a 
saddle. It is bounded below by inclined wal ls 
at level 12 m (39 ft.) and above by the 
vertical plane wal ls . The lower boundary is a 
horizontal straight line. The arch base curve 
is ell iptical, tangential to the wal ls at level 
12 m (39 ft.) with its c rown at level 21 m 
(69 ft .) . 

The form of the upper boundary is very much 
governed by the form of the Defining Curve. 
As with the latter, it is defined in its projection 
in the y -z plane. It w a s originally drawn by the 
architect in three parts : 
1 a straight portion from level 12 m (39 ft.) 
to level 23 m (75 ft .) , wh ich w a s coincident 
with the inclined springing wal ls below level 
12 m (39 ft.). 
2 an upper straight portion wh ich coincided 
with the continuation of the lower straight 
portion of the Defining Curve and 
3 a circular arc tangential to both of these 
straights. In order to remove the visual effects 
of abrupt changes in curvature wh ich would 
result from this compound curve, the original 
definition w a s replaced wi th a single second 
order curve of the same general form as that 
used for the Defining Curve. This, straight
forward algebraic form would also help to 
simplify the overall surface definition. Four 
points were used as controlling conditions for 
determining the equation, together wi th the 
condition that it should be tangential to the 
inclined wal ls at level 12 m (39 ft ). 
The surface is formed by a family of parabolae. 
These lie in planes wh ich are normal to the 
ellipse where they meet it, and intersect the 
boundary hyperbola in such a way as to divide 
its projection on the y-z plane into equal arc 
lengths. Th is is shown in Fig. 4a. The para
bolae are in turn divided up as shown in Fig. 
4b. The nodes so formed are then joined to 
form the marble rib pattern wh ich is required 
(F ig . 4 c ) . The final form of the ribs wh ich are 
curved is shown in Fig. 6. The surface defined 
above corresponds to the outer surface of the 
ribs. 
Much effort w a s expended in an attempt to 
define the surface algebraically but the rigid 
constraints in form and boundary prevented 
this, or perhaps experience of a similar 
unavail ing task performed for the Defining 
Curve surfaces made surrender too easy. The 
geometry w a s . therefore, again evaluated by 
numerical techniques. Computer programs 
were used to determine the actual boundary 
intercepts; the co-ordinates of the curved 
ribs at increments along their length and 
horizontal section co-ordinates of the outer 
surface. 
S u r f a c e of the minor a r c h 
This arch forms a side entrance to the main 
arch area. It has a constant section of a form 
similar to the upper boundary of the main 
arch. 
In terna l s t r u c t u r e s 
Although the external surface is of the greatest 
importance there is a large volume of space 
inside the monument, and the architect has 
chosen to fill this wi th a number of interesting 
reinforced concrete structures. 

F i g . 5 Typical pattern of marble cladding 
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V 

F i g . 6 
East -west section through main arch 
showing stone rib pattern 



Dome 
Situated near the top of the monument is a 
dome about 10 m (33 ft.) high. The geometry 
of the dome is based very much on traditional 
Iranian architecture, the dome being the 
standard method in Iran of enclosing large 
spaces. They are commonly made of mud 
bricks and lined internally wi th coloured 
ceramics. 
The dome in the monument is a multi-facet 
surface made up of triangular planes, of 
wh i ch there is considerable repetition. The 
layout of these elements and a section are 
shown in Fig. 7. 
A s can be seen from the plan, the geometry of 
the dome is governed very much by the 
external wal l profile of the monument at the 
level at wh i ch it occurs. 
The triangular elements wi l l be of precast 
white bush-hammered concrete wi th cera
mics and coloured glass lights as decoration. 

F i g . 7a above r ight 
Plan of the dome 

F i g . 7b b e l o w r ight 
Section through dome 

F l o o r s 
The geometry of the major floors wh ich occur 
above level 21 m (69 ft.) is a function of the 
internal profile of the monument at their 
respective levels. 
Floor at 23.4 m (77 ft.) 
A section through the monument at this level 
includes a profile of the main arch, presenting 
an internal space in the shape of an egg timer 
(F ig. 8 ) . The floor at this level spans by means 
of ribs from wal l to wa l l , wi th a support on the 
crown of the arch. The ribs have profiles 
similar to that of the main arch section at this 
level. The internal profile at level 23.4 m 
(77 ft.) w a s obtained from the external one. 
and a best fit second order curve found to 
represent this. The rib profiles were then 
obtained at increments along their length to 
give the profiles shown in Fig. 8. 
Floor at 33 m (108 ft.) 

The main arch surface ends below this level 
and the section at level 33 m (108 ft.) is 
typical of the upper levels of the monument. 
The geometry of the ribs of this floor is based 
on the boundary wal l profile at soffit level. 
The rib profiles are set out in a floral pattern 
from circular arcs as shown in Fig. 9a. The 
ribs corresponding to this setting-out are 

32 shown in Fig. 9b. 
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A 6 9 4 Underbridge 
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F i g . 2 
Consett North Overbridge 

F i g . 8 
Plan of the floor at 23.4 m 

A \ / \ / / \ \ / 
> 

7 i r \ i 
' A 

F i g . 9a above 
Plan showing the geometry of the rib / / pattern of the floor at 33 m w / 

K N / / / A 
\ V 7 

i >:< 
v v A \ / / f \ \ / / 

w / 
_ 1 V - J L. 

7 \ T-

/ / 

F i g . 9b r ight 
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Floor at 39.5 m (130 ft.) 
This floor is bounded on the outside by a 
typical external wal l profile and on the inside 
by the dome, and spans between the two. 
The soffit of the floor is not visible and a 
sophisticated expression of the rib geometry 
w a s not required for architectural reasons. 
The geometry chosen, for purely structural 
reasons, gives a floor structure of radial ribs, 
enabling economical precasting of 36 ele
ments to be achieved whi le taking account 
of the dome boundary and the varying 
perimeter line. Fig. 10. 
Floor at 43.5 m (143 ft.) 
This floor comprises two conical surfaces, 
resting on a flat boundary slab (F ig . 11 ) . 
The inner cone forms a parapet to the edge 
of the floor, leaving a gap between itself and 
the dome to al low light to penetrate to lower 
floors. The geometry of this cone, wh ich 
consists of twelve planes, is related to the 
geometry of the dome at this level. The base of 
the lower cone is set out from the external wal l 
profile at this level as shown in Fig 1 1 . In 
order not to introduce warped surfaces, both 
the top and the soffit of this part of the floor 
are stepped. 

S t r u c t u r e s b e l o w ground level 
In order to remove the need for ground level 
door openings wh ich would interfere with 
the surface of the monument, the internal 
space is entered by means of an entrance 
tunnel and a basement. Both of these are of 
reinforced concrete. 
B a s e m e n t 
The basement occupies a volume about 21 m 
(69 ft.) x 16 m (52 ft.) x 5 m (16 ft.) high, 
occurring between the buttress legs as shown 
in Fig. 12 and wil l be used for display pur
poses. The roof has to be able to support 
loads caused by heavy vehicles wh ich may be 
required to pass under the arch on festival 
occasions, and so the structural form used 
has to be efficient. To combine this require
ment wi th the need to provide an interesting 
space architecturally, a two pinned portal 
structure of varying cross section spanning 
in the shorter direction, is used. Th is produces 
the internal folded effect shown in Fig. 1 3. 
E n t r a n c e tunne l 

The basement is entered by means of an 
underground entrance tunnel wh i ch begins 
about 30 m (98 ft.) from the basement with 
steps down from ground level to underground 
cloakrooms and a ticket office. The tunnel 
itself also has a folded form but this has no 
structural signif icance. The form is shown in 
plan and section in Fig. 14. 
C o n c l u s i o n 
This article has concentrated on the develop
ment of the geometrical forms used in the 
monument. The further development of the 
material and structural forms is another story. 
Ove Arup & Partners' contribution to the 
geometrical form has been described in some 
detail, but it must be pointed out that the 
inspiration for all the forms used came from 
the architect, Hossein Amanat of Teheran. 
His design w a s selected from a national 
competition for a monument for this import
ant celebration. It w a s because of the archi
tect's tenacity in keeping, and improving 
where possible, all his original ideas that the 
problems described here had to be faced and 
solved. 

The contract has been let to an Iranian 
firm, the M A A P Construction Company and 
the work up to ground level is now complete. 
The marble is being cut, and the task of con
struction of the superstructure has just begun. 
Robert Af ia is our resident engineer for the 
project. 
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Lobley Hill South Overbridge 
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Bridges on the 
Gateshead Western 
Bypass 
Keith Ranawake 
Duncan Calkin 
Ian McCulloch 
Chris Slack 

I n t roduc t ion 
The Gateshead Western Bypass is the first large 
road and bridge project wh ich w e , as a firm, 
have designed in this country. This article is 
concerned wi th the bridges wh ich form about 
27% of the total contract value of £5.5 m. 
It is intended that a further article concerning 
the roadworks and the soil mechanics aspects 
of the project wi l l fol low. 
The bypass runs from the southern end of the 
Team Valley Trading Estate to the new 
Scotswood Bridge, carries traffic from the A1 
and also acts as part of the local road net
work in the Gateshead area. The road runs 
through both rural and urban surroundings 
and there are five grade separated interchanges 
along the total length of 5% miles. The 
topography of the site and the rather difficult 
ground condit ions, wh i ch include areas of old 
mine work ings, have combined to create 
difficulties at each bridge location. Care has 
been taken to give all the bridges a common 
and unobtrusive character and w e have 
worked closely wi th Humphrey Wood, of 
Renton Howard Wood Associates, to achieve 
this. 

M e d i u m and s h o r t s p a n b r i d g e s 
Design 
These bridges were designed wi th the fol low
ing standards and objectives in mind : 
1 The layout of the bridge decks to be 

determined as far as possible by the most 
efficient road layout. 
2 Economy. 
3 Minimum visual obstruction from abut
ments and piers. 
4 Consistency of form and detail. 
The first condition resulted in a large range of 
deck layouts. Horizontal al ignments range 
from straight to those wi th considerable 
curvature and skew. Vertical alignments take 
the form of constant grades, circular curves or 
sinusoidal curves. 
Economic considerations necessitated the 
inclusion of supports in the central reserve of 
the bypass. This reduced the maximum span 
to approximately 1 5.2 m (50 ft.) except for the 
A694 bridge wh ich has a central span of 
22.8 m (75 ft.) 
All the bridges have been designed with open 
abutments because they give minimum visual 
obstruction and. for this project, proved to be 
marginally cheaper than closed abutments. 
Various types of deck construction were 
examined and costed. It w a s found that the 
unit deck costs for in situ concrete slabs, 
composite steel and concrete construct ion, and 
prestressed precast concrete beams wi th in 
situ topping, are comparable for use in 
straight bridges. However, the considerable 
variation in the horizontal geometry of "the 
decks made it clear that cont inuous in situ 
reinforced concrete slabs of constant radial 
cross-sect ion provided the most practical and 
economic solution for spans up to 18.2 m 
(60 ft .) . A span to depth ratio of about 1 :20 
limits deflections to acceptable levels. Static 
to transient loading ratios are generally in the 
region of 2 : 1 . 

The deck slabs are supported at discrete 
points by columns usually arranged in 
parallel rows wh ich are also parallel to 
abutment lines (see Figs. 1 , 2 & 3 ) . The co l 
umns have been designed using one rec
tangular cross-sect ion only. It would have 
been possible to arrange the columns and 
abutments in radial lines but this would have 
made the decks longer and wou ld not have 

suited the topography so we l l . Each bridge 
deck is anchored at one point to one abut
ment and free to move in one direction 
only at the other abutment (F ig . 6 ) . Three types 
of mechanical bearings are used at the abut
ments ; f ixed point, guided uni-directional and 
free multi-directional. Al l bearings permit 
rotations in three directions. At the co lumns 
the deck is supported on pairs of laminated 
rubber bearings to the same specif icat ion. 
These permit horizontal movement up to 
38 mm (1 54 in.) and have the same shear 
sti f fness in any direction. 

Abutment beams are supported on spread 
footings, buttresses or piers. Where piling is 
necessary, bored cast in situ piles up to 610 mm 
(2 ft.) diameter are used, some of w h i c h are 
raked at anchor abutments. Columns are 
canti levered off the bases wh ich bear on 
spread footings or piles. 
In accordance wi th Ministry of Transport 
requirements, the bridges have been designed 
for full HA loading and checked for 45 units 
of H B loading. 
Analysis 

The bridge decks and all other structural 
members have been analyzed elastically. 
The preliminary deck analyses were rather 
crude but w e were able to make reasonable 
estimates of upper bounds for individual 
column loadings and for the total longitudinal 
bending moments at particular sect ions. 
Estimates of transverse bending moments and 
torsions were less satisfactory but. in any 
case, they are considerably less than the peak 
values of longitudinal bending moments. 
The final analysis of individual decks has 
been carried out using grillage programs, or 
P. L im's finite element plate bending program 
at Imperial College (F igs . 7 & 8 ) . The equi
valent grillage in the curved decks is formed 
using straight radial and curved c i rcum
ferential members. At the time these analyses 
were being carried out, neither the curved 
grillage program nor the finite element pro
gram had been fully tested. We therefore 

Text continued on page 7 

F i g . 12 
Plan at —5 m showing the area occupied by 
the basement 

F i g . 13 Basement 

a Elevation of the basement wal l 

b Cross section of the basement 

F i g . 14 Entrance Tunnel 

a Plan of the entrance tunnel 

b Longitudinal section through 
the entrance tunnel 

I, 
35 



4 

THE ARUP JOURNAL 

MARCH 1970 

a ? 

m it -

6' 


