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leaving an entrance of 160ft. on either side. To 
form this mole the ship which had conveyed a 
huge obelisk from Alexandria to Rome for CaliguJa's 
Circus was filled with concrete and sunk. Great 
concrete ma ses were then piled on the top of it 
wttil the mole reached the surface. A lighthouse 
after the model of t he famous Pharos of Alexandria 
was built on this island mole. The circular part 
of the main northern breakwater was constructed 
upon arches in the hope that the current would 
prevent accumulations of sand. The southern 
breakwater was solid throughout, to prevent the 
entrance of drifting silt and sand from the mouth 
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of the Tiber. The depth of water in the basin 
is unknown, but Sir John Rennie estimated that 
it would range from 15ft. to 20ft. at low water. 
The area wn,s a bout 130 acres. At the upper end 
of thjs main ba in was a smaller one 1200ft. long 
and 520ft. wide, covering an area of about 7 acres. 
It was separated from the main basin by an island 
mole similar t o that in the main entrance. A 
very large portion of the harbour was dug from 
the mainland, and it is said that this involved 
the excavation of 0 million cubic feet of earth. 
In spite of the vast amount of money and care 
expended on this work the harbour was not a 
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success. Tacitus reports that 200 ships were 
sunk in the harbour itself during a storm in A.D. 62. 
Trajan (A.D. 92-117) added an inner ba!>in, 
hexagonal in shape, with an area of about 70 
acres. Claudius had dug two canals, running 
parallel to each other, connecting the harbour 
with the sea and the Tiber. Trajan took 
up part of one of these canals in creating 
his new basin and he filled up the other. He 
then dug a fresh canal, which has since become 
the mouth of the Tiber, the river having deserted 
its old course. The harbour was well provided 
with quays, transit sheds, and store houses, 
some of which were finished, regardless of expense, 
with marble tiling. 

The R oman engineers were right when they 
advised against building this harbour. The 
forces of Nature were against it from the beginning, 
and to-day the remains of the great port of Ostia 
lie buried in sand a mile from the shore. The 
tendency must have begun to become obvious 
even in the reign of Trajan, for be took measures 
to provide a new harbour for Rome a little higher 
up the coast. The result was the harbour which, 
under its modern name of Civita Vecchia, is now 
the principal port of Rome. Centum Cell~, to 
give it the name by which it was then called, 
was planned and bui lt on precisely the same 
principles as those employed at Ostia, except 
that in it the island mole overlapped the ends of 
the main breakwater, instead of lying between 
them. T he harbour, as its name implies, was 
provided with 100 covered cell~ , or docks for 
warsrups. 

The R oman Empire was followed by a period 
of more than 1000 years of quiescence, or even 
retrograde action, in harbour engineering. I 
know of no great harbours, such as those which 
I have described , that were built during the dark 
periods of the Middle Ages. We have to wait 
till the great engineering revival that began 
about the middle of the eighteenth century 
before we find such ambitious schemes again 
attempted. 

It is, however, interesting to study the debt 
we owe to the ancients. The similarity of their 
treatment of problems to the methods of the 
modern engineer is, as I have t,ried to show, 
in many cases very remarka ble. I have touched 
only the fringe of the subject, but that has been 
sufficient to convince me that it is one well worth 
deeper study and research. 

Failure of the Tacoma Bridge, U.S.A. 

ONLY in July last there was brought to comple
tion in the , 'tate of Washington a great sus

pension bridge, acros · tho Tacoma Narrows of 
Puget ound, intended to connect Tacoma with the 
Olympic Penin ula. This bridge, the . ite of which 
i hown in the accompanying map, had the third 
large t centre span in the world, 2 OOft. long. On 
Thur day, November 7th, according to the non
technical accounts which are o far the only ones 
to reach this country, it " broke in half." An 
exact technical account of the manner of failure 
will be awaited with interest, for the type of bridge 
concerned is one which the Americans have 
developed in a remarkable fa hion in recent years, 
and of which there are many famous examples. 

o far, the only clue has been provided by the 
story of a venturesome reporter who " 'vhen it was 

·first seen to be cracking " had the temerity to drive 
out upon the bridge in his car, and " only escaped 
by crawling 500 yards, while the road bed was 
t ipping to an angle of 45 deg." There were no 
casualties, as no one else was on the bridge at the 
time. The following short description of the bridge 
is based in the main on an article by Clark H . 
Eldridge, wruch recently appeared in our American 
contemporary Oi1Jil Engineering, published by the 
American ociety of Civil Engineer . The engrav
ings have been reproduced from the same source. 

The Tacoma Bridge had a length of 5000ft ., 
made up of a central pan of 2800ft. and two side 
spans of 1100ft. It carried a two-lane 26ft. road
way, Banked by a 4ft. 9in. footpath on each side, 
and had a maximum clearance above water level 
of 196ft. Work upon its construction was 
st arted on November 23rd, 193 , and the con
tract was awarded to a combination of firms, 
consisting of the Pacific Bridge Company, of San 
Francisco; the General Construction Company, of 
Seattle ; and the Columbia Construction Company, 

of Bonneville. The steelwork of the superstructure 
was sub-contracted to the Bethlehem Steel Com
pany. Wire for the cables was supplied by John 
A. Roebling 'ons Company. The bridge was 
designed and constructed under the general direc
tion of Lacey V. Murray, chlef engineer to the 
Washington Toll Bridge Authority and Director 
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of Highways, advised and as isted by a consulting 
board. Clark H . Eldridge, bridge engineer of the 
Wa hington Toll Bridge Authority, was in direct 
charge of design and construction. There was 
therefore no lack of techrucal knowledge and ability 
amongst those responsible for the design of the 
bridge. 
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At the site of the bridge the channel that was 
crossed i · deep . In view of the fact that, owing to 
the limited funds available, the bridge was to carry 
only two lines of traffic and would therefore. be 
narrow, it was considered de irable in the destgn 
stage to make the central span as short as was 
practicable. But it was also desirable that the 
pier should not be founded at too great a depth 
below the surface of the water, not only because 
the depth would introduce diffi culties, but also 
because the tides in Puget Sound at the site of the 
bridge race along the channel at speeds up to 

ARTIST'S CONC EPT OF COMPLETED BRIDGE 

8! m.p.h. The actual depths below water at which 
the piers were founded are 175ft. and 224ft. for 
the West and East piers respectively. They were 
founded on sand and gravel. The methods used 
by the contractors to found and to build up the 
piers in such conditions at such a depth must have 
been of great interest , but we can only say here 
that the work was done by means of reinforced 
concrete bottom door caissons, 66ft. wide by 120ft. 
long, forming the bottoms of the piers, and that 
much of the concrete was tremie poured. In view 
of the rondition.~, a centra l span of 2800ft. was 

WEST TOWER 

cho en which gave a , pan to width ratio of 72. 
This figure '"a higher than had been adopted on 
any other bridge, and introduced in consequence 
a considerable degree of flexibility. A stiffening 
system, consisting of two ft. girders at 39ft. 
centres, together with a floor system of stringers 
and laterals, wa therefore introduced into the 
deck design, and the influence of the concrete 
road slab, 5lin. thick, wa also considered in the 
computations. The design of the main girders was 
controlled principally by the lateral forces. Their 
fin. plates were stiffened to ensure the participa
tion of the entirC' girder system in compression . 
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Latera l loading was taken as 30 lb. p er square foot 
on 1! times the projected area and on the live load. 
It wa calculated that under a strong wind t he 
transver e movement at the centre of the spa n 
would reach a maximum of about 20ft. I n fact , 
t he bridge obviou ly did move by considerable 
amounts, for oon after it wa opened it is aid it 
developed a weaving motion a lways accentuated 
by the wind , which won for it the nickname 
" Galloping Gertie." 

T he towers that carried the cables rose to a 
height of 420ft. a bove the water. An accompa nv
ing engraving illustrates one of them under co~
struction , and a, drawing shows the cruciform cross 
section of each leg. They were made up of stiffened 
plates a,nd angles, with bracing provided by four 
deep horizonta l struts. The cables, a,t 39ft. centres, 
were a nchored at each end into great blocks of 
concret e, 20,000 cubic ya,rds in volume, founded , 
like the pier. , on sand and gravel, 80ft. above a 
stra,tum of clay. Compared to other bridges, the 
ca,bles were tiff, and they had a sag ratio of 
12 to 1. The cable saddles were all-welded struc
tures. Other matter of design interest that may 
be m entioned a re the a,llowa,ble stresses used in 
calcu lations . Concret e was permitted to carry 
compre sive stre s limited to 900 lb. per square 
inch , and t eelwork and steel reinforcement was 
not . tre ed beyond 18,000 lb. per square inch . T he 
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TYPICAL SECTION THROUGH TOWER LEG 

main piers were proportioned for fa tigue loads of 
12 tons p er square foot from combinations of dead 
load, live load, temperature, wind, tidal currents, 
a nd wave an d ship impact . 

It is not, of course, possible at this stage t o 
a,ttempt to assign a reason for the failure of the 
bridge. It ma,y be remarked, however, in relation 
to t he very high span to width ratio that there has 
been a steady t endency in America,n susp ension 
bridge design t o increase this figure, while at the 
same time increasing the sag ra,tio of the main 
cables a nd decreasing rigidity in the stiffening 
trus es. This action has resulted in a transference 
of re lative weight from the truss to the cables. 
The s pa n to width ratio of the Tacoma Bridge 
at 72 may be contrast ed with the comparable 
figure of 4 for t he Golden Gate Bridge at San 
Francisco, it elf at the time of its design consider
ably higher than that of any earlier bridge. In 
view of the lack of experience with such narrow 
bridges, it was considered desira,ble to study the 
proba ble behaviour of the Tacoma Bridge by 
means of a dynamic model, work which was 
carried out at the University of Washington while 
the bridge was actua lly under erection . I t was 
expect ed the investigations would be complet ed 
before the completion of the superstructure, so that 
ad va,ntage could be t a ken of them in the final 
arrangements of the centra l span in " damping out 
a ny set wave pattern." Whether this investiga
tion was, in fact , complet ed and what were its 
conclusions, we are not at present aware. 

Bridge designers in this country will await with 
interest t he outcome of a ny inquiry that may be 
held to discover the cause of t he fa ilure of the 
bridge. 

CALcnnt CARBIDE TN DEMAND.-The expansion in the 
German synthetic rubber, artificial fibre, and numerous 
other industries has been accompanied by a pronounced 
increase in the demand for calcium carbide, and nearly the 
whole of the Norwegian output is stated to be going to 
the Reich. Official data are lacking, but it is estimated 
that as early as 1938 German carbide output had reached 
about a million metric tons, compared with the 600,000 
tons of 1934 and only 275,000 tons in 1929. Recently 
erected carbide furnaces in Germany are said to have a 
daily capacity of 150 tons, with an electricity consumption 
of 20,000 to 30,000 lrilowatts. Lignite is the principal 
source of electric energy fo r the industry in t he Rhineland 
and Central Germany. 

THE ENGINEER 

Foundations of the Electrical 
and Mechanical Transmission 
of Energy* 

BY Paonsson W. M. THORNTON, O.B.E., D.Sc., D.Eng. 

(Continued from page 303, N ovembtr 8th) 

How ENERGY IS UTILISED 

AT the end of a line where power is utilised t here 
must be a relaxation of the electric field in order that 
energy may be transferred. The argument for this 
is that the current is the same throughout the circuit. 
It is therefore not the magnetic field that, by its 
relaxation, enables energy to flow, but the electric 
field in the insulation. When and where this falls 
to zero energy ceases to flow. To take t he simplest 
case of a generator supplying a motor (Fig. 7), 
the electric fiold i'> across the space between t he 
positive ancl n<'gative mains. I n the positive main 
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FIG. 7 

the current flows from the generator to t he motor, 
in the negative from the motor to the generator ; 
but by Poynting's rule the direction of Bow of energy 
is towards the motor in both mains. The two energy 
streams are in parallel ; one enters the positive 
terminal of the motor, the other the negative pole. 
They meet at the centre of the motor armature 
winding. Earthing the negative or positive terminal 
makes no difference to tlus fiow. It only increases 
the r isk of shock to the operative. The object of 
designing a motor to have a back E.M.F. nearly 
equal to t he line voltage is merely to hold back the 
current at tho highest voltage allowed on the insula
tion of the system. The current itself is caused by 
and proportional to tho difference between the applied 
and back E.M.F. No useful energy enters the copper 
of the armature winding ; all that does enter stays 
there, we repeat, as heat. The energy that drives 
the motor streams a long the insulation of the winding 
and enters the insulation between the iron stampings 
of the armature core, passing out of it into the metal, 
partly to supply hysteresis or eddy current losses, 
and partly to supply the energy of strain of the inter
molecular field that is taken up by the molecular 
structure and handed on mechanically to the shaft. 

In addition to the resistance of an electric circuit 
which causes dissipation of energy as heat there are 
two physical factors connected with the circuit 
which entail t he olastic storage of energy, and that 
are most important in high-voltage transmission 
systems. These are inductance and capacitance. 
The magnetic field associii.ted with a current exists 
in the space around it. How does the energy required 
to establish the field get into that space ? When 
the circuit is closed and the current begins to Bow, 
the magnetism associated with it starts to grow in 
proportion to t he cu rrent, and, as is well known, 
sets up in doing so a retarding electromotive force 
in the circuit, the " back E.M.F. of self-induction. " 
This is along t he wire opposite in direction t o the 
current (Fig. 8). The magnetic field of t he cur rent 
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FIGS. 8 AND 9 

is at right angles to the wire and around it. The 
path of growth of magnetic energy, the Poynting 
flux, is therefore outwards into the space around the 
wire. When ful ly established in a circuit of inductance 
L carrying a current i it has a value t L i 2, the 
so-called kinetic energy of the field. When the circuit 
is broken, the magnetic field collapses into the wire, 
again inducing in it an E.M.F., but now in the same 
direction as the current. This "extra voltage " 
enables the current to bridge the opening gap and 
is made visible in the Bash at break. 

The last of the transmission circuit phenomena 
to be considered is the manner in which the insulation 
of a cable or a condenser acquires the electrostatic 
energy that it has when charged. When a condenser 
of capacitance 0 is connected to terminals carrying 
a. voltage V, an electric field is established between 
the plates or metal surfaces and a ~placement or 
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strain current flows for t he extremely small interval 
of time that this requires (Fig. 9). Around this 
current is the usual magnetic field and the direction 
of the fit> ld is such that energy passes sideways 
into the space between the plates. When a. cable 
is switched on to the bus-bars the energy of the 
charging current lla.shes sideways along t he insulation, 
its wave front at right angles to the conductors. 
When the condenser or cable is discharged, t he energy 
returns from the circuit in the reverse direction 
and again is made visible by the spark a t break, 
whoSE' ('ncrgy is now } 0 V 2 • 

THREE-PHASE SYSTEMS 

Thoro is no diffe•·ence in principle between D.C. 
and A.C. t ransmission, for in the latter case both 
the electric and magnetic fields reverse together 
and the direction of t he energy path does not change 
with that of the current. But if by reason of induct
ance or capacitance there is a difference of phase <p, 
between the voltage and current, the true power is 
E I cos cp. Poynt ing saw this and included it in the 

m~st general form of his theorem P = ~ : cos <p. 

I n single-phase t ransmis ion the flow of energy is 
not steady, but pulsating. In three phase, such as 
is used in ship propulsion, the total power is not 
pulsat ing, but constant. A three-phase transmission 
line carries a stream of energy t hat revolves in space 
at the frequency of the current, resembling an 
invisible and nearly r igid shaft. If the magnetic 
and electrostatic characteristics of the line balanced, 
it would be quite rigid. On the whole, electrical 
transmission of power a long wires is simpler than 
that by mechanical means along shafts. 

TRANSMISSION THROUGH F REE SPACE 

R adio transmission plays a large part in modern 
life, and though the means by which it is done are 
highly technical and complicated the movement of 
energy in free space, once it has left the transmitter, 
is relatively simple. The great masts and aerials 
that we see are in effect condensers to which a very 
rapidly alternating voltage is applied. While a 
vertical antenna is being charged, in the millionth 
of a second, the cutTent is moving upward'> against 
the electric field that is piling up at the top, the 
direction of which is downwards. The magnetic 
field around the antenna is, at the time, right handed; 
the energy flux is therefore away from it outwards 
into space. E very element of volume of space is, 
as it were, geared by an elastic coupling into the 
next, so that an upward electric displacement at 
any point is part of a left-handed circulation in 
an area to the left and of a right-handed circulation 
to the right of it (Fig. 10). The latter as it relaxes 
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induces a magnetic field opposite in direction to 
that in tho format· element, but by P oynting's rule 
the energy of the disturbance still passes outwards. 
It does so in harmonic pulses at twice t he frequency 
of t he wave, of the order of a thousand t illion a 
second in t he case of yellow light. The d isplace· 
ment current in a dielectric or in space is proportional 
not to the electric field as it is in the case of the 
current in a conductor, but to its rate of change, and 
therefore depends on the f•·equency. It is the quantity 
displaced that is proportional to the field. To consider 
this in further detail would require mathematical 
conceptions that are beyond our present purpose. 
Maxwell's theory of electro-magnetic waves in space, 
which was from the first convincing, but considered 
to be difficult, had only two experimental facts to 
suppor t it, thollgh they were sufficient. These 
waves were first proved by direct experiment to 
be real by the work of H ertz. Marconi gave t hem 
practical shape, and a new era opened in which, if 
we except false radio propaganda, which defea ts 
its own end, there have been few evil consequences 
such as have so unfortunately followed t he invention 
of the petrol-driven engine and the aeroplane. 

COMBUSTION 

When wo come to consider t he movement of energy 
in mechanical systems of transmission we encounter 
first the release of energy that is known as combustion. 
When certain molecules, such as OArygen and 
hydrogen, combine, the change from the potential 
energy of attraction to kinetic energy is Yiolent . 
Chemists speak of bonds of attraction between atoms 
in molecules. F or a cent ury these indications of 
potential energy have been represented by lines 
between the symbols of the elements. Sir William 
R amsay, who was one of the first chemists to realise 
tho electrical nature of atomic forces, sometimes 
replaced each of these lines by an e to denote that 


