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THE BEAM AND ARCH IN
GREEK ANTIQUITY A-Ol

1.1 Introduction

During the seventh and eighth centuries BC, Hellenic Greek civilization began to transform
itself from a construction culture dominated by timber to one dominated by stone. Though
evidence is fragmentary, the conventions of Greek monumental architecture developed
during the seventh and early sixth centuries Bc.! In the course of this transition, Greek
builders had to relearn the skills necessary to build with stone. These skills existed in Bronze
Age Greece but were lost for some four centuries before Hellenic Greece emerged.
Classical Greek buildings relied on post and lintel construction. Noticeably absent is
evidence of the arch.

The re-emergence of stone construction in Greece is associated with the development of the
Doric Order, an aesthetic system based on naturally occurring proportions that can be
defined by mathematical ratios related to the square. There is little evidence showing the
development of the Doric Order or its system of construction. It is often posited that the Doric
Order is a direct translation of traditional timber construction to stone.? The validity of this
hypothesis will be examined below.

Using stone to make beams, thus subjecting the material to bending stress, leads to the
question of how the Greeks adapted stone to that purpose. Timber is almost equally strong
in tension and compression, making a regular prismatic section practical. Conversely, stone
resists compression better than tension. If the Doric Order is a system translated from
traditional timber construction, then how was the form of the stone beams adapted, if at all, to
the particular structural characteristics of stone? The second part of this chapter traces the
development of the stone beam in Greek antiquity — including several instances where iron
bars were apparently used to relieve stress in the stone.

The Greeks rarely employed the arch, one of the most structurally efficient forms to make
from stone. Did they know of the arch? If yes, why did they not use it? While technological
pursuits were not considered worthy intellectual exercises in Hellenic Greece, the Greeks
were capable mathematicians and accomplished builders. Was the arch aesthetically
unacceptable, or are there other reasons the arch was not developed? The final part of this
chapter addresses these questions.

! Coulton, p15-16.
% Anderson et al., p67-68; Dinsmoor, p55-58; Coulton p37-41; Vitruvius, p111-113.
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1.2 Origins of Greek Construction

Between 1100 and 700 Bc the Greeks built little or no monumental architecture. During the
eighth century BcC, buildings began to increase in scale in conjunction Greek society’s
growing interest in Greece’s heroic past. Homer wrote The lliad and The Odyssey at this
time. In the seventh century BcC, the Greeks began to build monumental architecture to
reflect their growing power as a political and military entity. The intent was as much to
impress and endure as to create a space in which public activity could occur.®

When the Greeks became interested in monumental architecture, they could look to their
past architectural experience for guidance, develop totally new approaches or combine the
two. A problem with looking in the past was that some older structures were not relevant to
their needs. For instance, during Greece's Bronze Age, circular tholos tombs were
constructed with corbelled vaults. The problem was that such tombs had no place in the
religious and social conditions of the time, therefore the remains of Bronze Age architecture
could not really supply helpful models to the eighth-century architects.* Today, we have
difficulty remembering the building technology employed in the 19" century despite all of the
recorded reference material available to us. How can one expect a people with little or no
written records to adequately apply knowledge and technology not used for three centuries?

It is difficult to trace the evolution of Greek monumental architecture between the eighth and
sixth centuries BC because most of the earliest temples were constructed of wood, which has
long since decayed or been destroyed by fire. What is known comes mainly from the layout
and size of surviving masonry foundations. The remains of terracotta panels used to clad the
wooden superstructure also provide some clues.”

Terracotta was the first new material used by Greek builders in their search for a more
monumental mode of expression. Greek artisans worked proficiently with terracotta. They
produced large, colorful and crisply shaped objects. The use of terracotta was a natural
reaction for builders not yet familiar with monumental techniques, but trying to achieve an
impression of solidity and durability. One longstanding aspect of this experimentation with
terracotta was its use as roof tiles.®

The quest for a ‘permanent’ architecture, which is itself a product of cultural ideas stemming
from civic and spiritual life, ultimately led to the use of stone. The sociological foundation of
ancient Greek culture supports this statement, but technologically it is an incomplete
analysis. Choosing to use stone because of its durability or permanence — compared to
timber — is self-evident. It would be helpful if more were known about how and why the
Greeks learned to fashion stone into specific forms.

® Dinsmoor, p30.

“ Coulton, p30-31.

® Anderson, Spiers and Dinsmoor, p63-64.
® Coulton, p41.

-A2-



Sean C. Dooley - The Development of Material-Adapted Structural Form -  Appendix A-01

S —
Slanting
Cornice Murule Coffers
S Coron =
-terium e E
Li=Leiling 5
g
Horizontal - jaa B
Cornice | % ‘IEEP-—-.+
Triglyph (Tris RIEZE
Metope Ok & Met o)
Regula | 203, o E
Taenia M RCMITR Ay &
Abacus i Guliae gEE”] - #E o E
Bohinis %ﬁ;:?%% % Eﬁ?
) Vg B &
Necking | ‘Eﬁﬁt‘?‘l v%(te, Echiny)
Grooves | N SEI (Anath-
s N e
?‘“‘ & ; '“L Anta
X o %
XN Wik
XX % X
00 (N
St '
-E'F.F mﬁ.
Iy Latferm
By Flute
DORIC ORDER Aris
( Temple of Aphaia, Aegmaj

BC 470-450

Fig. 1: Architectural vocabulary of the Doric Order. (Lawrence)
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1.3 The Doric Order and Material Substitution

1.3.1 The Substitution Theory

The earliest known Greek temples built of
stone during the Hellenic period are
characterized by the Doric Order. (Fig. 1) The
origins of the Doric Order have been much
argued over.’ The principal aesthetic
language is influenced by Greece’s Mycenaen
heritage and its relationship with Egypt, an
important trading partner. It has been said that
the Doric Order is the product of directly
substituting stone for timber, though evidence
is scant.® The earliest stone temple ruins we
know of show a mature command of the Doric
Order, while the woodwork of earlier Greek
buildings has perished.

Accepting for the moment that the Doric Order
in stone represents the translation of traditional
wooden forms into stone then we can repeat
Vitruvius’'s  explanation of what the
architectural details in stone would have been
in wood.® Figures 2, 3 and 4 show the
hypothetical progression from timber
construction, to timber-terracotta, and finally to
all stone.

The straight substitution theory, as proposed
by Vitruvius, concludes that the triglyphs in the
frieze reproduce the ends of beams. The pins
that secured the beams by passing through
the projecting taenia surmounting the
architrave and through the regula became
guttae. The mutules, or projecting blocks on
the soffit of the cornice, are clearly the ends of
the rafters of the roof, likewise with guttae. We
can likewise interpret all the other details as
translations of wood into stone with the
exception of the metopes, which are
interpreted as being the terracotta facing
between the triglyph beam-ends.*°

Fig. 2: Conjectured reconstruction of Proto-Doric,
wooden entablature. (Anderson, after Durm)

Fig. 3: Entablature of the Temple Apollo at Thermum,
showing terracotta frieze. (Anderson, after Kawerau)

Fig. 4: Doric frieze of the Theseum. (Anderson)

’ Dinsmoor, p55-58; Coulton, p37-41; Vitruvius, p11-113; Lawrence, p99-107; Viollet-le-Duc, p51-53.

8 Viollet-le-Duc, Dinsmoor, Coulton.
® Vitruvius, p111-113.
1% Anderson, Spiers and Dinsmoor, p68.
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Contemporary works on the subject typically
accept this interpretation as fact. We can base
such conclusions only on what we have
learned from the terracotta castings that
clearly express the architectural language that
would later be carved more permanently into
stone. The problem is that we can only
assume that these castings did indeed copy
the wood architecture they were meant to
aesthetically replace and functionally protect
from deterioration.

1.3.2 The Possibility of Outside Influence

To state that the stone temple is a
reproduction of its timber counterpart ignores
the possible influences on Greek building
traditions from the various Greek colonies and
other kingdoms where stone construction
technology was still current. The Greeks were
not technologically isolated. By the early
eighth century BC there was a Greek trading
settlement in Syria and a Greek colony
established on the west coast of Italy, the first
of a whole series of colonies founded in the
later eighth and seventh centuries on the coast
Fig. 5: Upward tapering column from Temple of of Sicily and south Italy. In about 660 BC, the
Karnak in Thebes, Egypt. 1530-323 BC. (Gillispie and Egyptian pharaoh Psamtik I, known to the
Dewachter) Greeks as Psammetichos, gained control of
his country from the Assyrians with the help of
lonian and Carian mercenaries. From then on
there was close contact between Greece and

Egypt."*

The basic forms of Doric architecture had been
created by the beginning of the sixth century.*
William Anderson suggests that the wooden
columns of primitive Greek architecture had no
relationship to the Doric column, and that the
Greeks imitated the latter from certain
Egyptian stone columns.*

Doric columns taper upwards like Egyptian

Fig. 6: Downward tapering columns, Chossus, )
Mycenae. ¢.1600 Bc. (Lawrence) columns, not downwards like those of the

™ Coulton, p32.
2 coulton, p32.
'3 Anderson, Spiers and Dinsmoor, p62.
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Bronze Age, and the number of flutes in most early Doric columns is sixteen, an easy
number to produce, but also the number commonly used in Egypt'* (Figs. 5 and 6)
Conversely, there is not sufficient evidence to determine whether or not the wood columns of
the seventh and eighth centuries BC were cylindrical or tapered and oriented up or down.™

Anderson and Spiers write,

The heavy proportions of the earliest known Greek Doric columns of stone, little
more than four diameters high, and the fact that from the very beginning the
echinus formed an essential feature between the shaft and the abacus, while the
abacus was of much greater width than the upper diameter of the shaft, militate
seriously against the theory that there was any connection between the Greek
Doric column and the so-called “Proto-Doric” examples at Beni-Hasan or at
Karnak and Der-el-Bahari in Thebes.®

However, early stone columns were noticeably thicker then their wooden counterparts and
more similar in proportion to Egyptian columns.'” Anderson proposes that the well-known
timidity of the Greeks in stone construction would be enough to account for the sudden
thickening of the proportions when translating from a prototype hitherto of wood.’® A
recurring theme that will emerge later in this text is the idea of stability during construction. A
slender column requires a higher level of construction management to ensure it does not
topple. That Greek columns would later become more slender may just indicate the inferior
state of construction technology and management at this early date.

FEY )

Coulton cites further evidence to support the [I',-"lhI i ' l‘h ] ’-.']E
[ WY

influence, though not conclusively. The early
Doric capital, for instance, finds close parallels
in Greek architecture of the Bronze Age. The
Doric architrave, roughly square in section,
and crowned by a continuous projecting band
(laenia), also has parallels in Egypt, although
strictly the projecting band there belongs to the ;
cornice. (Fig. 7)  However, the peg-like fig 7: compare similarities of the entablature of this
projections on the Doric architrave have no Egyptian temple to the Doric Order. Grand Temple of
. Edfou. 237-57 Bc. (Gillispie and Dewachter)

precedents in Egypt or Bronze Age Greece,

and, Coulton concedes, are probably derived from functional pegs in wooden construction,
although that need not mean that such pegs appeared in primitive architecture in those
particular positions.*®

While the possibility exists that the Doric Order was influenced by the architecture of Egypt
and Bronze Age Greece, the evidence is not conclusive in light of how little we know of the
actual form of the wood architecture that preceded the emergence of Doric construction.

“ Coulton, p39.
> Anderson, Spiers and Dinsmoor, p65.
16 * Anderson, Spiers and Dinsmoor, p67.
" Coulton, p39.
Anderdon Spiers and Dinsmoor, p67-68.
19 Coulton, pp39,41.
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1.3.3 From Wood to Stone? — Columns

The normal principle involved in the construction of the wood temples was probably the post
and lintel using simply supported beams. The actual form of these earlier wooden columns
is unknown. In Anderson and Spier’'s second edition?’, they suggest that the columns may
have tapered downward in accordance with Mycenaean precedent,” but there is no actual
evidence to conclude that. If Doric columns are to be considered as copies of the wooden
columns, then the wood columns should have tapered upwards.

Coulton writes,

The slender proportions of early stone Doric columns, with heights of 6.5 to 7
diameters, are often cited as evidence for their derivation from wooden
prototypes. Since the Greeks themselves for centuries made lonic columns in
stone with heights of 9-10 diameters, the argument is weak. As recent
vernacular architecture shows, wooden posts are likely to have a height of 10-20
diameters and a spacing of 7-15 diameters.? If, as is likely, the Greeks made
wooden columns with a height of 6.5-7 diameters and a spacing of about 4
diameters, they were probably imitating the effect of stone columns in wood, not
vice versa.?®

On the Greek mainland, one of the earliest peripteral temples of which remains have been
found sufficient to determine its approximate form is the temple of Apollo at Thermum in
Aetolia. This temple has five columns on the fronts, fifteen columns on the flanks, and a
single row down the center of the cella in order to carry the roof. (Fig. 3) The cella walls
were of unburnt brick.”* Only the footings of the columns were of stone; the columns
themselves and the entablature were of wood. The diameter of the columns in temple of
Apollo at Therum have been determined to by 0.80 m (2 ft 7.5 in), based on the size of the
stone footings. If this diameter is multiplied by 7 diameters to calculate their height, then they
would be 5.60 m (18 ft 4.5 in) height.

The temple of Apollo’s wood columns may have been dimensioned as they were for three
reasons: 1. Dressing the tree trunk close to its original diameter would require the least
effort. 2. Keeping the trunk round made for easier transport as it could be rolled on the
ground. 3. Using a stout column would make construction easier since it would probably
stand without temporary bracing. Care would have been taken to avoid accidentally bumping
already standing columns when raising adjacent ones or hitting the top of the unbraced
column while installing the entablature.

Therefore, Coulton’s argument that wood may have been a substitute for stone can be
refuted for constructive reasons and the case for substitution is supported. It is, however,
important to note that the proportions are more likely designed for stability during
construction, and perhaps to minimize fabrication effort, rather than in-service stresses,
buckling or other structural reasons.

20 Anderson and Spiers, The Architecture of Ancient Greece, 1907.

L Anderson, Spiers and Dinsmoor, p65.

2 Coulton, after Payne, p37-38.

23 Coulton, p38.

2 Being unburnt brick made this material inadequate to be employed to construct columns or structural walls, like
the Romans would later do so proficiently.

-AT -



Sean C. Dooley - The Development of Material-Adapted Structural Form -  Appendix A-01

1.3.4 From Wood to Stone? — Entablatures

Due to the lack of direct evidence, we can only rely on terracotta fragments, especially those
of Thermum, to indicate the form of the original wood structure making up the entablature.
Thus, we must accept the unverifiable interpretation that the terracotta details are literal
models of the original wooden features in the primitive entablature as described by Vitruvius
and generally accepted ever since. There have been alternatives suggested, variously
drawing from similar details found in Egyptian, Agean, Mycenean and Greek Bronze Age
precedents. These alternatives are not any more provable than straight substitution.

1.3.5 Conclusion on Substitution

Coulton argues that none of the archetypical Doric details seems to arise naturally out of the
simple wooden structures of a primitive society, although they could have been built out of
wood. They involve beams carefully sawn to shape — often specially sawn into two pieces so
that they can be joined together again by thin planks necessary to explain other features of
the Doric system. He would expect primitive builders to use the saw sparingly.?®

Elsewhere, Coulton writes,

The evidence seems to suggest... that the Doric Order was not the result of a
slow development, and there is no reason to believe that it represents a
coherent structural system in any material. Rather it was the invention of a
builder or a number of builders in the north-east Peloponnese who, around the
middle of the seventh century, were trying to create a monumental style in
architecture.”

Coulton defeats his own argument because it is logical that the literal translation of
architectural details that evolved over a century or two in wooden temples would perfectly
explain why the emergence of Doric architecture is marked by such an apparently advanced
and mature state of design. To that end, while the evidence for substitution is not
compelling, because there actually is no physical evidence of the timber construction to
reference, the typical interpretation as described by Vitruvius seems appropriate in light of
the substantive evidence given by the terracotta moldings.

The question that | am concerned with is to what extent did the Greeks adapt their
architectural language, particularly with respect to proportion, as a result of the very different
properties of wood and stone. Coulton actually addresses this above when proposing that
the timber architecture was actually a substitution for stone. Perhaps the Greeks did indeed
draw upon their own Bronze Age history, as well as the knowledge gained from their
relationship with Egypt, to come up with a new temple form appropriate to their needs. The
choice to use wood can be logically explained by the fact that large stone works were not
produced in Greece for over three centuries, thus the technical competence did not exist.
Furthermore, Greek civilization was just emerging, being in the beginning stages of a kind of
renaissance. Economics was certainly a factor in building their first constructions in timber
rather than stone. As the Greek civilization grew in wealth and technical competence, stone
architecture emerged, not because it was not considered before but because the conditions
did not favor its use.

%5 Coulton, p37-38.
%6 Coulton, p39.
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According to the evidence that is available to me, it would appear that the temples built of
wood were built of conservative proportions for that material, particularly with respect to
span. It would help if I had more information concerning foundations found of the wood
temples that would indicate more about column diameter and spacing. There just is not
enough information to say that proportions were initially changed because of material
concerns. In fact, it appears spans grew larger with the stone, and the Greeks did invent
new forms and construction practices to address those conditions.

1.4 Tools of Construction

1.4.1 Construction Knowledge

The knowledge of how to build the monumental stone architecture of the Bronze Age was
lost for over three centuries when the Greeks began to again build with stone. The ruins of
the Bronze Age structures were the only models available to the Greeks of the Hellenic
period on how to build in stone. However, those ruins could not inform the Greek builders
how the stone was quarried, dressed, transported and lifted into place. In the following, | will
briefly review some of the tools and construction practices used by the Greeks to build their
stone temples. It can be supposed that the Greeks learned a great deal from their colonies
and trading partners, such as Egypt.

1.4.2 Construction Management

From the fourth century BC the architect was expected to exercise detailed control over
matters of workmanship. They would have had to inspect each course of stone before the
next was laid, approve the tightness of the joints and the quality of the metal clamps between
blocks, and authorize payments to the various workmen and contractors involved. In the late
fourth and early third centuries, there was no distinct concept of separating architect from
engineer in Geece. Eupalinos of Megara was called an architekton by Herodotos. Eupalinos
supervised the construction of a tunnel at Samas c. 530 BC. The tunnel was cut from both
ends to meet in the middle.”’

1.4.3 Labor and Economy

Labor was a precious commodity in Greece. As such, a number of mechanical devices were
employed that perhaps differ from the practices of Egypt, whose influence on Greek
construction practices deserves a more in-depth review. The first lifting aid to be introduced,
after the use of levers, was the compound pulley system. Coulton believes that it would not
have been possible to build the monumental works of Greece without them. Such a system
would have made it possible to conduct building operations with a comparatively small,
professional workforce. The ramp, employed by the Egyptians, requires a large workforce.
Although it is probable that such a workforce could have been raised during the early days of
Greek architecture, it was not a normal feature of the Greek city-state.?®

%" Coulton, p16.
%8 Coulton, pl44. Pliny describing the Greek’s use of the ramp, said they used sandbags to make the ramp.
When a block was put in position, sand was let out of the bags to lower the block into place.
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It is not certain when Greek architects knew of
cranes, but there is good evidence that they
came rapidly into prominence from c¢.515 BC
onwards. From about that time building
methods were to some extent adapted to avoid
weights beyond the capacity of a simple crane. e 1)

Figure 8 shows a number of lifting devices
probably employed by the Greeks.?* Note the

inventive use of simple mechanisms and the
care taken to protect the integrity of those
faces of the stone that would be visible when
the building was complete by the clever
placement and form of lifting points in the

stone.

Fig. 8: Various lifting devices and lifting points cut in

1.4.4 Technical Developments stone. (Dinsmoor)

The Greeks  developed progressively
advanced ways of transporting stones. As the n

stones got bigger, the technological challenges y
of transporting them got more difficult. Early
stones were probably transported on carts or
sleds, but as the stone size increased, the
weight probably became too great for the
strength of wheel axles at the time. As a
result, means of transporting the stones as
integral parts of the wheel were developed as

seen in Figure 9.%° Fig. 9: Two modes for moving colossal stones.
) ~ (Coulton)
Over time the Greeks developed their (,)petagenes’ Method (c.550 &c)

techniqgues and construction methods for (b) paconius’ Method (First Century)
working with stone. First, stones got
progressively bigger until the lonic period, when
colossal temples were built. Concurrent with
this increase in scale, means were developed
to reduce the mass of the individual stones that
had to be maneuvered. Economies were
sought, as evidenced by the return to two-
skinned wall-construction in the Hellenistic
period.

There was surely seismic activity in Greece

durlng the He”enlstlc perlod that Severely F|g 10: |-Shape Clamps in ashlar of the Parthenon,
Athens. (Hamilton)

damaged or destroyed stone temples. In the

2% Dinsmoor, p174.
% Coulton, p.141-142.
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Fig. 11: Dowelled column sections. (Anderson)

Fig. 12: Iron Forge of Hephaistas, from an Attic vase,
6" century. (Hamilton)

late sixth century BC, the Greeks fabricated
metal l-shaped clamps® to key successive
courses of stone together and dowels to keep
sectional columns together. (Figs. 10 and 11)
As it turns out, the seismic behavior of a
monolithic column is comparable to a
segmental column. Research conducted by
Greek engineers has shown that the dowels
may actually be detrimental to the seismic
performance of a stone column.® In the next
section, | will examine in more detail the use of
iron by the Greeks.

1.5 Iron in Greek Antiquity

1.5.1 Iron Production

Iron was widely produced in antiquity to
varying degrees of quality and quantity. Iron
was first considered a precious metal. It was
used principally for making armor and
weapons. The applications of iron became
more diverse as the production of iron
increased. Iron tools were vital improvements
because no previous material had the
hardness and strength properties of iron.
Greek smiths of the classic period made lifting
tackle, lewises, tongs, clamps and dowels from
iron of low carbon content. Greek smiths also
manufactured armor and cutting edges for
tools and weapons using steel. Figure 12
shows an armorer's furnace of the sixth
century BC painted on a Greek vase now
preserved in the British Museum. Inside the
pot, iron as a viscous solid practically free of
carbon would sink to the bottom. Above this,
the iron richer in carbon, mainly eutectic steel,
would float, and above that the slag. The slag
would be ladled off and thrown away. The
intermediate layer was highly valued for

® Coulton, pl42. On the subject of these technological advances made by the Greeks, Coulton writes, “Such
matters are not nowadays considered the meat of architecture, however, and since no general principles of
interest appear to be involved, there is no need to go into them in detail.” What a shame that he does not, even in
1977, consider these issues important and relevant. The metal used could have been iron or bronze.

% psycharis et al., p1108.
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weapon making. The soft iron at the bottom of the pot was suitable for structural and other
common uses.*

The evidence available shows that the best prehistoric furnace could, in eight to ten hours
and consuming about 90 kg (200 Ibs) of charcoal, produce a bloom of partly-fused iron
weighing about 23 kg (50 Ibs). Much of the iron from the ore was run to waste in the slag.
The use of limestone as a flux to separate the iron from the slag was only introduced in the
seventeenth century AD. To expel the slag retained by the bloom required much hammering
with some re-heating and the consumption of about another 11 kg (25 Ibs) of charcoal. By
Imperial Roman times, blooms that weighed about 45 kg (100 Ibs) could be produced.®*

Vitruvius, writing in the first century BC, does not mention use of waterpower to work bellows
or furnaces, or to operate a hammer. He probably would not have failed to mention the fact,
particularly if the forgings made were beams and the like for buildings.*®* The first recorded
application of waterpower to the making and forging of iron, according to R.J. Forbes,
appears in twelfth-century documents belonging to Cistercian monasteries in France.*®
Therefore, we can only assume that if any Greek or Roman builder did employ heavy
structural members of iron, they were made by welding together numerous small pieces by
hand-hammering, a process excessively laborious and expensive, even if done by slave
labor; and the product would probably have been unreliable.*’

1.5.2 Connection Technology

S.B. Hamilton suggests that the Greeks may have riveted together several metal plates to
fabricate a compound iron beam.*® The earliest evidence of riveting technology are some
bronze bowels with riveted stiffening rims found in an excavation of a cemetery at Ur*® dated
before 2500 BC.”® Parts of iron weapons and tools were fastened together with bronze rivets
in Homeric times ¢.1300-700 Bc.*! Therefore, it is possible Greeks of the Hellenic era were
familiar with and used rivets to fabricate metal artifacts.

Welding by hand hammering would have become a part of the Greek blacksmith’s art by the
middle of the fifth century BC. The oldest known example of welded iron is a small model
headrest found in the tomb of Tut-ankh-amun, beneath the golden mask, where it was placed
about 1350 BC. The welds were not good and a broken one had been repaired by soldering.
However, Egyptian objects of later date, such as perfectly welded rings, have been found. *?
The iron clamps shown in Figure 10 would have been hammer welded. The size of hand-
hammer welded objects is limited by the enormous time and effort required to weld iron in
this way and the fact that the quality of this method is very inconsistent.*®

% Hamilton, p31.

% Hamilton, after Singer, p30.

% Hamilton, p31.

% Hamilton, after Singer, p30-31.
3" Hamilton, p31.

% Hamilton, p36.

% Ur is located in present-day Iraq.
“% Hamilton, after Maryon, p31.
1 Hamiltion, after Gray, p31.

2 Hamilton, p31.

3 Hamilton, p36.
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1.5.3 Known Examples of Greek Application of Iron

As stated before, the Greeks fabricated I-shaped clamps to tie successive courses of stone
together. (Figs. 10 and 13) While the Egyptians used wooden butterfly ties between their
stones, it is possible that the Greeks learned of the benefits of connecting the stones
together from the Egyptians and then further developed the system using metal.*

The clamps of the type shown in Figure 13 have been recovered from the Parthenon in
Athens. These clamps were built up by welding together iron bars about 4 in. wide and 3/8
in. thick, or less. They had been formed in different ways; one by folding a strip of iron on
itself and welding it to form the whole section; the other by welding together four separate
pieces. The clamps were 13 in. and 12 in. long, 4 in. wide, about 3/8 in. thick, and were set
= nearly 4 in. deep into the stone. Two clamps
||' ﬁl and two dowels from stones of the Parthenon
' were examined at the Strength of Materials
; Laboratory of the Athens Technical University.
L i ._|:| The metal was mainly ferrite, but some parts
were carbonized and contained as much as
0.85 percent carbon. The tensile strength
| _ PR . varied from 262 to 524 MPa (38 to 76 ksi®).
f'_- : ' The clamps would appear to have been
heated and lowered into their sinkings, which
had been partly filled with molten lead. They
were preserved in good condition.*

There is evidence that iron bars were used as
transfer beams to reduce stress in architraves.
The Greeks also may have tried to reinforce
their stone beams with iron, but the evidence
is suspect and inconclusive.*’ | will explore
Fig. 14: Internal static equilibrium of a beam. Solid haqa gnplications of iron in the next section on
lines = Compression and Dashed lines = Tension. ) o
(Mainstone) stone beams in Greek antiquity.

1.6 The Beam, a Background

1.6.1 Early Forms

Geometrically, the beam is one of the simplest of all elemental structural forms, but is one of
the most structurally complex. A beam can span between supports without exerting any
horizontal thrust only because tensile and compressive forces are contained within the beam.
The simple form of a beam belies the complexity of what is going on inside. (Fig. 14)

There does not seem to be much evidence that the Greeks sought to maximize the structural
capacity of the materials they used. It was common for them to set their wooden beams

“4 Dinsmoor, p174.

5 ksi = kilo-pounds per square inch. 1 kilo-pound = 1000 pounds.
“5 Hamiliton, pp31, 33.

“" Dinsmoor, p176 and p103-105; Hamilton, p34-37.
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resting on their long faces. This probably had to do with construction practice because this
orientation is inherently more stable and provides a larger bearing surface. | cannot believe
the Greeks laid the timber in that way out of ignorance since the superior stiffness
characteristics of a wood beam bearing on its short side are readily observed.*®

The structural development of the beam has been spurred by practical needs and a desire to
make the most efficient use of new materials and techniques. The major developments are
nearly all-recent ones of the last two hundred years in conjunction with the development of
the field of strength of materials and the evolution of structural theory. A reason for this late
development was the need to correctly visualize the internal actions to see what was needed
and potentially feasible.*

1.6.2 Scale

As the scale of a colonnade increases, the load on the architrave will increase more rapidly
than its strength, and for a given set of proportional rules there is a maximum size beyond
which the architrave will collapse. Spans, therefore, had to remain small. Another factor is
the necessity to preserver enough space between columns for functional and aesthetic
reasons. Therefore, the columns cannot be too close together or too wide.>

The scale of columns is never a practical concern. Kamminga and Cotterell show that
columns in ancient architecture carried very little stress. The limestone columns in the
Temple of Aphaia, built in 490 BC, only carry a stress of 0.4 MPa (58 psi), which is only about
a two-hundredth of the compressive strength of limestone.”® The greater problem in the
construction of columns is their stability and resistance to buckling. It is for these reasons
that | think columns remained so stout up until the times of the Romans, who introduced
construction process and technology.

When a wooden beam is bent, the fibers on the compression face begin to buckle at high
loads. As the bending moment is increased the kinking progresses towards the center of the
beam until the stress on the opposite side reaches the tensile strength of the wood, and the
beam fractures. Stone is much stronger in compression than in tension. Ignoring the effects
of buckling, a limestone column of the Temple of Aphaia with a diameter of 0.98 m (38.6 in)
could stand more than 3.5 km (2.2 miles) high before crushing under its own weight.> In
contrast, that same column, if suspended by one end, would have to be only about 3 m (10
ft) long before rupturing due to tensile stress.>

For stone beams, two or more beams could be set side by side where greater carrying
strength is required. It became common in New Kingdom Egypt and Mycenaean Greece to
reduce the load from the structure above by arranging for much of it to be carried down
directly to each side of the opening rather then weighing heavily upon the central part of the

8 A beam resting on its long side is more stable than on its short side because the center of gravity is lower. A
frequent problem in light-wood framing construction is the failure of improperly secured beams resting on their
short sides (for strength reasons) when a beam falls over and the rest fail progressively in domino-fashion.

“9 Mainstone, p145.

%0 Coulton, p76.

*1 Cotterell and Kamminga, p105.

%2 Cotterell and Kamminga, p105.

%% Calculated assuming an ultimate tensile stress of 7MPa and a density of 2300 kg/m®.
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Fig. 15: Lion Gate, Mycenae, ¢.1300. The false arch
relieves much of the load above the lintel. (Lawrence)

Fig. 16(a): Cracked architrave, temple of Zeus,
Athens. (Mainstone)

Fig. 16(b): Force diagram of cracked architrave.
(Kamminga and Cotterell)

> Mainstone, p146.

*® Cotterell and Kamminga, after Heyman, p114.
% Cotterell and Kamminga, p114.

%" Cotterell and Kamminga, p119-120.

lintel.>* Lion Gate, shown in Figure 15, is such
a structure. The lintel is also tapered so that
the greatest depth of material is in the middle
where the beam has the highest stress. This
reduces the dead load of the beam, thus
making it possible to increase the beam’s
length for the same weight of material or
increasing the allowable load.

In general, Greek beams were not highly
stressed. The architraves of the Temple of
Aphaia spanned a distance of 1.43 m (4.7 ft)
between columns; two limestone blocks, 0.85
m (33.5 in) deep by 0.43 m (17 in) wide,
composed each architrave.”® Estimating that
each half of the architrave supported a load of
10 tons, the bending moment at their centers
would have been 17.5 kNm. The maximum
bending stress, calculated from the equation
My = Omaxbh?/6, is 0.3 Mpa (43.5 psi), which is
only about a fiftieth of the tensile strength of
limestone. So it is evident that the architect
was well within the limit of the strength of his
stone for the architraves. Kamminga and
Cotterell conclude the Greeks were “decidedly
timid in their approach to stone lintels because
they did not understand the mechanics.”®

1.6.3 Beams to Arches

Provided that sufficient horizontal thrust can be
sustained, even a cracked architrave is stable.
Earthquakes have cracked many architraves
of Greek buildings and yet they have not
fallen. In the temple of Zeus in Athens an
architrave has fractured and sagged slightly,
leaving a wedge-shaped crack. (Fig. 16(a))
The thrust line and forces of a cracked
architrave are shown in Figure 16(b).%’
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1.7 The Stone Beam in Greek Antiquity

1.7.1 Introduction

In general, the Greeks only used beams of uniform cross-section and the shape of Greek
beams was generally governed by aesthetic considerations.”® However, Greek builders did
develop ways of fabricating their beams to achieve certain constructive or structural aims.
While the following beam forms are highly interesting, they are not the norm.

During the fifth and early fourth centuries, few Greek buildings were on a colossal scale, and
the blocks that they required remained within the lifting capacity of simple cranes. Further
development would not have been necessary until the new generation of colossal lonic
temples was begun from the mid-fourth century onwards.>®

1.7.2 Lightening

Unnecessarily heavy blocks were obviously awkward to quarry, lift and transport. There are
several recorded examples of blocks that were lightened by hollowing them out. (Fig. 17)
The earliest is the lintel of Temple A at Prinias (c. 630 BC), which was hollowed out on top to
form a U-shaped beam. The architrave of the 3 P .
temple of Apollo at Syracuse (early sixth Tﬁl l M 1“:‘" ™, - N
century) and the lintel of the temple of I R ‘._.r’r [ H
Dionysos at Naxos (late sixth century) were | =Y

cut to an L-shaped section. There was no
structural advantage because the beams must |
have been filled to their original rectangular
section in order to carry the parts above. This

means the beams would be weaker relative to ETITT et e
a solid section. The purpose must have been Fig. 17: Various stones lightened by removing
to lighten them for liting or transport.* material. (Coulton)

The tendency to hollow out blocks in these and similar ways is more common in, though not
restricted to, the archaic period. At Delphi, where building stone was often imported by sea
from a considerable distance and the site lies at about 550 m above sea level. In the temple
of Apollo at Bassai (c. 430-400 BC) there are U-shaped ceiling beams. The weight of the
blocks before they were hollowed out, about 2.4 tons, would have presented no difficulty in
lifting and there is no structural advantage, for the stone removed reduced the weight and the
strength of the beams about equally, leaving the maximum stress almost unchanged. While
the main structure of the temple is local limestone, the ceiling beams are said to be of Parian
marble, which would have had to been transported more than 400 km by sea, then hauled 22
km overland to a height of about 1130 m above sea-level. Hollowing out the ceiling beams at
the quarry, and so reducing their weight by about half, could substantially reduce the cost of
this expensive operation.®

%8 Cotterell and Kamminga, p111.
% Coulton, p144.

% Coulton, p145-146.

¢ Coulton, p146.

-A.16 -



Sean C. Dooley - The Development of Material-Adapted Structural Form -  Appendix A-01

The fact that the beams were lightened in this way suggests that some Greek architects
realized that the stone was often substantially under-stressed, and that their beams were
dimensioned primarily on aesthetic grounds. It is never the visible front and lower faces that
are cut away, and with the U-section beams the rear face is also unmodified. Thus these
beams are not really comparable with modern steel beams, although they may have similar
sections. The section of a steel beam is calculated to give the maximum strength for the
minimum amount of material, while with the Greek stone beams no material is saved by
giving them an L- or U-shaped section, for the material cut away is useless chips; nor does
there appear to be any significant gain in strength.®?

1.7.3 Increasing Beam Depth

The depth of the typical Greek stone beam is governed by the aesthetic proportion of the
architrave, which often resulted in beams that were wider than they were tall — an orientation
found in early timber construction. However, there are instances where the structural depth
of the beams was increased, thus increasing their strength.

The first positive development came in the
construction of the architraves. Some early
architraves consisted of two courses. The first
course was a roughly square main beam that
carried the second course of decorative details
(taeneia, regulae and guttae) laid above it. In
later buildings, when the architrave consisted
of more than one block, it was always divided
in breadth not in height, so that each block
was higher than it was broad, and door lintels
were built up on the same principle.®®

There are examples of some stone beams
Fig. 18: Roof beam with strengthening rib. Not known carrying coffered ceilings that had appreciable
if on purpose or simply to minimize work to dress the (ihs that would be unseen but would increase
stone. (Kamminga and Cotterel) the depth of the beam, thus making the beam
stronger. (Fig. 18). In some cases the rib is only a few centimeters high, and may just be the
remains of the mantle of stone normally allowed by the quarrymen all round a block, and
here left unworked because it came between the beds for the coffer slabs.®*

The existence of these ribs suggests that some Greek builders were aware that the strength
of a beam lies more in its height than in its breadth. However, this conclusion is belied by the
observation that the shape of the visible beams in a Greek temple depended more on visual
than structural considerations. According to Coulton,

The true answer should be given by the shape of wooden roof-beams, which,
being hidden, should have been dimensioned without regard to appearance.
The cuttings for such beams suggest that they were usually roughly square in
section (which would mean cutting away as little wood as possible in forming

®2 Coulton, p147.
%3 Coulton, p148.
% Coulton, p147.
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Fig. 19: Roof beam of variable section, Hieron at Samothrace (late 4" Century). Section and elevation. (Coulton)

them from a circular log); sometimes they were laid with their height greater than
their breadth, but more often with their breadth greater then their height, perhaps
because that was judged a more stable position. Certainly the arrangement of
roof woodwork provides no strong evidence for a systematic appreciation of this
elementary principle, that the height of a beam is more important than its
breadth.®®

A notable exception to the above analysis is the Hieron at Samothrace, built in the fourth
century BC by Mnesikles. The beams of the Hieron’s vestibule, which carried a marble
ceiling across a span of 6 m, all had hidden ribs that tapered from 0.5 m high at the center,
where the bending moment was greatest, to nothing at either end. (Fig. 19) It is difficult not
to conclude that the architect of the Hieron had some knowledge of the mechanics of beams
and deliberately tapered the depth of the rib in order to minimize the weight of the beam
while still preserving its strength.®® | think that the architect probably observed that when
beams broke they usually broke in the middle, therefore he may have reasonably concluded
that if he put more material where the beam tended to break it would not break there
anymore. Alternatively, the beam was simply cut to the slope of the roof, as is evidenced by
the similarity between it and the pediment shown in Figure 14. Nonetheless, Mnesikles’'s
beam seems to have been an anomaly whose radical form was not reproduced elsewhere.

1.7.4 The Cantilever

Another interesting development was that of the use of the cantilever to effectively reduce
the stress in the architrave in the Parthenon (447-432 BC) The cantilever was variously used
by the Greeks to support balconies, stairways and statues®’, but the idea of how to employ
the cantilever in the construction of the Parthenon was much more complex.

Coulton writes,

In the Parthenon, iron bars were built into the wall of the pediment to carry the
main pediment statues, so relieving the cornice of their weight. However, the
effectiveness of the slabs acting as counterweights is reduced by hollowing
them out behind, so that for most of their height they are only about 0.25 m

%5 Coulton, p148.
% Cotterell and Kamminga, p111-112.
%7 Coulton, p149.
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Fig. 20: Cantilevered frieze beams, the Propylaia, Athens, c.437-432 Bc. (Coulton)

thick. Iron bars were bent up behind the slabs, so that in order to let the statues
down they would have to force the slabs forward as well as upward, and that
was prevented by clamping the slabs firmly to the rear part of the pediment wall.
It would have been simpler, however, not to have hollowed out the pediment
slabs at all, and it seems likely that the operation of the cantilevers was not fully
worked out beforehand.®®

In other instances, Greek architects used the double cantilever beam, arranged so that the
loads on the two arms balance. They used this device as a means of relieving the strain on
an architrave in monumental architecture. In order to relieve the central architrave of the
main east and west facades in the Propylaia at Athens, Mnesikles arranged the frieze above
them in long blocks of triglyph-metope-triglyph-metope-triglyph, with the middle triglyph of
each block coming directly over the column on one side of the wide span. (Fig. 20) The
central architrave thus carried only the thin marble slab forming the metope required to mask
the joints between the two long frieze blocks. This suggests that Mnesikles had a clear
understanding of the operation of his cantilever.®®

% Coulton, p149-151.
% Coulton, p151.
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1.7.5 Structural Iron in Greek Temples

Besides the use of iron clamps and pins, there
are various claims of larger iron structural work
being employed by the Greeks. Most of these
claims are based on the book by Dinsmoor,
which have been somewhat unquestioningly
accepted by many authors as fact.
Nevertheless, there is enough evidence to
consider that his claims may be true to some
extent. One claim of Dinsmoor’s is that large
iron tie beams were incorporated into the
foundations of the Thebian Treasury at Delphi.
Two claims that are of great interest to the
subject of the stone beam, are about an iron
transfer beam used at Propylia and the use of
iron as a type of under-spanning or
reinforcement in the Temple of Zeus at
Acragas.

1.7.6

In the west porch of the central building of
Propylia (437-432 BC), built by Mnesikles, two
rows of lonic columns support the marble
ceiling. The ceiling beams are arranged so
that one comes over each column and one at
the mid-span of each architrave. Since each
beam, with its share of ceiling, weighs over 10
tons, Mnesikles decided to reinforce the
architraves with iron bars let into their top face;
but the cuttings for the iron bars stop short
about 0.90 m (35 in) from each end of the
architrave. (Fig. 21) If the iron bar worked as
intended, the load would not fall on the center
of the architrave, but would be transferred to
points just in from the supporting columns;
thus only the vulnerable central part of the
architrave was protected. By choosing to use
the shorter bar, the section of the bar could be
smaller, making it easier to forge.”

Iron Transfer Beam at Propylia

The bar was meant to perform as a simple
beam, reflecting a recognition of that material’s
superior strength, though there was no attempt
to exploit the high tensile strength of iron,

" Coulton, p148-149.
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Fig. 21: Iron relief beam shown by dashed line and
seen in section of archtirave. Propylaia, Athens.
(c.437-432 Bc) (Dinsmaoor)
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Fig. 22: Iron relief beam on underside of architrave,
noted by dashed line. Note support provided by arms
of statues. The Olympieum at Akragas, ¢.500-460 BcC.

(Lawrence)
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otherwise the bar would have been placed on the bottom face of the architrave, anchored at
the ends.”" Treating the load applied by the ceiling beam as a central load, the bending
moment at the center of each beam would be 46 kN-m , producing a bending stress of 0.7
MPa (101.5 psi), which is quite acceptable. Evidently, Mnesikles did not trust the strength of
his marble beams. By adding the iron bars Mnesikles halved the maximum bending
moment, thereby reducing the bending stress in the marble to 0.3 MPa (43.5 psi). In the
course of time the iron bars rusted, allowing the ceiling beams to rest directly on the
architraves, some of which are now fractured, most likely by earthquake and not overload’

1.7.7 Iron Relief Beam

In the gigantic temple of Zeus at Akragas (500-460 BC) there are cuttings in the under-face of
some architrave blocks that may have held iron bars running from capital to capital. (Fig. 22)
The cuttings show that the ends of each bar were not anchored, so that the bars were again
regarded as simple beams with their tensile strength unexploited. At Akragas the bars were
probably envisaged as supporting the architrave itself, which was here built up like a wall out
of three courses of comparatively small blocks, while in the Propylaia they were in the top
face because they were envisaged as supporting the ceiling beams.”

The architraves in the temple of Zeus are made up of 27 blocks, the largest weighing only
about 14 tons. Since the architraves between the half-columns projected forward from the
screen-wall, and there was a joint between blocks in the center of each span, some direct
support seemed necessary between the columns; giant male figures were therefore placed
on a ledge of the screen wall, carrying the architrave on their upraised forearms.’

This method of construction solved many of the technical problems associated with colossal
scale. The smaller blocks would make quarrying and transport simpler, thus reducing cost.
The problem of raising massive blocks to considerable height would also be much reduced.
The huge architraves of the temple of Apollo at Selinous would have been too heavy for any
but an elaborate type of crane, so they were probably dragged up temporary earth ramps.
The largest blocks of the temple of Zeus could be lifted by two fairly simple cranes. Almost
all of the blocks have U-shaped grooves at each end, like those seen in Figure 8 (top-right),
to take loops of rope which could be attached to cranes.”

The supposition that the grooves were meant to reinforce the architrave was first posited by
Dinsmoor and stated as fact in the 1950 edition of his book.”® He records the dimensions of
these iron ‘beams’ as having been 4.6 to 4.9 m (15 or 16 feet) long and as much as 12.7 cm
(5 in) wide and 30.5 cm(12 in) high.”” The interpretation of the cuttings at Akragas has been
doubted, because the huge figures between the half columns would appear to have
supported the architrave blocks effectively on their upraised elbows, without the iron bars.

" Coulton, p149.

"2 Cotterell and Kamminga, p114.

"3 Coulton, p149.

" Coulton, p82-84.

'S Coulton, p84.

"® There is no mention of these beams in Dinsmoor’s 1927 edition of The Architecture of Ancient Greece, but are
stated as fact in the 1950 edition. Dinsmoor first presented these ideas in two articles: W.B. Dinsmoor in Bulletin
de Correspondence Héllenique; Ecole Francais d’Athenes 1912, pp. 453-5; W.B. Dinsmoor, “Structural iron in
Greek architecture,” Amer. Jour. of Architecture, 1922, 2™ Ser. XXVI (2), pp. 148-158.

" Dinsmoor, p104-105.
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However, the unprecedented system of building employed in this temple may have led the
architect of this temple to take all possible precautions to ensure its stability. Coulton also
cites another instance in which an iron bar has been found intact in the bottom face of a lintel
of a minor doorway in the Erechtheion at Athens (c. 420-405 BC), though its ends are
invisible so it is not possible to say how it was meant to work.”®

Hamilton refutes Dinsmoor’s claims, but only in part. Hamilton calculated that each beam
would have weighed 660 kg (1455 Ibs), and there were at least thirty-eight of them. But all
that remains of the 25 tons of iron, and of the industrial undertaking of forging it into beams,
is a few rust stained grooves in stones scattered over the ground.” The labor required to
fabricate such beams would have been enormous and the quality dubious. Hamilton posits
that if these grooves did indeed incorporate |
relieving beams of some sort, then they could
more plausibly have been of the Flitch or
compound iron beam types illustrated in
Figure 23.2° The function of whatever filled
these grooves is not clear. Nor is it clear what
were the form and materials used. Based on
the examples at Propylia and in the
Erechtheion, we could assume that housing a A& Fyired Braw. o soates waLen 1o woon
relief beam of some sort was the intended g (aupouns Tmom Beaw
purpose of these grooves and that, like at _

. Fig. 23: Alternative beam forms that could have been
Propylia, they were probably unnecessary. used in the Olympieum at Akragras. (Hamilton)

-

1.8 The Arch

1.8.1 Origins of the Arch

The longest natural stone arch in the world is in Utah (UsA), and has a span of nearly 90 m
(295 ft),%* but there are no naturally occurring monolithic arches to be found in any of the
areas where the man-made arch first appeared. It is possible that some type of accidentally
occurring arches could have been observed, such as a wedged boulder, or two pieces of
stone or timber inclined inwards to meet as an inverted V.*

A prototype to the arch is an arch made by bending two saplings or bundles of reeds until
their free ends meet. In the marshes of southern Iraq, for instance, roughly parabolic
‘arches’ up to 6 m in span have, at least until recently, been made by setting bundles of giant
reeds in the ground in two rows spaced that far apart, then bending their heads to meet one
another and tying them together. Their action is not, of course, the purely compressive one
characteristic of pure arch action.®®* The structural principle here is not as important as the
physical form and its effect on the thinking of builders about constructed form.

"8 Coulton, p149.

" Hamilton, p35.

8 Hamilton, p36.

8 Cotterell and Kamminga, p119.
82 Mainstone, p98.

8 Mainstone, p98.
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The arch dates to the third millennium BC in Mesopotamia and Egypt where it was built of
brick.?* The earliest known true arches of mud-brick have survived in Egypt from early in the
third millennium BC. They were constructed of only a few bricks, very likely by the process
observed by Somers Clarke in Upper Egypt in 1896 for constructing small window arches
without using any centering:

The walls being raised to the necessary height from which the window arches should
spring, a little pile of four or five bricks was set up on either jamb, with plenty of tough
mortar between like dough. One master craftsman manipulated one little pile, one the
other. Each put a hand on the inner side of the pile and tilted it sedately and slowly, giving
it a curved form as it moved until the two touched at the top. A cry, 'One more brick! —in it
went, and the little arch was complete.®

1.8.2 The Corbelled Arch

Most primitive arch form is the corbelled arch, which does not actually behave as a true arch,
but rather a series of cantilevers. The corbelled arch is constructed form horizontal courses
of brick or stone. Each course slightly overlaps the one below it until the two sides meet.

(Fig. 24) Corbelled arches were usually built

1 I W T gy , .
: | - without any centering and therefore had to

7 ; have steep sides to stay stable during
. erection.®® It must have been recognized — or
' X soon discovered in the course of building —

—pr -

that no block could project more than half its
length beyond the one below if it were not to
——=tip over and fall, and that a considerably
smaller projection was safer. It must similarly
have been recognized that the total weight of
masonry bearing down behind the edge of the
opening must always exceed the total weight
that projected in front of it.%’

Fig. 24: Corbelled arch. (Mark)

The chief merit of these early forms was that they could be constructed with little or no
centering or other temporary support beyond what might be desirable to facilitate the
handling of the larger blocks. Their chief shortcomings were the limited spans that could be
built and the massive abutment necessary for corbelled arches to balance the weight of the
cantilevered stones.®®

8 Cotterell and Kamminga, p119.
8 Mainstone, p98-99.

% Cotterell and Kamminga, p119.
87 Mainstone, p99.

8 Mainstone, p100.

-A.23 -



Sean C. Dooley - The Development of Material-Adapted Structural Form -  Appendix A-01

1.8.3 The True Arch

The optimum form of a true arch can be
determined by the catenary curve, which is
very close to being parabolic. The semi-
circular form of the true arch, characteristic of
antiquity, is an inefficient form that must
accommodate the true force curve in an arch
that is thicker than it needs to be for strength
requirements. The development of the true
arch, the first type probably being that
described by Somers Clarke above, seems to
have been closely linked with that of its
longitudinal extension, the barrel vault. In the
type of vault illustrated in Figures 25(a) and
25(b),an end wall served in lieu of centering
while the first few incomplete rings of bricks
were set on edge leaning back against it. As
the vault advanced away from this end wall,
each fresh ring leant back against the previous
one and temporarily gained such support as it
needed from it. Where a greater depth than
that of a single brick was required, further rings
were built above the first one.®

Despite numerous prototypes, the stone
voussoir-arch was not adopted by the
Egyptians very quickly. They preferred
massive lintels, the inverted-V form and the
corbelled arch. The reason cannot have been
arguments of aesthetics. Curved forms were
often given to corbelled arches and inverted-V
structures, at least from the Middle Kingdom
onwards. The reason was probably that
nothing would have been gained in the overall
economy of construction. Handling much
smaller blocks of stone would have been
easier, but the skill of the builders would have
had to been higher, foundation issues would
have become more complex, and there were
limited timber stocks locally available.*

89 Mainstone, p100.
% Mainstone, p101.

s]
Fig. 25(a): Vault of storeroom. Ramesseum, Thebes.

(Mainstone)

Fig. 25(b): Detail of brick constructed vault.
(Mainstone)

Fig. 26: Section and plan of ‘Treasury of Atreus,
Mycenae, ¢.1300 Bc. Corbelled dome has a span of
6 meters. (Lawrence)
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1.8.4 Applications of Corbelled and True Arches in Ancient Greece

Corbelled tombs in a masonry technique characteristic of Greek masons are found in areas
such as Thessaly, Macedonia, Thrace, Asia Minor and Etruria dating from the Bronze Age.91
The Greeks used corbelling more commonly from the late fifth century onwards, largely
because the kind of public works to which it was suited began to be constructed on a more
elaborate scale. Many spans were between three and five meters, with the corbelled dome
of the Treasury of Atreas (1330-1300 BC) reaching a diameter of 6 m (20 ft). (Fig. 26) No
other corbelled or arch structure approach the spans of the corbelled domes of Mycenaean
tholos tombs which are up to 14.40 m (47.2 ft) in diameter.”

Concerning the true arch, we know that the Egyptians constructed true type arches with
brick, though they did not use such forms prominently in the construction of their great tombs
and monuments. Given the relations Greece had with Egypt from 660 BC onwards, it is likely
the Greeks would have learned of the arch from them. In fact, the voussoir arch did begin to
appear in Greece around the fourth century Bc.”® The emergence of the true arch in Greece
was probably facilitated by the availability of timber for centering. In those rare instances
when the Greeks did employ the true arch, it was usually used to replace the corbelled arch,
not the massive lintel.

The form of the true arch used by the Greeks was semi-circular, like that of the Egyptians
before and the Romans later. They probably chose the semicircular section because it was
easy to set out. The widest known Greek archway, part of a tomb at Leukadia, spans only
7.35 m (24.1 ft). The full superiority of the true
arch over corbelling was certainly never
exploited. There is no evidence that the
[_ _ Greeks built any arch spans that approach the
] spans achieved by Roman builders, such as
L _ | the 245 m (80.4 ft) span of the Bridge of
=g k_/: Fagricius at Rome (62 BC). An example of
T ¢ { - Greek arch construction is the vault in the
.'* A , Temple of Apollo at Didyma (c.300 BC), shown
, in Figure 27. Corbelling may have been
/ N preferred over the arch for two practical
J N reasons: centering or falsework is not a
[ . ) necessity; it is easier to execute in accurate,
il AN N\ dry-laid masonry, for all the blocks are cut with
F / AT their two main faces parallel. The faces of a
voussoir arch are angled.**

\"\.
S

Fig. 27: Sloping barrel vault above ramp to altar court.
Temple of Apollo at Didyma, ¢.300 Bc. (Coulton)

91 » Coulton, p152.
Coulton p152-153.
% Mainstone, pl01.
% Coulton, p153-154; note 49, p180.
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1.8.5 Why the Arch was not Used — Cultural Tradition, Established Form

The conventional forms of the Greek temple were established at an early date, and its
function — it was primarily a symbol of the sanctuary and a shelter for the god’s statue —
remained unchanged from start to finish. It seems to me that there could be no claim that the
Greeks were timid about their abilities to cut stone accurately in the later period of their
development, but the formal architectural language of their temples had been firmly set, and
this did not include arches. A vault across the cella, where the simple post-and-lintel system
was restrictive, would generate lateral thrusts that would have required visible buttressing.
The reason why arches are not found in other building types, lies in the fact that the prestige
of temple building was so great, even in the Hellenistic period, that its forms were as far as
possible transferred to all other building types. The structural system associated with those
forms was naturally transferred as well.*®

1.9 Conclusions

While the evidence is not conclusive, the proposition that the Greeks translated the
architectural details of traditional wood construction into stone seems valid. The preceding
review of this development also reveals that it is difficult to argue that the form of the
structural members in either wood or stone was dictated by structural reasons. It does not
appear that the Greeks exploited the potential structural capability of either material. In the
transition from wood to stone, there is no appreciable recognition of the distinctly different
structural characteristics of stone. A better analysis would be that the forms were governed
by constructabilty issues, particularly with respect to stability during construction and limiting
the amount of work necessary to fashion the building components of the traditional wood
architecture. Once these proportions were established, they became the formalistic model
for the aesthetic system, from which the Doric and lonic Orders were derived. The
fundamental form of Greek monumental construction did not change significantly because it
became culturally important to maintain a consistent image of what a temple is.

The Greeks were conservative in their use of stone for beams. Save for a few isolated cases
of inventiveness, such as seen in the work of Mnesikles, there does not seem to have been
much advancement in the knowledge of the strength of materials and what makes a beam
break. The cases described above about the beam of variable depth and the use of iron
relieving beams appear not to have had any appreciable effect on the Greek building culture
as a whole.

The Greeks probably did not use the arch more widely because of the conservative nature of
their building culture. In addition, the formal language of Greek temple design was
established by the time the arch was introduced. This language precluded the use of curved
forms such as the arch or vault.

Coulton explains that the limited development of building technology in Greek society can be
attributed to a culture that valued intellectual pursuits of a theoretical nature over what were
deemed ‘practical matters’. Because the fundamental building form did not evolve, there was
clearly no impetus toward developing more efficient systems of construction. However,

% Coulton, p140.
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Greek builders did admirably address questions of scale within the same framework by
significantly changing the details of their construction. Their primary achievement was to use
smaller blocks to make larger temples, which simplified the logistics of handling the stones
and thereby kept the amount of work and resources necessary to build such structures within
acceptable limits. One may presume that if they had applied their minds to the technological
problems of construction and loosed themselves from the tight constraints of their system of
design, they would have advanced more rapidly.
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TELFORD’S MENAI
SUSPENSION BRIDGE A-02

2.1 Introduction

The Menai Suspension Bridge, designed and built by the Scottish engineer Thomas Telford,
was the longest bridge in the world when completed in 1826. It had a center span of 170.7
meters (560 ft). The process to complete this bridge laid the foundation for the beginning of
a new bridge building era based on principles of suspension.

In 1814, Telford first proposed a suspension bridge for another project, the Runcorn Bridge.
He proposed a bridge with an ambitious total span of 609.6 m (2000 ft) and a center span of
305.1 m (1000 ft). Notably, Telford proposed the first parallel wire cable, but this is not the
most enduring legacy of the Runcorn Bridge. Even thought the Runcorn Bridge was never
built, its design sparked widespread interest in suspension bridges in Great Britain. As a
result, a number of small-scale bridges were built as a result. Additionally, Telford's
experiments with the characteristics of wrought-iron wires, bars and cables contributed
significantly to strength of materials knowledge.

Although Telford was aware that suspension bridges had already been built in China, South
America, and, most recently, in the United States, he had little practical knowledge of their
construction. Therefore, Telford’s development of the chain-cable was independent of any
precedent. In the course of designing the cables for the Runcorn Bridge, Telford interacted
with Samuel Brown, a Scottish engineer, who had developed a linked bar-cable. Brown’s
work subsequently influenced Telford's development, but Telford made some key
improvements and his design endured as the basis of all subsequent bar-type suspension
cables. The French studied the works of Brown and Telford, and used this knowledge in the
development of the wire-cable suspension bridge. Thus, Telford’s work had a far-reaching
influence on the overall development of suspension bridges.

This chapter reviews what developments had been made in the construction of suspension
bridges before Telford began to develop his own. It will briefly review Telford’s life, focusing
on those aspects that could have influenced his thinking about the design and development
of suspension bridges. Thomas Telford was a mason by trade, so it is interesting to consider
how he acquired the knowledge to evolve from building purely compressive structures in
stone to a tensile structure in which he applied wrought iron, a very different material that had
been little used at the time. Finally, this chapter will examine how Telford developed an idea
for a suspended center for constructing a cast-iron arch into one for a variety of suspension
cable designs. This culminated in the Menai Suspension Bridge's eye-bar chain-cable
design.
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2.2 Early Non-Western Suspension Bridge Development

2.2.1 The Earliest Suspension Bridges

It is presumed that the earliest known
suspension structures stood in the Himalayas
because of the number and diversity of
suspension type bridges in that region.
Suspension bridges also became common in
western South America.’ The earliest
suspension bridge cables were certainly made
of readily available, natural materials such as
cane, bamboo, hemp, animal hide and vines.
Vines, as such found in South America, could
probably have been initially employed as
found, with spans gradually increasing as the
skill of weaving various vines together to form
stronger and longer cables developed. Figure
1 shows a recent bridge constructed of vines
and reinforced with a rope.

It cannot be said with any certainty when the
earliest suspension bridges were constructed
due to the perishable nature of the materials
first employed. Based on what is known about
the age of certain bamboo and iron-chain
cable bridges in China, the earliest suspension
bridges of the most primitive kind could date
before the ninth century BC.?

These earliest suspension bridges probably
consisted of one, two, or three cables, each
requiring one cable to support the principal
load. The hand-over-fist method of pulling
oneself across a rope bridge while the
person’'s legs are crossed around the rope
might have been used initially. But more .
advanced systems evolved. In an account
given by Don Antonio de Ulloa on bridges
found in South America in the 18" century, he
described the cables as being made of several
bujucos, a vine plant native to South America, | e P NE & .
twisted together to form the length required. A . e od “ Tl
wheel was used on one side to properly ¥ j° 1 A e it ,ﬂ
tension the cable. To cross the bridge, a Fig. 3: Basic three-rope suspension bridge. (Brown)

Fig. 2: Single rope suspension bridge showing system
of moving harness from one side to another. (Brown)

! peters?, p13 and 14.
Z peters?, p16.
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Fig. 4: Quan-Xian Bridge, with bamboo suspension
cables. (Petersz, after Tang)

2.2.2 Cane and Bamboo Cables

person or cargo was put in a leather sling
suspended from the main cable and attached
to two ropes. The ropes were used to pull the
sling to the other side.® (Fig. 2) In the two-
cable configuration, the second cable would be
above the other. It provided something to hold
on to while traversing. Two cables in the
three-cable configuration acted as a type of
handrail, such as seen in Figure 3.*

The three-cable variant can be augmented
with more cables, creating a V- or U-shape.
(Fig. 1) Suspension bridges of this form are
typically found in Tibet. In all Chinese
examples of this type, the cables were made of
cane. This bridge form evolved to eventually
be composed of cables laid side by side with
planking fastened across them and two or
more lateral cables hung as guide rails. The
first recorded bridge of this type was built as
early as 285 BC in the Province of Sichuan.®

Cane and bamboo cable are stronger than hemp ropes of the same diameter. Marco Polo,
the Venetian explorer, noted their strength saying,

They have canes of the length of fifteen paces, and these, by twisting them
together, they form into ropes three hundred paces long. So skillfully are they
manufactured, that they are equal in strength to ropes made of hemp.®

Peters writes,

In the later bamboo ropes, the tensile strength could be augmented by a careful
choice of material for the various layers. Splints from the inner part of the culm
formed the core of the rope around which a cover of tightly braided strips from
the outer, harder silicon-rich layer, was woven. These strips were highly
resistant to abrasion. The covering was made of approximately 5 meter-long
[16.4 ft] splints which were spliced simply by overlapping the ends. No two
splices were allowed to occur at the same position in the rope. The braided
cover was flexible and could yield slightly under sudden tugs on the rope. This
was a great advantage for tensile resistance as, the tighter the rope was pulled,
the tighter the cover gripped the core. The force was thus transferred to all
fibers equally, an important consideration as uneven distribution of stress would
have caused overloading of some of the fibers and consequently more failures.’

8 Telfordz, p480.

4 peters?
® peters®
® peters?
7 Peters?

, pl4.
, pl4.
, pl4.
, p14-15.
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Fig. 5: Lan Jing Bridge with iron-link chain-cable in Yunnan, China. First illustrated in Kircher, 1667. (Peters?, after
Schramm)

Figure 4 shows the Quan-Xian Bridge in China. This bridge is comprised of multiple
bamboo cables hung side-by-side to construct the traversing surface, and another ten cables
comprise the handrails. This bridge was first mentioned in the third century BC, and is shown
in its original condition before the cables were replaced with wire ones in 1976. In the tenth
century AD, the bridge had five spans for a total length of 380 m (1247 ft). Today it measures
330 m (1083 ft) and has ten spans. The largest span is 61 m (200 ft). Over the centuries,
the traversing cables were continually replaced. The old cables were used to replace the
cables of the handrails.®

2.2.3 The Wrought Iron Chain

The origin of the iron chain in construction is just as obscure as that of the bamboo cable. In
China, iron chains were first mentioned in documents of the ‘Spring and Autumn’ Period
(770-476 BC), where records mention that 3609 iron mines were then in use.’

Tom F. Peters, a historian of building technology, writes,

The high standard of Chinese metallurgy, particularly in the mountainous
regions of Sichuan and Yunnan, with their abundance of high-grade iron ore,
favored the emergence of the iron chain bridge. It soon spread throughout the
Himalayan Range. Travelogues dating back to 519 and 646 AD bespeak the
existence of many such structures on the pilgrim road from China to India. As
with the bamboo cable bridges, the chain ones were also single spans with few
exceptions.*®

The earliest chain bridge, called Lan-Jin, is traditionally supposed to have been erected at
Jing Dong in Yunnan in the year 65 AD™. Figure 5 shows an image of this bridge first
published by Kircher in 1667. This image was widely reproduced, including in an English
travelogue by Turner in 1800."2

8 peters?, p15-16.

° peters?, p16.

10 peters?, pl7. The Luding Bridge over the Tatu River, had a record span of 100 m when it was built in 1703,
which would have been the largest span of its time.

" Traces of a chain bridge discovered at Liuba may predate the Lan-Jin Bridge. Peters?, p21.

12 peters?, p21.
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Fig. 7: Iron chain at Wangdiphograng, Bhutan.
(Peters.2 after von Schulthess)

. 2.2.4 Thang-stong rGyal-po

A noted builder of wrought-iron chain bridges
was the Tibetan monk, Thang-stong rGyal-po
(1385-1464). Most chain bridges in Bhutan
and Tibet are traditionally attributed to him.
Many chain bridges of the type he erected

2 have been in daily use in that region for 550

years. The best documented is the
Tamchugang Bridge over the Paro River. The
deck rested on parallel chains. Additional
chains formed the railings.™® Figure 6 shows a
the Docsum Sempa Bridge over the
confluence of the Gongri and Yangtse Rivers,
Bhutan. This bridge was originally erected by
Thang-stong in the 15" century AD. Figure 7

© shows a detail of a chain left abandoned at

Wangdiphodrang, Bhutan. Thang-stong gave
up trying to build a bridge there after the
chains had ‘been thrown down’ several times.
Necking of the links indicates they were
probably over-stressed.*

2.2.5 Eye-Bar Chain Bridges in China

The eye-bar differs from the normal chain link
in that it is made of a single bar, not closed in a
loop. Its ends are either bent to form ‘eyes’ at
either end, or flattened and punched with
holes.  There were many eye-bar chain
bridges in China. The Kiai Tsu Chang bridge
built in the eighteenth century, still stands on

| the former Sichuan-Xi Kang border. Its chains

are of round bars bent to form eyes, and
welded at the ends.*®

2.2.6 Influence of Non-Western Development in the West

There is no evidence that any practical ideas were transposed from Asia or South America to
the West. All references by Telford, and other authors in England at the beginning of the 19"
century, treat the existence of such bridges only as curiosities. They assure themselves that
English engineering, ingenuity and iron-making skills can do a superior job regardless of

what has been done in the past.'®

13 peters?, p18-19. The Tamchugang Bridge was last photographed in 1967 before it collapsed during a storm

the following year.

4 peters?, p19-20.

!5 peters?, p21.

' Cumming; Telford?.
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2.3 Early Western Suspension Bridge Development

2.3.1 The Earliest Iron Chains in Europe

A small bridge on the Gotthard Pass route in
Switzerland is the first western bridge recorded
to have been suspended by an iron chain.
This bridge was built around 1218. An iron
votive chain that was constructed over the
southern French town of Moustier Sainte-Marie | {§
in the Alpes de Haute Provence is traditionally |

dated to that same century. That chain still
spans 200 m (656 ft) between two crags. Itis
made of eye-bar links, 65 cm (25.6 in) long -
and 20 mm (0.8 in) in diameter.*’

2.3.2 Verantius

Faustus Verantius published three suspension
bridge proposals in his book Machinae novae,
which appeared in two editions in 1615 and
1617. This book was published in Latin,
Italian, Spanish, French and German. It was a
popular reference. The three bridges
Verantius proposed are illustrated in Figures
8, 9 and 10. The first is a ropeway; similar to
the one-rope span previously described that
employed a leather sling with two ropes to pull -
a charge from one side to the other. An '(:Iige.tSr:s-lz-)emporary military rope bridge, Verantius.
improvement of Verantius’s system is to use a

continuous cable to pull the basket across
rather than two separate ropes. The second
bridge is one for a more typical suspension
bridge, albeit designed to be temporary for
military purposes, where the deck is level,
suspended from above by what are probably
hemp-rope cables. The last shows a cable-
stayed system using eye-bar chains with an
auxiliary catenary chain supporting mid-span.
The use of segmental construction in the deck
would be far too flexible. We can presume that
Verantius did not adequately think through the

. -

associated problems with his design.*® Fig. 10: Chain bridge proposal, Verantius. (Peters?)

7 peters?, p24-25.
18 peters?, p25-26.
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Fig. 11: Winch Catwalk over the River Tees, County Durham, England, 1802. First built 1741. (Cumming)

2.3.3 The Winch Bridge

The Winch Bridge, across the river Tees in England, was built in 1741. Figure 11 shows the
Winch Bridge in 1824, after it had been reconstructed because the original bridge collapsed
in 1802. This bridge was still standing in 1908. Lacking evidence to the contrary, the Winch
Bridge appears to be the first permanent suspension bridge in Europe to use chains.’® The
bridge is a ‘catenary’ type where the deck is laid directly on two or more chains strung side
by side. The image shows that secondary stay chains were employed in an effort to stabilize
the bridge from movement and undulation. The chains themselves were composed of chains
composed of rectangular shaped links. The Winch Bridge and the Lan Jin Bridge,?® were
widely published on the European Continent and in England, and can thus be considered as
ancestors of later developments.?*

2.3.4 Niklaus von Fuss, Russia

In 1794, Niklaus von Fuss proposed a design for a long-span chain bridge over the Neva in
St. Petersburg, though no record of its design is now known to exist. Fuss was a Swiss
mathematician and Leonhard Euler's assistant and successor as Secretary of the Russian
Imperial Academy of Sciences at St. Petersburg. It would have been illuminating to examine
Fuss’s plan because it predated the first Western stiffened suspension bridge actually built,
that of James Finley in Pennsylvania, by just two years.?

19 peters?, p27.
2 First illustrated in Kircher, 1667.
*! peters?, p27.
22 peters?, p28.
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Fig. 12: Finley Patent Bridge, 1808. (Petersz)

2.3.5 James Finley, United States

In 1801, James Finley, an American justice of the peace, erected a 21.3 m (70 ft) span
suspension bridge for carriage traffic at Jacob’s Creek. He patented his design in 1808 and
by 1820, about 40 bridges on his plan are said to have been built in the United States. (Fig.
12) Finley’'s chains were comprised of rectangular links. Finley built Merrimack Bridge in
1810 with a main span of 74.4 m (244 ft), marginally greater than the cast-iron arch bridge at
Sunderland, which attracted attention to this type of bridge.?® The largest Finely type bridge
was 93.3 m (306 ft) in length with two spans over the Schuylkill Falls at Fairmount,
Pennsylvania.?*

2.3.6 England

Around the turn of the 19" century, the British developed a new form of chain derived from
experiments made with iron chains for standing rigging and anchor chains for warships.
William Hawks was the first to patent a British eye-bar link with punched holes in 1805, and
Thomas Telford subsequently followed suit. The British development was clearly
autonomous from that of the Chinese and the ideas of Verantius.?

Samuel Brown was, according to Peter Barlow, the original inventor of iron cables. This is
clearly false in light of our knowledge of developments in China, Switzerland, France and the
United States. Brown used bars with welded eyes, not punched like Telford. Brown notably
built the Union Bridge and the Brighton Chain-Pier. (Figs. 13 and 14) Brown’s Union Bridge
was the first suspension bridge in England completed with the bar-type chain-link cable. The
Union Bridge crossed the Tweed at Norham Ford with a span of 110 m (361 ft).?

2% paxton and Mun, p87.

> peters®, p31. Fairmount is now part of Philadelphia.
% peters?, p33.

%% Gibb, p142.
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Fig. 13: Union Bridge, Samuel Brown, 1818. (Brown)
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Fig. 14: Brighton Chain Pier, Brown. (Sutherland)

After Telford published his plans for the Runcorn Bridge, a number of bridges were erected in
Great Britain, including two small chain bridges built in southern Scotland. One was the first
Dryburgh Abbey Bridge, built in 1817 by John and William Smith for the Earl of Bucan. (Fig.
15) This bridge had a span of 79.2 m (260 ft) between anchorages and consisted of a
catenary cable with two stay cables at either end of the bridge.?” Redpath and Brown built
Kings Meadows Bridge, also in 1817, over the Tweed River in Scotland. (Fig. 16) They
initially designed a stayed bridge, one of the first such bridges, but later added a catenary
cable.?®

2 Peters p32-33; Cumming, p45.
%8 peters?, p36.
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Fig. 16: Kings Meadows Bridge over the Tweed, Redpath and Brown, 1817. (Peters?)

Fig 9

2.3.7 Other Developments beyond the Menai Bridge

At this point in the history of suspension bridges, it is proper to introduce the developments
made by Thomas Telford while designing the Menai Bridge. | will examine this case in detail
below. First, to complete the brief summary of suspension bridge development laid out in
this and the last section, | will briefly review other developments that occurred
contemporaneously with the construction of the Menai Bridge.

Capt. Napier erected a wire bridge with a 38.1 m (125 ft) span at Thirlstane, over the Etterick
before 1821.%° Several cable-stayed bridges were also constructed during this early period
of English suspension bridge construction. Cumming notes the beneficial constructive
properties that permit a cable-stayed bridge to be constructed from each side independent of
the other. He also proposes that a chain pier can be constructed with one half of such a
bridge cantilevering out over the sea.*

2.3.8 The French

In 1820 and 1821, the French government sent Claude Louis Marie Henri Navier, a
prominent engineer and mathematician, to Britain to report on the state-of-the-art of
suspension bridge construction.®® From that time until just after mid-century, the French
applied their scientific and theoretical knowledge to developing wire-cable suspension
bridges. The Seguin Brothers, French bridge builders, and Guillaume Henri Dufour, a Swiss
engineer were at the forefront of this development.

%% Stevenson.
39 cumming, p xii-xiii and 44-45.
8 Cumming, p50.
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2.3.9 Wire Cable Suspension Bridges in US
132

When Lewis Wernweg'’s innovative timber arch bridge near Philadelphia, the ‘Colossus’,
was destroyed by fire in 1838, Charles Ellet Jr. replaced it in 1842 by the first permanent wire
cable suspension bridge to be built in the United States.®®* From that time onwards, the
principal development of the suspension bridge moved back across the Atlantic, where,
through the efforts of Ellet, John Augustus Roebling, Othmar Ammann, David Steinman, and
others, it remained at the forefront of suspension bridge technology until the latter part of the
20" century. All of these great efforts can principally trace their origin to the work of Thomas
Telford. His ideas and work hugely influenced the first great period of suspension bridge
construction from 1814 to the mid-nineteenth century.

2.4 Thomas Telford, His Life and Experience

2.4.1 Early Life

Thomas Telford was born in Eskdale, Scotland in 1757 to working-class parents. The school
system in Scotland at the time was considered very good and was accessible to Telford,
therefore he received a good educational foundation. At the age of 14 Telford left school to
start an apprenticeship as a mason. Telford worked throughout Scotland as a mason,
including Edinburgh, until the age of 24, when upon his own initiative he set out for London,
where he felt he could learn more about his trade than in Scotland.®*

Upon his arrival in London, Telford's first employer was William Pulteney, a gentleman from
Telford’s hometown of Eskdale. Within a few months, Telford went to work for an architect
named Sir William Chambers. In 1784, Telford was at Portsmouth Dockyard, where for the
next two years he was engaged on the building of an official residence designed by Samuel
Wyatt for the Commissioner. As a matter of circumstance® and certainly Telford’s own
industriousness and initiative, he gained total control over the project.®®

The job at Portsmouth was Telford’s first position of independence and responsibility and
marked his emergence from the rank of manual laborer. While at Portsmouth, Telford was
introduced to all the activities of a big harbor and naval base. He saw and could study
engineering works in tidal areas, and made his first contact with what the English engineer
John Smeaton would have called civil engineering, as opposed to architecture. All the time
Telford was acquiring knowledge. Anything that he thought might be useful to him he
collected and recorded in a notebook.*’

Writing a friend, Telford noted,

Knowledge is my most ardent pursuit, a thousand things occur that would pass
unnoticed by good easy people who are contented with trudging on in the
beaten Path but | am not contented unless | can reason on every particular. |
am now very deep in Chemistry — the manner of making Mortar, led me to

%2 The Colossus, built in 1803, had a world-record tying span of 103.6 m. Ref. Appendix A-03, p.A.87.
33 2
Peters®, p31.
% Gibb, p1-5.
% The person who had been in charge was considered by the client to be unreliable and neglectful.
% Gibb, p5, 6 and 10.
37 Gibb, p10.
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enquire into the Nature of Lime. In pursuit of this, having look’d in some books
on Chemistry | perceived that the field was boundless — and that to assign
reasons for many Mechanical processes it required a general knowledge of that
Science. | wish ... that you saw me at the present instant surrounded by Books,
Drawings — Compasses Pencils and Pens etc. etc. great is the confusion but
pleases my taste and that's enough.®

During his time at Portsmouth, Telford would have been exposed to iron and woodworking,
different tools, and a completely different way of thinking about construction. It would be
interesting to research what activities were going on at the dockyard during that time. Had
the Royal Navy already begun research on the use of iron chains in lieu of hemp rope?
Telford would have been exposed to a variety of tensile structures, such as the ships rigging
and anchor cables. These structures would have provided valuable insight in his thinking
about materials and structure. Until then, his experience was largely limited to masonry
structures subject to compression, and timber structures used for the centering of masonry
arches.

2.4.2 From Mason to Civil Engineer

The Commissioner’s house was finished in the autumn of 1786, and soon after Telford
moved to Shropshire, England, where he was appointed Surveyor of Public Works for the
County of Salop, probably due to the influence of his former employer, William Pulteney.*
This position led to all other commissions Telford received to oversee large civil engineering
works on roads and canals.

Telford designed and built one of his first bridges, the Montford Bridge in 1790. It is a three
arch stone bridge over the Severn River. It was begun in 1790, and for it Telford imported
Matthew Davidson, the master mason of Langhom, with whom he had perhaps worked his
apprenticeship. Davidson remained with Telford until his death while engaged on the
Caledonian Canal at Invernss nearly thirty years later. ‘His skill and workmanship were
unsurpassed, and his caution provided a valuable and sometimes necessary foil to Telford’s
enthusiasm for experiment and new ideas.’*

The years 1793 and 1795 saw the emergence of Telford as a civil engineer. He was
appointed General Agent to the Ellesmere Canal in late October 1793 and Engineer to the
Shrewsbury Canal in February 1795. The period from 1793 marked him as an innovating
civil engineer capable of daring projects. By 1793 he had the confidence of the canal
commissions, landed gentry, and had already made many of his friends among practical men
and scientists that he would work with throughout the rest of his life.**

Among the men Telford befriended were a number of iron founders. One of these men was
William Hazledine, a millwright and iron founder, who had supplied a pump to one of
Telford’s canal projects. Hazledine was highly respected by Telford, particularly for his
inventiveness. Hazledine would eventually supply all of the ironwork for the Menai
Suspension Bridge and it would be interesting to trace what influence Hazledine had on the

% Gibb, p10.
% Gibb, p11.
9 Gibb, p21.
“! penfold, p12 and 17.
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F actual design of the chain cable. An
interesting connection to make is that
Hazledine cast the structural elements of the
| first iron frame building, a flax mill at
Ditherington in Shrewsbury, designed by
Charles Bage in 1796-97. It is probable that
Telford knew the details of this building.
Bage’s experiments on the strength of iron
bars are recorded in Telford’s memorandum
book and it seems likely that Bage borrowed

Fig. 17: Ironbridge, Coalbrookdale, Abraham Darby, . .
1779. (Walker) the results of the experiments on cast iron

performed at Ketley by Reynolods for the
Longdon Aqueduct in 1795, which was designed with Telford. Bage apparently worked with
Telford on survey works in Shrewsbury*? around 1788, though it is unclear what personal
relationship they might have had.*

While working on the Ellesmere Canal, Telford made the acquaintance of John Wilkinson.
Telford called Wilkinson the ‘King of the Iron Masters’ and considered himself ‘fortunate in
being on good terms with most of the leading men of property and abilities.”**

2.4.3 Ironbridge and the Suitability of Iron in Bridges

While Surveyor of the Public in Shrewsbury, he was not far from the Coalbrookdale ironworks
and Ironbridge, which was the first all cast-iron bridge when built in 1779 over the Severn
River. (Fig. 17) It is not perfectly certain from whom the idea for its construction originated.
Abraham Darby, proprietor of the Coalbrookdale ironworks that cast and erected the bridge,
is generally credited with its design; however, it has been argued that John Wilkinson had
some share in its conception.*®

Telford’s proximity to Coalbrookdale obviously afforded him the opportunity not only to study
the construction of the first iron bridge, but also to become acquainted with the whole
process of iron production and fabrication at the Coalbrookdale Ironworks.

About Ironbridge, Telford observed,

The banks of the river adjacent to the bridge are exceedingly high and steep,
and composed of alluvial matter which slips over the points of the coal strata.
The effect of this operation not having been sufficiently provided against, some
years ago, the top part of one of the stone abutments was pressed in a few
inches, and of course raised up the iron work about the middle of the arch.
Steps have been since taken to secure the western abutment; but the other, by
having valuable houses built close up to it, is more entangled, and it may in time
suffer from that cause; but the iron work has not been the least affected by the
weather, or the intercourse over or under the bridge during 34 years.*®

42 atthe prison and in the town of Madeley.
“3 penfold, p17.

“4 penfold, p12.

“ Telford?, p539.

“% Telford?, p48s.
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Fig. 18: Buildwas Bridge, cast-iron arch, Telford, 1795. (Telfordz)

To address the problem of the abutments Telford explained,

Had the abutments been at first sunk down into the natural undisturbed
measures, and constructed of dimensions and form capable of resisting the
ground behind, and had the iron work, instead of being formed in ribs nearly
semicircular, been made flat segments, pressing against the upper parts of the
abutments, the whole edifice would have been much more perfect, and a great
proportion of the weight of metal saved. ... [Furthermore,] the circular rings of
the spandrels are less than perfect than if the pressure had been upon straight
lines; for a circle is not well calculated for resistance, unless equally pressed all
around.*’

Evidently, engineers must have considered Ironbridge with some skepticism even though it
had attracted much attention because a second iron bridge was not built until 1895. In
addressing the faults he observed in the construction of Ironbridge, Telford wrote,

We consider it our duty to introduce these observations, in order to shew the
necessity for great precaution in similar works, and how liable first attempts are
to be defective; but they derogate nothing from the merit of projecting a great
arch of cast iron, introducing a material almost incompressible, which is readily
moulded into any shape, and which is peculiarly applicable in the British Isles,
where the mines or iron are inexhaustible and the means of manufacturing cast
iron unrivalled.*®

These preceding observations demonstrate Telford's appreciation of the compressive
strength of cast iron and its applicability to arch structures. This structural type was very
familiar to the highly trained mason. Telford recognizes the possibilities that the new material
offered in terms of weight savings that would make possible the construction of flatter arches.
He warns against irrational caution by his peers to adopt the new material, showing the same
initiative and comfort with risk that raised him to the professional level he attained. Finally,
Telford also notes how the iron industry in England was ready and particularly suited to the
production of cast iron structures.

" Telford?, p539.
“8 Telford?, p539.
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2.4.4 Buildwas Bridge

Thomas Telford built the second iron bridge in England. This bridge traversed the Severn
River just three miles north of the first iron bridge at Coalbrookdale. The Buildwas Bridge
replaced an old stone bridge of several arches that had been carried away in a very high
flood in early 1795.*° The floods damaged or washed out other bridges too, but Ironbridge,
just downstream of the first Buildwas Bridge, had survived the floods undamaged. *° There
appears to be very little evidence of interest in iron bridges or agueducts among engineers
and ironmasters until a letter from Coalbrookdale that recorded the performance of
Ironbridge, dated 15 February 1795, was published in several newspapers. Interest in iron
bridges and aqueducts increased markedly after this event.>

Telford knew Ironbridge well since it was not far away from Shrewsbury, where he was
Surveyor General. Telford had related that this bridge had greatly interested him from the
moment he first saw it and he was looking for the opportunity to put into practice his own
ideas for avoiding the chief mistakes he believed Ironbridge’s designers had made. One of
these mistakes was to underestimate the stability of the earthen abutments with an arch that
was much lighter in comparison to the typical masonry bridge. At lronbridge, the abutments
caused problems because they pushed out.>

To replace the washed out Buildwas Bridge, Telford recommended a cast-iron arch of 39.6 m
(130 ft) span. (Fig. 18) For the design, Telford asked to William Reynolds and John
Wilkinson for their opinions. The Coalbrookdale Company performed both the masonry and
ironwork for Buildwas Bridge, and it was finished in 1796.>

Telford evidently had some trouble convincing the Coalbrookdale Company to depart from
their former mode of construction, but he at last prevailed in building the bridge as shown in
Figure 18. The bridge actually incorporated two arches, each with a different rise and
springing. The bearing ribs have a curve of 17 in 130, or nearly one-eighth of their span.
The suspending ribs rise 10.4 m (34 ft), or about one-fourth of the span. There are cast-iron
braces and horizontal ties. There are 46 covering plates, each 5.5 m (18 ft) in length, and
2.5 cm (1 in) in thickness. They have haunches 10.2 cm (4 in) in depth, and are screwed
together at each joint. The arches were designed to act compositely as one arch.>

The banks are low at the site of Buildwas Bridge.>® In 1800 Telford said that he used this
double-arch configuration because ‘the roadway could not with propriety be raised to a great
height’ and had to be kept as level as possible with the banks. Moreover the uncommonly
high flood had led him to consider a design ‘which would avoid piers and allow for rapid
changes in river level’ and, more cogently, because of the instability of the banks, he used ‘a
very flat arch (the segment of a very large circle) calculated to resist the abutments if
disposed to slide inwards, as at Coalbrookdale.” The back of each abutment was ‘wedge
shaped, so as to throw off laterally much of the pressure of the earth’.>®

49 Telford?, p539-540.

*0 Gibb, p21.

°1 Cohen, p140. Comment given by J.G. James.
°2 Gibb, p21.

%3 Telford?, p488-489.

* Telford?, p540.

% Telford?, p488-489.

% penfold, p13 and 15.
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When Buildwas Bridge was completed,
Telford’s design was criticized because the two
arches, which have different length and
curvature, were connected, thus exposing
them to different degrees of expansion and
contraction. Telford dismissed the criticism,
saying ‘this appears just in theory; and that no
discernible effect has hitherto been produced,
is probably from the difference being small.”’

Telford was a pioneer in the use of iron in
bridge building. For twenty vyears the
Coalbrookdale bridge, inspired by Wilkinson,
remained unchallenged and uncopied. His
design for the Buildwas Bridge was, for the
times bold and original. He first recognized
that the real advantage iron offered was that it
allowed the introduction of a much flatter arch; Fig. 19: Craigellachie Bride, cast-iron arch. Telford,
and that the weight on the foundations could 1810. (Ruddock)

be greatly reduced. The success of the
Buildwas Bridge not only added to Telford’'s
growing reputation, but also drew attention to
an important market for surplus iron, for which
the ironmasters were then anxiously looking.®
It was only one year after the construction of
the Buildwas Bridge, that Charles Bage. And
English industrialist, introduced the first cast-
iron beam into mill-building construction.

2.45 What did Telford Know?

Concerning all of his knowledge of engineering
and construction, Telford is largely self-taught.
From the time he was an apprenticed mason,
Telford sought to increase his skills and
knowledge. It is for this reason that Telford
first moved to Edinburgh and then to London.
His knowledge came from all sources -
personal experience and observation, reading
books, and from those people with whom he
surrounded himself.

Fig. 20: Longdon Viaduct, ¢.1796. (Ruddock)

At Portsmouth Dock, he studied all the works
of the port and wrote to a friend that he was 3 s
studying chemistry because of its application Fig. 21: Pont Cysylite Viaduct, 1805. (Sealey)

> Telford?, p540.
%8 Gibb, p22-23.
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to the production of mortar. By the time he built Buildwas Bridge, he already had an
enormous resource of knowledge to draw from, not only his own, but some of the preeminent
iron founders, engineers and building contractors of the time.

Telford learned project management and was an effective leader. None of the great
engineering works he was involved in could have been successfully executed had Telford not
been astute at managing the economic, political and public influences on projects. All of this
knowledge was necessary to realize the construction of the Menai Suspension Bridge, then
the longest bridge in the world.

When Telford was asked to submit proposals for two bridges to cross the Menai he had
already established himself as an accomplished engineer of large works such as roads and
canals as well as having built numerous bridges in stone and cast-iron. His article, The
Theory and Practice of Bridge Building, published around 1811, attests to what Telford knew
at that time. The following are just a few pieces of information with which he had to approach
the design for a bridge to cross the Menai.

2.4.6 Strength of Materials

The first scientific treatises on the strength of materials, containing descriptions of duplicable
experimentation, were just beginning to be written at the time. Abstract, mathematical
theories had yet to be translated into practical tools for design.>® As Telford wrote,

Though we highly value the sublime geometry, we are inclined to think that the
unnecessary parade of calculus in the application of science to the arts, has
been one of the chief causes of the dislike, which many able practical men of
our country have shewn to analytical investigation.®

From all of his early experiences Telford gained an astounding amount of knowledge about
structural materials — stone, wood®® and cast-iron. As a highly trained mason, Telford’s
knowledge of stone, its properties, workability and application, certainly must have lacked
deficiency. Associated with his masonry work, Telford had to have been well familiar with
carpentry and many aspects of building with timber because of its importance in the
construction of centering for masonry arches.

By 1810, cast iron was not a new material to Telford. He had built the second iron bridge in
the world in 1895, the Buildwas Bridge and completed another cast-iron arch bridge in 1810,
Craigellachie Bridge. (Fig. 19) Additionally, Telford was intimately involved in the
construction of two aqueducts, the Longdon and Pont Cysyllte, in which cast iron was used.
(Figs. 20 and 21) In the Longdon Viaduct, completed c.1796, the piers were made of cast-
iron. The canal troughs of the Longdon and Pont Cysyllte Aqueducts were constructed from
cast-iron plates. During this period, Telford conducted experiments to determine the strength
properties of cast iron. He was also privy to the experiments being done by Charles Bage for
his mill-building beams.

% peters?, p31.

%0 Telford?, p490.

®1 Telford used timber for falsework in masonry construction, was exposed to that material’'s use in ship and dock
works, and used it for a foot bridge in Glasgow.
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Iron quality of the time was undependable. Manufacturing methods were poor and uneven
and hidden flaws were common. Not much was known about metallurgy.®® In his article on
bridge building, Telford recommended cast iron for ‘receiving thrusts, forming supports, or
dowelling stones.” The only applications Telford recommended for wrought iron, ‘made from
wood charcoal,” were in ties, bolts, and nails.** The historical record does not show that
Telford knew as much about wrought iron as he did cast iron prior to his involvement with the
design of the Menai Suspension Bridge. Nor was there much information available in
general.

2.4.7 Telford on Learning

While Telford valued formal education, he strongly believed experience was the best teacher.
In his biography®, Telford wrote,

| ever congratulate myself upon the circumstances which compelled me to begin
by working with my own hands, and thus to acquire early experience of the
habits and feelings of workmen; it being equally important to the Civil Engineer,
as to Naval or Military Commanders, to have passed through all grades of their
profession.®

2.4.8 Structural Theory and Empiricism

Telford’s article on bridge building makes it clear that Telford was keenly aware of the
various theories on structure of the time. He seems to have largely ignored such theory on
the basis that it did not often match his observations in practice. In his article on bridge
building, Telford wrote,

It was only about a century ago, when Newton had opened the path of true
mechanical science, that the construction of arches attracted the attention of
mathematicians. Since that time, volumes have been written respecting the
equilibrium of arches. It has been found one of the most delicate, as it is one of
the most important applications of mathematical science. Yet, with all due
deference to the eminent men, who have prosecuted this subject, we are much
inclined to doubt whether the greater part of their speculations have been of any
value to the practical bridge builder. He is still left to be guided by a set of
maxims derived from long experience, and as yet little improved theory. In truth,
his works seldom fail even where they differ farthest from the deductions of the
theorist; and at all events, he finds that a much greater latitude is allowable than
theory seems to warrant. He is therefore surely excusable in doubting of the
justice of such theories, at least until they are more consonant to the approved
practice.®®

T.G. Cumming sums up the attitude of the British engineer in the second edition of his book
on suspension bridges, published in 1828. Cumming related the story of when Navier, the
French mathematician and structural theoretician, visited England in 1820 and 1821 to
examine and report on the state of English suspension bridge technology. With this
knowledge, he attempted to apply the French scientific approach to the design of a

®2 peters?, p31.

®3 Telford?, p521.

& Telford".

% Gibb, p209.

% Telford?, p489-490.
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suspension bridge that was to traverse the Seine in Paris. The intended span was to be
149.4 m (490 ft), with 170.7 m (560 ft) from anchorage to anchorage. Towards the close of
1827, the chains were in place, and installation of the deck was proceeding when, according
to Cumming, the balance weights proved too light and the bridge fell into the river.*” Tom F.
Peters attributes the failure to a movement in the abutment compounded by a burst water
main near by.®

Cumming wrote that the ruins of Navier's bridge “proudly shew that English modes of
calculation, combined with practical skills, are infinitely superior to being ‘initiées aux
connoissances mathématiques les plus élevées.” The reason is obvious; no man can make
progress in the highest departments of mathematical learning who does not consume by far
the greater part of his time in them; while with a certain degree of power in comparing
quantities, and knowing the exact nature of a thing to be done, it is easy to render stability
certain without having recourse to refined calculations.”®

2.4.9 Knowledge of the State-of-the-Art in Engineering

Telford was an avid reader and observer. His article on bridge building reveals a broad
breadth of knowledge about bridge building not only in Great Britain but also from around the
world, including the suspension bridges of China and South America. Telford habitually
asked friends to record all the engineering works they observed in the course of traveling. In
this way, Telford was probably quite familiar with what was being done on the European
continent.”

Telford was known for his seemingly tireless commitment to work. Telford never married and
kept no home. In London, Telford lived in a coffeehouse. When asked if he had any regrets
about not having married or settled down, Telford simply responded that he kept ‘sentiment
in its true perspective.””*

2.5 Menai Bridge, 1810-1811

2.5.1 Background on the Menai Suspension Bridge

At the turn of the 19™ century, pressure was growing for a better transportation link between
London and Holyhead, England’'s gateway to Ireland. Economic growth due to the industrial
revolution generated an increase of trade across the Irish Sea. Politicians were seeking to
shorten the trip between London and Dublin. To meet this objective, it was determined that
the road to Holyhead had to bridge the Menai Strait, which separated the island of Anglesea
from Carnarvonshire.”

®” Cumming, p51.

®8 peters?, p149.

%9 Cumming, p51-52.

° Gibb, p208.

" Gibb, p2; correspondence with Tom F. Peters.
2 Telford?, p542.
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In 1801, Charles Abbott, then Secretary of State for Ireland, directed the engineer John
Rennie to survey the Menai Strait, and propose a plan for a bridge.” Rennie identified two
possible locations for a bridge: one at the narrowest part of the strait with a projecting rock
named Ynys-y-Moch; and the second upon the several projecting rocks known collectively as
“The Swellies.” Rennie proposed a single cast-iron arch with 137.2 m (450 ft) span for Ynys-
y-Moch and a three cast-iron arches over the Swellies, each spanning 106.7 m (350 ft). Of
the two, Rennie preferred to build the bridge at the Swellies, even though he estimated it to
be the more expensive of the two proposed projects. The reason he cited was the difficulty
of constructing a proper centering for the single span at Ynes-y-Moch because of the depth
of water and rapidity of the tide there.”

While Rennie’'s designs were under consideration, a strong opposition to the erection of a
bridge at the Swellies arose by some of the commercial and trading interests of
Carnarvonshire and its neighborhood, who contended that the bridge would cause additional
eddies, wind and water, thereby increasing the difficulty and danger of passing the Swellies.
William Provis writes that ‘they were probably influenced quite as much by the consideration
that it would open a more perfect communication with the Bangor markets [on the other side
of the strait], and consequently operate to the prejudice of their own.” These objections did
not have a chance to be fully addressed because there was no money available to proceed
with the project. At the time, it was estimated that the expected returns on any investment
would not be enough for private individuals to undertake it, and the government was
engaged in an expensive war that left little in the treasury for a bridge.”

In 1810, Rennie was asked to submit revised plans and estimates. Other engineers were
consulted. Various sailing authorities testified that previous objections to the bridge because
of the effects it would have on shipping in the strait were unfounded, but ferry boat interests
and the trading interests of Carnarvonshire continued their objections. Additionally, it was
found that the roads leading from the Swellies were less satisfactory than those near Ynys-y-
Moch. The condition of the road was delaying delivery of the Royal Mail. With these
concerns in mind, the Lords of the Treasury instructed Thomas Telford to make an accurate
survey of the two roads to Holyhead, to propose the best lines that could be adopted, and to
consider the best mode of traversing the Menai Strait.”®

2.5.2 Telford’s First Proposal for a Bridge across the Menai Strait, 1810-1811

When Telford surveyed the two sites identified by Rennie, he defined the following criteria to
respect for the design of any bridge:

- a considerable number of small coasting-vessels, from 16 to 100 tons,
navigate the Menai, and that there have been a few from 100 to 150 tons.

- the largest ships to consider, from 150 to 300 tons, are only 26.8 m (88 ft)
above the water line with their top-gallant-masts struck. These are extreme
cases in the Menai, and if provided for should satisfy the navigation
requirements of the strait.

& Provis, p3.
74
Telford®, p542.
'S Provis, p5.
"® Provis, p7-8.
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Fig. 22: Cast-iron arch type bridge as proposed by Telford to cross the Menai Strait, 1811. (Telfordz)

- Telford posed the question if the height should not be limited to vessels less
than 100 tons, by which the expense of a bridge would be considerably
diminished. The design ship ultimately was settled to be a 150-ton design
ship “with all on end.””

Telford’s first design was for the Swellies and consisted of three cast-iron arches of 79.2 m
(260 ft) span each, with a stone arch of 30.5 m (100 ft) span between each two of them. The
spandrels of the cast-iron arches were left open ‘so as to oppose as little resistance as
possible to the wind, and to preserve the general lightness of character.” The arches had a
rise of 27.4 m (90 ft) on a spring tide, sufficient to allow vessels not exceeding 150 tons to
pass under the Bridge at high water with all on end, and vessels of 300 tons might pass
under by merely striking their topgallant masts.”®

Telford’s design for Ynys-y-Moch comprised of a single cast-iron arch of 152.4 m (500 ft)
span. (Fig. 22) The height to the under side of the arch was proposed to be 30.5 m (100
feet) from the high water of spring tides, and the breadth of the roadway 40 feet. The
estimated expense was £127,331, £31,367 less than the design for the Swellies. The
principle objection as expressed by a Dr. Hutton, was the difficulty of erecting a proper
centering for supporting the arch. Additionally, a traditional structure for supporting the
centering would interfere ships navigating the strait until the arch was complete. The Royal
Navy made clear that at no time could the strait be closed to shipping or could a bridge
interfere with that shipping.”

2.5.3 A Novel Approach to the Construction of Centering
Telford appreciated the importance of good centering. He wrote,

To construct and erect [the centers] is one of the most masterly operations in
bridge building.... In a centre, the principal objects to be kept in view, are to

" Telford?, p543.
"8 Provis, p9.
" Provis, p9.
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Fig. 23: Telford’s proposal for a suspended centering upon which to built the cast-iron arch. (Telford?)

construct and fix such a frame as shall support the weight of the arch-stones,
through all the progress of the work, from the springing of the arch, to the fixing
of the key-stone, without changing its shape, and to admit of its being removed
with safety and ease.®

In April 1811, Telford proposed suspending the centering for the 152.4 m span cast-iron arch
at Ynys-y-Moch. (Fig. 23) The centering was to have consisted of four parallel timber rib-
frames spanning the waterway in sections supported by a series of 968 mm? (1.5 in?) iron
stays. These stays radiated in eights, two to a frame, at angles of approximately 12°, 15°,
20°, 30° and 47° from the horizontal from timber tower-frames at each side of the bridge.
Each stay was to have been continuous, presumably welded, from the rib-frame to about
15.2 m (50 ft) from the tower-frame where it was attached via a flexible chain to a winch.®*
Telford seems to have taken for granted the fact that his proposed plan was feasible. Telford
stated that the weight of the bridge would be nearly half that of a similar stone arch.®

2.5.4 Design of the Stays for Suspending the Centering

In his calculations Telford assumed the breaking stress of a bar to be 552 MPa (80 ksi®®) and
multiplied this figure by the cross-sectional area of the bar to give a “suspending power” of
81650 kg (180 kips®). He claimed that since the weight each bar would have to support,
including self-weight, would be about 13,600 kg (30 kips), or one-sixth of the weight that
might be safely suspended.®® Although this was probably considered a preliminary
calculation, it is clear that Telford is not accounting for the increased tensile stress incurred
by inclining the stay from the vertical. Taking the extreme case of a stay that is angled 12°
from the horizontal, Telford’s stay would have to support upwards of 65,450 kg (144.3 kips),
which does not provide such margin of safety with the ultimate stress Telford used for his

8 Telfordz, p531.

8 paxton and Mun, p8s.

82 Telford?, p544.

8 ksi = kilo-pounds per square inch, e.g. 80 ksi = 80,000 Ibs/in®
8 1 kip (kilo-pound) = 1000 pounds

% Provis, p9.
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calculation. Paxton and Mun calculate that Telford’s value of 552 MPa probably exceeded
the true value by about 30%.%° Hence, Telford’s initial calculations were fundamentally
flawed. His oversight of the increased stress imposed by changing the angle of a tension
member to anything but vertical illuminates the crude state of structural theory and
knowledge of strength of materials. Conversely, it is interesting that Telford, believing he had
made his calculation correct, tried to convince others to use what was at that time an
untested material, wrought iron, by designing for a factor of safety equal to 6.

2.5.5 Cast-lron Crushing Strength: Gun Metal

There appears to be no record of Telford conducting tests on wrought iron to obtain the value
of its ultimate stress used in his calculation for dimensioning the stay bars, he did use data
from experiments on cast iron to confirm his preliminary sizing of the actual arch ribs.
William Reynolds of Coalbrookdale performed the tests. Reynolds found that it requires
203,210 kg (448 kips) to crush a cube of 6.35 mm (%) of cast-iron, of the quality named ‘gun
metal’ — i.e. 49,422 MPa (7,168 ksi). Based on this value, Telford determined that the ribs
would be ‘kept in their true position, that the strength provided is more than ample.”®” With
the ample cross bracing in Telford’s design the problem of buckling probably would not have
been a problem but the phenomenon does not seem to have been recognized as of that
time. Barlow and Hodgkinson conducted the first recorded investigation into buckling.
Hodgkinson only published the results in 1840.

2.5.6 Project Delayed

Though some critics considered Telford’'s single arch at Ynys-y-Moch less objectionable,
there were still vested interests opposed to any bridge being built over the Menai. To
assuage some concerns, it was offered to cut away some of the most dangerous rocks in the
strait at that point if the bridge was injurious to navigation. After a number of hearings, the
Committee recommended to the Parliament that Telford’s arch proposal be accepted.
Nevertheless, no action to pursue the plan further was taken until 1818.%

2.6 Runcorn Bridge, 1814-1818

2.6.1 The Runcorn Bridge Proposal, 1814-1818

While the fate of the Menai Bridge lay muddled in indecision, Telford was approached to
propose a plan for a bridge to cross the Mersey River to Liverpool at a narrow part in the
waterway called Runcorn Gap. After approaching all parties most interested, Telford was
convinced that it would be impossible to propose any plan that might at all interfere with the
free and uninterrupted navigation of the river. Additionally, Telford thought it would be very
difficult to erect piers within the low water lines because of the great depth of loose, shifting
sand in those areas. Telford therefore concluded that because of the above concerns, a
bridge of typical construction was not suitable, and determined to propose a suspension

% paxton and Mun, p88.
87 Telford?, p544.
% Provis, p12-13.
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Fig. 24: Telford’s 1814 proposal for a 609.6 m ( 2000 ft) long suspension bridge at the Runcorn Gap with a 1000
ft. center span. Elevation and plan from anchorage to centerline. (Penfold, after Rickman)

bridge.®® Telford proposed a bridge 609.6 m (2000 ft) long, with a center span of 304.8 m
(1000 ft) and two side spans of 152.4 m (500 ft). (Fig. 24) The committee responsible asked
Telford to study of the best way to construct the suspending cables to meet this objective.*

2.6.2 What Telford Knew of Suspension Bridges in 1814

In his article on the theory and practice of bridge building, Telford records that he is aware
that ‘bridges of ropes and chains had long been suspended both in America and India,
though generally of perishable materials, rudely put together.®® It is likely Telford, who was
well read, had seen the illustration of the Lan Jin Bridge, mentioned earlier.”?

Telford almost certainly knew of the Winch Bridge, built in England in 1741 and collapsed in
1802, but he does not mention it in his article. Provis, Telford’s assistant, does mention
Finley in his monograph on the Menai Bridge, but dismissed Finley’s work, making it evident
that no useful knowledge was to be had from Finley’s work — probably due to the restricted
flow of information as a result of the War of 1812. Therefore, Telford’s own efforts were for
the most part independent of any precedent.

Telford was aware of the catenary curve, as defined by Hooke being ‘the figure into which a
heavy chain or rope arranges itself, when suspended at the two extremities.” Telford was
aware of its application to the design of arches in that, when inverted, the catenary defines

8 provis, p11-13.

% paxton and Mun, p93.
% provis, p13.

%2 peters?, p22-24.
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the proper form of an arch when all of the stones are of equal size and weight. Telford also
understood that in practice such a curve is not accurate and that a non-uniform load has to
be considered due to the mass of the haunches. Telford also understood that if the arch
itself were not so heavy, traffic traversing it would also cause deformation.®

Overall, Telford knew about mathematics and the state of science and theory at the time. He
was skeptical of mathematical calculation and theoretical design because such theory and
calculation did not often correspond with what he observed in practice. It was Telford’'s
inclination to use any knowledge that would help him build something, but he would not let
anything like ‘theory’ stop him from building what his judgment told him he could do.

Presented with the design challenge before him, Telford considered that his proposed
centering of the arch at Ynys-y-moch was an adaptation of the suspension principle. There
seemed to him in the case of the Runcorn Bridge ‘no reason to doubt the practicability or
permanency of a Suspension Bridge, providing its parts were properly combined, and
durable materials used in its construction.”®*

2.6.3 Material Testing of Wrought-Iron Wire and Bars

In developing the Runcorn Bridge plan, Telford researched the properties of wrought iron and
cable forms. Telford’'s experimental approach to suspension bridge design was similar to
Finley’s in some respects but this was probably coincidence. Nevertheless, Telford believed
‘British dexterity upon superior material’ would improve on the North American bridges.

In the spring and summer of 1814, Telford made over 200 experiments to determine the
tensile strength of wrought iron. These tests were mostly performed at Brunton’'s London
Manufactory.”® Telford tested wrought iron with diameters of 1.27 mm to 48.10 mm (0.05 to
1.50 in), and on lengths varying from 9.4 m to 274.3 m (31 to 900 ft). The experiments were
made perpendicularly, horizontally and with different degrees of curvature. It was found that
the mean strength of a bar of good malleable charcoal iron 645 mm? (one inch square) was
407 Mpa (59 ksi) with a low of 372 MPa (54 ksi), and that an iron wire one tenth of an inch
diameter will suspend 317.5 kg (700 Ibs), or 603 MPa (87.5 ksi). That is, the wire was found
to support 1.6 times the load than the bar. It was also found that when the wire of one tenth
of an inch diameter is suspended with a versed sine of one fiftieth of the chord line it will
support one tenth of the weight suspended perpendicularly in addition to its self-weight,
which is only 1.45 kg per 30.5 m (3 Ibs 3 oz per 100 feet). When the versed sine was one
twentieth of the chord the wire supported one third of the load it supported perpendicularly.®
Results of the bar tests were published in 1817 by Barlow in his Treatise on the Strength of
Timber and Iron, though the results of the wire tests were not published until 1826 in the third
edition of the book.”” Maybe the wire tests were not initially published because they could
not explain the discrepancy between the ultimate strengths of the wire and bar.

From these experiments, Telford observed stretching commenced at about 70% of the
breaking load or about 278 MPa (40.3 ksi). Paxton and Mun believe that figure is high,

% Telford?, p490.

% Provis, p13.

% paxton and Mun, p90.
% paxton and Mun, p90.
7 peters?, p34.
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probably due to inaccuracies in Brunton’s testing equipment. A value of 185 MPa to 232
MPa (26.9 to 33.6 ksi) would have seemed more appropriate.®® Telford considered it safest
to adopt the least strength exhibited by any bar tested instead of taking the average. He
concluded that a bar of 645 mm? (1 in?) would suspend 27,442 kg (60.5 kips) under direct
vertical strain.’®® At the time, the word strain was used for what we call stress today.
Therefore, Telford calculated the ultimate stress of wrought-iron to be 417 MPa (60.5 ksi).

For design, Telford adopted 232 MPa and 417 MPa (33.6 to 60.5 ksi) for the stretching and
breaking limits of wrought iron. John Rennie, in 1809, and Capt. Samuel Brown, in 1816-17,
had also conducted similar experiments but they do not seem to have noted when the value
of yielding commenced.'®

2.6.4 Telford Eliminates Small Link Chain Forms

Telford’s investigations into chain strength confirmed that the small link chain was not the
best for application to the suspension principle. For this purpose he required that the ‘metal
should be kept as far as practicable in straight lines and also have few joinings.” In 1814,
Telford developed two principle cable designs, one with wire cables and the other with
composite bar cables.’® William Alexander Provis, Telford’s assistant since 1805, and who
was later to be resident engineer on the construction of the Menai Suspension Bridge,
developed the details for both proposals and published them in 1828.%

2.6.5 Wire Cable Design, 1814

The first proposals for using wire in bridge cables were advanced by Telford in 1814 for the
design of the Runcorn Bridge.'®® Telford’s design consisted of 42 cables. They were
continuous, parallel strands of nominal 2.55 mm (0.01 in) diameter iron wire totaling nearly
24,140 km (15,000 miles).*® In this design a higher ultimate load value per wire was taken
for the cables with a curvature depth of 1/20 span — i.e. 310.3 kg or 600 MPa (684 lbs, or
87.1 ksi), than for the 1/50 span curvature depth roadway cables — i.e. 272.2 kg (600 Ibs).
This indicates that Telford considered a larger safety factor necessary for the latter curvature.
From subsequent experiments at Ellesmere on a 274.3 m (900 ft) length of 2.55 mm
diameter wire Telford obtained an average value of 285.8 kg, or 553 MPa (630 Ibs, or 80.2
ksi). He constructed a wire model of the bridge 15.25 m (50 ft) long and considered to be
1/1200 of its strength. Each suspension cable was probably represented by a 2.55 mm
diameter wire. The model, which was without proper joints or bracing, withstood a load of
1360.8 kg (3000 Ibs), equivalent to about 1% times the dead load on the central span.
According to Provis the model could have carried considerably more weight with proper
detailing.'®

% paxton and Mun, p90.

% provis, p15.

199 paxton and Mun, p90.
11 paxton and Mun, p90.
192 peters?, p34.

103 peters?, p34.

194 paxton and Mun, p90.
195 paxton and Mun, p90-91.
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Even allowing for the greater strength of the

/J_,...-«-—-'.--.\ wire cables, the estimates indicate that they
S would have cost nearly £149,000. That is

7 g0 about 75% more than the figure published in
/ A 1817 for an alternative bar cable design. The
. respective cost estimates for the wire and bar

{ . cable were £56 and £25 per ton for a design
i strength advantage in the ratio of about

37:27.)% During the same period Telford was
working on his proposal for the Runcorn

- o Bridge, he was also working on a bridge with a
2 4 smaller span of 61 m (200 ft) over the Mersey
. e River in Latchford, near Warrington. Telford

proposed wire and chain variants for both
Fig. 25: Section of bar-cable design developed and bridges. In both cases, the wire versions were
tested by Telford. (Penfold, after Telford) abandoned for financial reasons. Telford
never built a wire cable bridge. The first wire
suspension bridge appears to have been the
Schuylkill River Bridge built in the spring of
1816 at Fairmount, Pennsylvania.**’

2.6.6 Bar Cable Design, 1814-1817

In the alternative bar cable design, shown in Figure 25, the cables were to have consisted of
thirty-six 322 mm? (0.5 in®) bars butt-welded to form continuous elements and making a 1935
mm? (3 in?), with an iron segment on each face to enable the bars to be pressed firmly
together. Water-proofing was to have been achieved by filling interstices with a mixture of
beeswax and resin, covering the surface of the cable with flannel saturated with this
composition, and the whole firmly wrapped round with wire. Buckles were to have been
provided at 1.52 m (5 ft) intervals. A specimen length of cable was fabricated in association
with Bryan Donkin, a civil engineer who supported its practicability.**®

Telford envisaged, as he did for the wire design, that stresses in the bridge would be
equalized between the upper and lower cables. He used the same strength factors, but
applied an ultimate stress of 417 MPa (60.5 ksi). He designed for a maximum stress under
dead and live load of about 204 MPa (29.6 ksi).**

Work on the Runcorn Bridge project continued for two years, during which time much
discussion, consideration of other designs and further experiments were made.**°

2.6.7 Experiments to Determine Strength of the Cable with Various Curvatures

Other experiments added to show what relative force would make a cable fail when stretched
between two fixed points with various degrees of curvature. These tests were performed

106

Paxton and Mun, p90.
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Fig. 26: Brown’s alternative bar-chain proposal for the Runcorn Bridge (1817) was based on the above design
that Brown used to construct a large scale model at his chain cable factory on the Isle of Dogs. Brown claims this
bridge was erected in 1813 or 1814. (Sutherland)

using wires varying from 1.2 mm to 2.55 mm (0.048 to 0.100 in) in diameter. Chord lengths
of 9.6 m, 30.5 m, and 274.3 m (31.5 ft, 100 ft, and 900 ft) were tried with the deflections of
1/30" and 1/20" of the chord length. It was found that a wire of 2.55 mm diameter broke
under a load 1/10™ of that it could support by direct vertical pull when the load was distributed
at three points equidistant from each other and the supports and the curvature was 1/30™ of
the chord line. When the curvature was 1/20™ of the chord line, the 2.55 mm diameter wire
could support one-third of what it could under direct pull with the same loading points.***

It was concluded that as long as the weight of the bar itself was less than that required to
tear it asunder, there would be a surplus of power to employ in suspending a roadway.
Based on the tests, Telford concluded that, in principle, a span of 304.8 m (1000 ft) was
within the maximum extent to which iron bars could be stretched. Therefore, there would be
enough capacity to support a roadway.*? Paxton and Mun contend that these conclusions
are not realistic. They consider Telford’s design value of 278 MPa (40.3 ksi) obtained from
Brunton’s equipment too high, leaving too little a margin of safety for the design.**

2.6.8 Arrangement of the Bar Cables and Their Rejection Due to Cost

The chains, and every other part of the Bridge to which tension could be applied, were
specified be of the best malleable'** iron. There were to be 16 main chains, each fabricated
as described above.'*®

The difference in price between the wire and the bar cables was not great, and both would
cost far more than an eye-bar chain.’*® Using a welded bar-cable in lieu of the wire clearly

1 provis, pi5.

12 proyis, p15.

113 paxton and Mun, p92.

14 malleable iron = wrought iron, which has less than 0.06% carbon content
15 provis, p17-18.

116 peters?, p34.
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Fig. 27: Drawing of chain bars and connectors from Samuel Brown’s 1818 patent. (Sutherland)

offered no advantage, particularly when the wire was 1.6 times stronger than that of the bar.
With the costs still too high in either case, Telford modified his design one more time.

2.6.9 Modified Bar Cable Design, 1817

A more economical version of the cable for the Runcorn Bridge emerged in July 1817. As
part of a review of various suspending chain forms, Telford visited the chain cable
manufactory of Samuel Brown on the Isle of Dogs in February 1817. There, he examined
and traveled across a large scale model of an iron suspension bridge, presumably the one
about 30.5 m (100 ft) span which Brown later stated that he had erected in 1813 or 1814.**'

With suggestions from Telford, Brown submitted a proposal for the Runcorn Bridge.
According to Telford, the modified Brown design consisted of 8 main chains of flat 127 mm x
38 mm (5 in x 1.5 in) links. The spans and curvature depths were the same as Telford’'s
1814 Runcorn proposal. (Fig. 26) Brown’s design had a suspending power of only 700 tons,
less than 1/3 of that provided by Telford’s alternative design, described below.™®

Before they met on the Isle of Dogs, Telford and Brown developed their suspension bridge
systems independently. Telford and Brown were unable to agree on the form, cross
sectional area and curvature to be adopted for the main suspending members of the
Runcorn project and, in the circumstances, there was little basis for a joint effort. From April
1817 onwards they almost certainly developed independent proposals.**

Within about four months Brown had prepared and submitted a patent for iron suspension
bridges. It included a 304.8 m (1000 ft) span example in which the number of main chains
was increased to sixteen, four rows of four flat bars. (Fig. 27). The patent did not cover
individual chains consisting of a series of parallel eye-bars, possibly so as not to infringe on

7 paxton and Mun, p92-93.

118 paxton and Mun, p93.
119 paxton and Mun, p93.
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an 1805 patent Wiliam Hawks, although Brown’s links were much shorter.**® Telford
specifically rejected smaller links from a constructabilty standpoint, as well as what his early
tests told him about he importance of keeping the links as straight as possible to have the
most efficient transfer of stress. His work on the Menai Bridge would support this view.

| do not have an image of Telford’s modified chain design, so | do not know how it differs
from Brown’s form. At about this time the Runcorn Project was going to be canceled and
Telford would return to the design of the Menai Bridge. The chain design of the Runcorn can
be considered the direct forerunner of the chain employed in the Menai Bridge, therefore |
have to assume that the Runcorn design included pinned, parallel links as seen below.

Telford introduced a number of improvements in his modified design in trying to simplify the
construction and reduce costs. The cables under and adjoining the roadway were
abandoned, suspension now being solely from the main cables, a change that eliminated the
longitudinal sag in the deck. This refinement resulted in considerable saving in ironwork. A
further reduction in suspended weight was achieved by adopting a much lighter deck, the
result of which, with the retention of the previous cable arrangements, had the effect of
reducing the design stress to about 179 Mpa (26 ksi). Other improvements were the
lowering of the cables from 4.6 m to 2.1 m (15 to 7 ft) above the roadway at mid-span while
maintaining the same cable curvature, and in achieving a more direct line of anchorage. In
the 1814 designs the suspension lines were carried over cast-iron frames of quadrant
elevation at each side of the bridge, a development of the 1811 Menai centering proposal.***

2.6.10 More Experiments — Force to Pull a Cable into Position

With Donkin, Telford conducted tests to determine the force required to pull each cable into
position. A bar chain with a cross-sectional area of 564 mm? (0.875 in®) was suspended
between points 38.1 m (125 ft) apart and the forces required to bring the chain to curvature
depths of 1/15.6 to 1/20 span were ascertained. Telford concluded that a curve with a
central deflection of 1/20 span force of 2% times the weight of the chain was required. This
finding was later applied in the design of the Menai Bridge.*?

2.6.11 Socio-Economics and the Assurance of Physical Tests

With financial commitments to the project not meeting expectations, the Bridge Commission,
decided to verify the strength of iron at full span independent of Telford. An experiment was
made using an iron rod 304.8 m (1000 ft) long over a valley near Liverpool. The strength of
the iron was found to exceed the values calculated by Telford. This outcome and the public
exhibition of the findings resulted in greater support for the scheme. By early 1818,
subscriptions had reached about £25,000, but this was still insufficient. A 240 : 1 scale
model of the bridge was made, probably in 1817, and existed at Ellesmere Port in 1905.*?3

120 paxton and Mun, p93; Peters?, p33.
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2.6.12 Legacy of the Runcorn Bridge Design

The Runcorn Bridge was not built due to lack of funding, but it had an important and lasting
influence on the general development of suspension bridges. As Provis commented, the
project established a new era in the art of bridge building and ‘the publication of Mr. Telford’s
design led to the construction of bridges and piers on the suspension principle in almost
every part of the kingdom.”*** Telford’s work, and to a lesser extent that of Samuel Brown,
gave technical credibility to suspension structures.'® Additionally, these first suspension
bridges provided important smaller scale tests to affirm basic principles Telford was to
incorporate in his Menai Bridge.

Telford’s energies had not been wasted. The results he had obtained from his experiments
and the information he had collected were all to come into use in the design of the Menai
Bridge. Telford's experimental work on the strength of iron in tension was unprecedented in
range and detail and contributed to ‘strength of materials’ knowledge for many years through
the publications of Peter Barlow, Navier, Charles Stewart Drewry and others. Telford's
proposed use of parallel wire cables in 1814, supported by the making and testing of a 50 ft.
long wire model, is of considerable historical significance in the evolution of the suspension
bridge, His proposal was of unprecedented scale and conceptually close to modern
practice.?

2.7 Menai Suspension Bridge, 1818-1826

2.7.1 The Menai Bridge, 1818-1820

The publication of Telford’s Runcorn Bridge design led to an enquiry in the latter part of
1817, by the Chancellor of the Exchequer, as to the practicability of a suspension bridge over
the Menai Strait. On 16 February 1818, Telford was on site and by May had submitted an
outline plan and report, for a 16 cable bridge at Ynys-y-moch with a 170.7 m (560 ft) center
span, supported from cast iron tower frames with back-stays tied into masonry approach
arches.™ (Fig. 28)

The shores at Ynys-y-Moch afforded easy access and excellent foundations. The design
would span the whole channel between the low water lines, and the roadway would be kept
uniformly 30.5 m (100 ft) in height above the top of a spring tide, leaving the whole of the
navigable water-way uninterrupted. The height of the towers was proposed to be 15.2 m (50
ft) above the level of the roadway. The main chains were to have a deflection of 11.3 m (37
ft)_lzs

The 1818 proposal for Menai Bridge included wire cables, which were later changed to bar-
cables like those invented for the Runcorn Bridge.'?® Telford’s proposals to use wire and
continuous iron bar suspension members in lieu of chains demonstrates an efficient
approach to suspension design since chains are necessarily heavier because of their highly

124 paxton and Mun, p95.
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Fig. 28: Telford’s 1818 Menai Suspension Bridge proposal using wire cables anchored like stays into masonry of
the approach viaducts. (Penfold)

stressed link connections. This is one of the earliest examples of what is now modern
practice with respect to the use of steel wire cables.*®

2.7.2 Strength of Iron

Telford’s calculations assumed the breaking stress of a bar to be 552 MPa (80 ksi) and
multiplied this figure by the cross-sectional area of the bar to give a ‘suspending power’ of
81,650 kg (180 kips). While the term stress was not then in use — it was often referred to as
strain, it is clear that Telford understands what it is and how it differs from the actual capacity
of a structural member of a given cross-sectional area.***

2.7.3 Wire to Bar-Chain

The decision to abandon the bar-cable in favor of a bar-chain was taken some time between
April 1819 and July 1821. Telford was undoubtedly influenced by Brown's eye-bar links,
which were successfully to construct the Union Bridge over the Tweed in Berwickshire,
completed in 1820."*? (Fig. 13) The Union Bridge has a single 133 m span. Brown used
round eye-bars with welded eyes. (Fig. 29) The Union Bridge is one of the few that Brown
built that still stands. It served as a model for the first wire bridges in Switzerland and
France.™?

130 penfold, p54.
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Employing Brown’s design as a baseline was
the conservative thing for Telford to do.
Brown’s Union Bridge ‘proved’ that Telford’'s
idea could work and using the eye-bar was
preferable to using an untried form on a project
of unprecedented scale. Telford may also
have wished to accommodate Rennie’s
preference for chains. Whatever the reason,
the bar link was the most practicable solution
at the time.

Fig. 29: Chain link and hanger connection of Union
Bridge. (Sutherland)

4

Telford improved upon Brown’s basic design
by cross-bolting the bars in parallel instead of
resting T-bar hangers on top of the individual
lines of chain. In this way, Telford’s chains
acted uniformly as one unit while each line of
links acted independently in Brown’s system.
The chain link forms of Telford and Brown can
be compared in Figures 29 and 30.%%

2.7.4 Bar-Chain Dimensions

The Menai Bridge chain consisted of five
parallel eye-bars with rectangular cross-
sections. They were screw-pinned together
near their ends to short connection plates, to

Fig. 30: Menai chain link (replacement, similar to
original). (Ellis) which the suspenders were attached.’® Each

bar and a plate assembly was intended to be
exactly 3048 mm (10 ft), but the boring of the eyes of the main chain bars and plates
lengthened them.’* The chains were arranged in four rows of four with suspension from

alternate pairs in each line.**’

2.7.5 The Commencement of Work and Power Politics

Telford appointed William Provis, his longtime assistant, Resident Engineer in June 1818.
Work commenced with the employment of the first man, a carpenter, in July 1818. The first
stone was laid on August 10, 1819. In the interim, preparations were made to secure good
stone for the masonry piers, approaches and abutments. Special quarries had to be opened
for this purpose to ensure a supply of good quality of stone as close to the construction site
as possible. During this year, opposition to the project reorganized and more hearings were
held to hear arguments for and against the project. It was not until May 1819 that Parliament
signed a law authorizing the construction of the Menai Bridge, saying it is ‘of the greatest
public importance’ that the bill should pass into law.**®

134 penfold, p100-102.
1% paxton and Mun, p96.
136 - Provis, p56.

’ paxton and Mun, p96.
138 provis, p22-23.
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Fig. 31: The Menai Suspension Bridge. Completed 1826, Telford. (Brown)

2.7.6 The Menai Bridge, 1821-1826

After the adoption of bar-chains, two principal modifications were made to Telford’s original
design. The height of the towers was increased from 37 ft. to 50 ft. above the level of the
roadway. As a result, the chains had to be lengthened and it was decided to anchor them in
rock at the abutments rather than splayed and anchored in the masonry of the approach
piers.”* (Figures 28 and 31) The suspenders of the side-spans seen in Figure 31 do not
support the roadway but do stiffen the cable against undulations caused by moving loads
across the bridge deck.

The recommendation to increase the tower height was made by Davies Gilbert, a
mathematician and Holyhead Road Commissioner, based on the results he obtained while
investigating the properties of the catenary curve as applicable to suspension bridges in
1820. Gilbert calculated the maximum tension in the main chains of the 1818-19 Menai
Bridge design to be equivalent to nearly three times the weight of the chains but assumed a
central deflection of only 7.6 m (25 ft) instead of 9.1 m (30 ft). He was able to demonstrate
that if the depth of curvature were doubled to 15.2 m (50 ft), the maximum stress would be
reduced by nearly half.**

The second major design modification was to increase the cross-sectional area of the main
chains from 123,870 mm?® to 167,741 mm? (192 to 260 in®). Telford did not consider this or
the increase in tower height to be necessary. But he deferred to the opinion of Rennie in
respect to the cross-sectional area, and to Gilbert and Barlow for the depth of curvature.**

As the Menai design developed, the originally proposed cast-iron towers were replaced with
traditional masonry. This probably had to do with concerns about the stress introduced by
thermal movement of the chains; and the unequal stress produced by the arrangement of the
back stays on one side of the bridge not being of an equal angle to the chain of the center
span. Telford must have been concerned that such stresses might introduce too much
tension and fracture the cast iron. Another factor in the decision to not use cast iron may

139 paxton and Mun, p96.
149 paxton and Mun, p97.
141 paxton and Mun, p96.
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have been an emerging understanding of
impact loading and its application to cast—iron
bridge construction.

To secure the masonry towers, over which the
- 2 4 F chains would bear, against the effects of any

motion and unequal stress from the chains,

Telford had all the masonry doweled. To do

Fig. 32: Anchorage as designed for the modified bar-  this effectually, two holes, about 32 mm (1.25
cable design of the Runcon Bridge project. (Penfold, in) diameter, were drilled through every stone
after Telford) of every course, and 152 mm (6 in) into the
course below. These holes were then filled

? with Parker’'s or British cement and wrought-

R M e iron dowels. The dowels were 305 mm (12 in)

Fop long and 25.4 mm (1 in) in diameter, were

tal 4 _driven through the cement to the bottom of the

ety drilled holes, so that each had a hold of 152
mm (6 in) in each of the two courses. The
cement completely filled the spaces round the
dowels and, with the upper parts of the holes

Fig. 33: Anchorage as built for the Menai Suspension  filled — with  grout, protected them from
Bridge. (Penfold, after Provis) corrosion.1#2

In the latter part of 1822, progress on pier building made necessary the finalization of the
saddle and anchorage designs. A comparison between the revised Runcorn Bridge and the
improved anchorage in rock at Menai is shown in Figures 32 and 33. The piers had
reached roadway level, and before proceeding further it was decided to increase the tower
heights by a further 0.6 m (2 ft) in order that the roadway at mid-span could be lifted by a
similar amount, thus obviating the deck from sagging below a horizontal line with
temperature changes.'*® Later, a winter-summer differential of 280 mm (11 in) at mid-span
was observed associated with a movement of about 38 mm (1.5 in) at each saddle.***

2.7.7 Ironwork Manufacture

William Hazledine was contracted for the manufacture and delivery of the ironwork soon after
the drawings had been completed in July 1821. The ironwork was to be of ‘best Shropshire
hammered iron’. It was manufactured at Upton Forge and finished and tested in Hazledine’s
Coleham workshops in Shrewsbury. Most of it was transported via the Ellesmere and
Chester Canals and then by sea from Chester to Menai. Every operation in connection with
the manufacture, finishing and testing of the ironwork was performed under the control of
John Provis, brother of William Provis, the resident engineer for the bridges at Menai and
Conway, which was under construction not far from the Menai site. The scale of the work
was unprecedented. The sixteen main chains were each 521 m (1710 ft) long and consisted

142 provis, p36-37.
143 penfold, p102-103.
144 paxton and Mun, p97.
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of 14,960 eye-bars about 2896 mm (9.5 ft) long, some 16,000 connection plates about (1.5
ft) long, and 6,000 76 mm (3 in) diameter screw-pins 406 mm (16 in) long.**

Hazledine’s facilities were originally inadequate to meet the technological challenge of the
work and the first cargo of main chain bars was not delivered to Menai until 31 October 1822.
In the winters of 1822-1823 and 1823-1824 the forge at Upton was flooded several times.**°

2.7.8 Quality Control of the Chain Links

Notwithstanding all the care that had been taken at Shrewsbury to make the main chain bars
of equal length, it was found impracticable to get them out of the smith’s hands without some
little differences. Before a bar was removed from the shop, a gauge, consisting of a plain rod
of iron with a circular plug at each end, was tried into the eyes of the bar, and if the plugs
dropped in correctly, the bar was considered to be of the exact length. It often happened that
they would not fit exactly, and the bar was then either lengthened or shortened until the
gauge fitted. However, the gauge could not always be applied when the bars were at the
same temperature, which resulted in bars of incorrect length when even after adjustments
were made. Another problem was the impossibility of producing the iron with uniform quality,
resulting in bars that did not contract equally when the temperature was equally reduced.**’

It was determined to bore each eye of every bar when cold. This was done on site using a
specially constructed machine made of castings that were then on site fitted up with the
necessary new work. The boring operation secured two benefits: it brought all the bars to an
equal length at their bearing points and their eyes were made perfectly at right angles with
the length of the bar where the pins would touch, thereby ensuring the equal bearing of every
bar, in every part of its thickness.*

Even so, it did not prove an easy task to achieve the parallel five-bar chain. These and other
setbacks resulted in insufficient ironwork being available at the bridge site in the summer of
1824. In retrospect, Thomas Rhodes, who had previously worked with Telford on the
ironwork of the Caledonian Canal and who supervised the ironwork fixing at Menai Bridge,
thought that link manufacture could be improved in the future by turning the pins true, boring
the links correctly to length and passing their ends through a rolling mill.**°

2.7.9 Strength Testing of the Chain

The whole of the suspended ironwork was to be proved before it was accepted for use, by
applying an actual stress to it. Telford calculated that the actual strain that would be
experienced was equivalent to 85 MPa (12.3 ksi). Accordingly, he instructed that each bar
be subjected to a tension of 170 MPa (24.6 ksi), equal to a load of 35 tons.*® Each chain
link was actually subjected to a tensile load of 32.5 tons. The remaining load was calculated
to have been applied by the friction of the testing machine. While the bar was under the
maximum testing stress, it was hit sharply with a hammer on its side and examined for signs
of fracture. If no fracture appeared, the strain was relieved and the link was put in a gauge

145 penfold, p103.

4% paxton and Mun, p98.
147 provis, p43

148 provis, p43-44.

149 penfold, p103 and 106.
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with two fixed pins. If the link fit, i.e. had not been elongated, it was accepted, stamped with
John Provis’ proof mark (an indented cross), and set aside for use.**

Of 35,649 bars and plates tested about 6.7% were discarded, most of these bars were either
too long or too short. Many of the plates were imperfectly welded under the forge
hammer.™® A number of the bars failed near their ends, probably from repeated heating and
cooling while forming the eyes.**?

2.7.10 Corrosion Protection

The question of how best to preserve the iron from corrosive effects of the atmosphere was
addressed, but none of the experiments that were tried was completely successful. It was
not possible to get any coating substance to take a firm hold of the iron, and consequently
chipped off when bruised or rubbed. This was especially the case if considerable oxidation
had taken place before the coating was applied, which was found quite impossible to prevent
it completely. A bar began to oxidize as soon as it was taken from under the forge hammer.
If a coating was applied as expediently as possible, it was found that the iron could be
adequately protected from corrosion. However, the ironwork for the bridge had to be
conveyed five miles from the forges at Upton to where it was to be finished at Shrewsbury,
then to be carted 16 km (ten miles), boated along the Ellesmere and Chester Canals 87 km
(fifty-four miles) to Chester, and conveyed from there by sea 96 km (sixty miles) to the site. It
was uniformly found that when it arrived there that much of the artificial surface had been
rubbed or knocked off, and in these parts rust had taken place.™?

Provis writes,

The plan finally adopted was to take each piece of iron after it had been finished
and proved, clean it as perfectly as possible from the oxide and dirt, then heat it
in a stove till the hand could only just be borne upon it, and afterwards immerse
it in linseed oil. After remaining in the oil a few minutes, it was taken out,
returned to the stove, and the oil dried on the iron by means of a moderate heat
applied for three or four hours.  When taken the second time from the stove,
the oil was found to have dried to a thin hard varnish, which completely
preserved the iron from the atmosphere, until rubbed off by friction.*>*

The difficulty of preserving iron nearly altogether from the effects of the
atmosphere does not appear insurmountable, if the iron could be secured from
friction, and particularly if the coating that is applied possesses elasticity; but if
iron work is to be subjected to rubbing and knocking about, | am not aware of
any thing that can be applied to prevent its partial corrosion. These
observations might induce some to suppose, that the Menai Bridge must
necessarily be a structure of a very perishable nature, but this need not be the
case; it can be preserved to a very distant period by merely keeping the iron
work covered with paint, or any other substance that will exclude the
atmosphere. Or should it at any time be weakened, either from continued

51 provis, p34-35.

152 paxton and Mun, p98.
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friction at the joints, or from long
exposure, [the bridge] is so constructed
that nay part of it may at any time be
taken out and replaced by new work.**®

2.7.11 Main Chain Tunnel Links, Corrosion
and Securtiy

Chain links to be anchored in the tunnels were
made of larger stock to ensure adequate
strength should corrosion compromise even
half of the links in the tunnel. This precaution
was taken because of the difficulty in
maintaining the links in the confined and damp
environs of the tunnels.*®

2.7.12 Corrosion Protection and Link
Assembly

Between each bar, plate, and washer, there
was inserted two thicknesses of strong flannel,
saturated with white lead and oil. This was
intended to protect the linseed coating from
rubbing off from friction between the links.
Later, Borradaile’s patent felt was substituted,
having been found to better answer the
purpose of jointing than the flannel.*’

2.7.13 Fixing and Raising the Chains

In March 1823, erection of ironwork was
started and Thomas Rhodes, who had been
Matthew Davidson’s assistant, came to take
charge. The main chains were swung across
a narrow valley to test their tensile strength. A
1:4 scale chain was fabricated to work out the
lengths of the vertical suspending rods. Provis
explained that the information might have been
obtained by calculation, but ‘with a practical
man, an experiment is always more simple and
satisfactory than theoretical deductions.™*®

Fig. 34: Erection of the main chains of the Menai
Bridge. (Penfold, after Provis)

il

[
-
-

Fig. 35: Erection of the main chains of the Menai
Bridge. (Penfold, after Provis)

The most intensive period of ironwork erection began in the spring of 1824. The 25.4 mm X
82.6 mm (1 in. x 3.25 in) bars for the side spans were assembled on scaffolding in close
proximity to their final positions. In the tunnels leading to the anchorages the chains were

155 provis, p36.
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57 provis, p45.
138 Gibh, p171.
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fixed from the castings towards the piers to meet the chains fixed from the saddles
downwards. On completion of the side spans the chains for the central span were floated
out, attached to a tail end of a chain hanging down the face of the Carnarvonshire tower, and
then hoisted up to the saddles on the Anglesea tower by means of specially designed
capstans. (Fig. 34) All 16 chains were erected from 26 April to 9 July 1825, 9 of them taking
less than 2 hours to put in place.**®

2.7.14 Adjusting for Length Differences

From the difficulty experienced in getting the chain links perfectly equal, it was predicted
there would still be length differences when the chains were put into place and tensioned.
Such differences might prevent achieving perfect parallelism, or cause unequal stress on the
several chains. Therefore, this it was necessary to allow the capability to shorten or lengthen
each chain, after it was fixed, thereby bringing them to proper adjustment.*®®

The design shown in Figure 35 was adopted. Describing the device, Provis writes,

The principle it will be seen was to make a set of bars and connecting plates,
with circular eyes at one end the same as the common bars and plates, and the
other ends with eyes elongated to 13 ¥ inches [343 mm]. The bars and plates
being put together, and screwed at the circular eyes by three inch [76 mm] pins
as usual, the lengthened eyes of one end of a set of bars and of one end of a
set of plates, were thereby brought opposite each other. At each end of the long
eye (supposing those of a set of bars and a set of plates to form now but one) a
pin, two inches thick [51 mml], with a head at one end and a cotter-hole at the
other, was run through, and the cotter being dropped in, the whole were thus
connected. One side of each of the pins was semicircular, so as to fit close to
the end of the eye, and the other flat, so that if the two pins were brought close
together they would touch throughout their lengths and thick nesses. If the long
eyes were exactly opposite each other, the cotter-pins, being each two inches
thick [51 mm], would leave a space between them of 9 % inches [241 mm],
which being filled with iron wedges driven in tolerably hard, secured the chain at
its shortest length. Now in order to lengthen the chain it was only necessary to
slacken these wedges or to draw out a pair of them altogether, and the long
eyes sliding past each other would bring the cotter-pins so much nearer, and to
that extent elongate the chain: and if the whole of the wedges were taken out
and the pins allowed to come close together, then the chain would be
lengthened to its greatest extent, or 9 ¥ inches [241 mm].*®*

In putting up the chains it was intended to keep them at nearly their mean length, so as to
allow either shortening or lengthening. Allowance was made for some lengthening of the
chain when the tension from its own weight brought all the joints hard up.'®> The mechanism
Thomas Telford used to adjust the chains of the Menai Suspension Bridge was comprised of
keys, wedges, links, and mortised connections, typical of the earliest iron structures.*®®
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2.7.15 Maintenance — Replacing the Links while in Service

When putting up the second chain, several links were bent, making it necessary to take the
damaged bars out and replace them with others. A screw-frame, designed for the purpose,
was fixed to the ends of the damaged links. Screws were worked round by levers, until all
the tension on the damaged link was relieved. Screw-pins at the ends of the link were then
drawn out, the bars of the link taken away one at a time, new ones substituted, and the pins
again put through and secured. This procedure proved to be efficient and safe.'®® Even a
whole chain could be replaced without great risk and without interruption of traffic accrss the
bridge.®® The chains were, in fact, replaced in the 20" century.

2.7.16 Maintenance Designed into the Structural Detailing

Suspending rods pass between the chains and are installed in pairs so that the general
strength of the bridge is not materially affected by taking one away.'®® The chains and the
flooring, as well as the suspending rods, are constructed and united so that each of the parts
may be taken out and replaced separately. The design allows the bridge to remain in service
for most repairs.

2.7.17 Finalizing the Construction

The final phase of the Menai Bridge’s construction included raising the chains and installing
the deck. The latter task proved troublesome as the effects of wind induced vibration began
to be understood. Various construction details had to be changed as knowledge was gained
by each instance of damage caused by these vibrations.*®’

The Menai Suspension Bridge was opened January 30, 1826, with the driving of the first mail
car over the bridge at 1:30 Am.*%®

2.7.18 Longevity of the Ironwork

In 1922, H.T Tudsbury and A.R. Gibbs made a thorough examination of the bridge. The
chain bars in the tunnel sections leading to the anchorages were not corroded significantly.
Of the main chain bars in the open air, the majority were found to be in good condition. 110
bars were considered to be badly corroded and seven excessively corroded. Of the 110
bars, in no case did any chain of five bars contain less than the intended design cross-
sectional area. Strain gauges were applied to the chains at several locations. The
maximum-recorded dead load stresses near the supports were found to be in the range of 89
MPa to 126 MPa (12.9 to 18.3 ksi). Later investigations using the Maihek extensometer
indicated values between 100 MPa and 108 MPa (14.6 and 15.7 ksi). The breaking stress of
bars tested by the National Physical Laboratory ranged from 284 MPa to 361 MPa (41.2 to
52.4 ksi) and the vyield stress from 188 MPa to 233 MPa (27.3 to 33.8 ksi). After being
continually stressed for about a century the iron still possessed what was probably its original
order of strength.*®®
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Although there were some doubts about the strength of the structure, it was not until 1938-41
that Baker’'s deck and the original main chains were replaced. This reconditioning of the
bridge does not seem to have been dictated so much by any particular structural deficiency.
However, modern traffic demands required a greater live load capacity.”

2.8 The Influence of Telford’s Suspension Bridge Work

2.8.1 On the General Development of Suspension Bridges

The Menai Bridge design exercised a fundamental influence on the construction and
development of suspension bridges from 1818 onward for several decades. It established
the suspension bridge as the most economic means of providing the largest bridge spans for
carriage traffic in the western world. This claim can also be made for Brown’s Union Bridge.
It was started about a year after the Menal, but it was finished first,, However, Union Bridge
was less than one-third the length, height and weight of the Menai Bridge, and at a sheltered
location.*"

The project also provided the basis for improvements in suspension bridge design practice
by example and through the publications of Davies Gilbert, Navier, Provis, Drewry and
others, including Edward Cresy. The use of underground solid rock anchorages was a
development of particular significance. Other improvements relating to the curvature and
stresses, undulation and theoretical developments are reviewed below.'"

2.8.2 Parallel Bar Chains

This innovation represented an improvement on Brown’s arrangement, as it was more
adaptable to large cross-sectional areas and the catenary of uniform strength. Leading
designers, including William Tierny Clark and 1.K. Brunel, adopted and improved on the basic
Menai Bridge chain using the latest structural theory and technology.*”

2.8.3 Theoretical Developments

The Menai Bridge project fostered the development of theoretical methods in suspension
bridge design. By 1818, knowledge that forces are proportional to the sides of any triangle
which are parallel to their direction, was used to determine the cross-sectional areas of
wrought iron in tension by Samuel Ware, Peter Barlow, John Loudon, and William Chapman.
Ware’s theoretical investigations and catenary tables facilitated suspension bridge design
from 1822. Olinthus Gregory promoted Ware's work in textbooks published in 1825 and
1833."
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The most significant development was Davies Gilbert's work in encouraging the adoption of
greater, more efficient depths of curvature in suspension bridge chains; and also safer chain
stresses. His approximations were referenced well into the twentieth century.'”

Eaton Hodgkinson’'s 1828 theoretical investigations and calculations vis-a-vis the Menai
Bridge encouraged a more scientific approach to design. Developments up to 1832 were
summarized and evaluated by Drewry in the first British textbook entirely devoted to
suspension bridges. From about 1825 onwards there was an increasing awareness amongst
leading engineers of the value of a more theoretical approach to suspension bridge design
that began to be reflected in the training and practice of the new generation of civil
engineers.'™

2.8.4 Undulation

The effects of undulation detailed in the authoritative accounts of Provis impelled work
towards a solution of the problem by Clark, James Meadows Rendell, Barlow, Brunel, and
Provis himself. For Hammersmith Bridge, completed in 1837, Clark made and wind-tested a
model which he used to devise an arrangement of longitudinal trussed railings to counter
undulation.*”

2.8.5 Influence on Cable-Stayed Bridges

Although the bridge was not built, the first Menai proposal for an arch constructed with a
suspended centering was publicized in a parliamentary report and Nicholson’s Journal.
Suspension stay bridge designs were subsequently developed by Loudon, James Anderson,
J. Seward and J.S. Brown of Redpath & Brown, Edinburgh, who designed and erected the
Kings Meadows wire stay footbridge of 110 ft. span at Peebles in 1817. (Fig. 16) The basic
concept envisaged by Telford eventually became an accepted engineering technique for
large spans. His idea may have originated from the use of ropes to lower the iron arch ribs
of Ironbridge into position.*’®

2.8.6 Project Management / Project Delivery

When reading of the life of Thomas Telford it is confounding to imagine how he managed
such a large amount of work at the same time. Provis describes Telford’s ability to manage
projects and practices he introduced to bring better value to constructed projects. Provis
writes,

Telford had the art of devolving responsibility without losing control, of wielding a
personal administration without becoming enmeshed in trivial detail... His
influence was not confined to his immediate associates or his own staff; it
touched most who came into occasional contact with him; and in directly the
whole profession of civil engineers. It is moreover little realised how far Telford
was responsible for the system of carrying out public works by contract, that is
now accepted as a matter of course. Under him there grew up a body of
contractors who brought their methods of business to a new standard, whether
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on the side of skill or on that of honesty. Such firms as Cargill and Simpson,
though they have long ceased to exist, have had their imperishable effect on
contracting as a business. Telford introduced or elaborated the system of
monthly payments; of the retention of definite sums as guarantee of satisfactory
workmanship and punctual completion; of the retention of definite sums as
guarantee of satisfactory workmanship and punctual completion; of a period of
maintenance during which the contractor is responsible for the state of new
work. He broke down the Government rule that the lowest tender must be
accepted irrespective of experience or capacity, or the adequacy of his financial
standing. He devised procedure for dealing with disputes and disagreements ;
although so far as he was himself concerned his own prestige, honesty and
independence were so recognised that he was accepted as sole and final
arbitrator in all his contracts, without challenge or complaint. In fact so great
was the confidence in his sense of justice, that on occasion, being appealed to
settle the dispute between the county authorities and the contractor over
Tewkesbury Bridge, both parties agreed to proceed with the work on a
completely redesigned bridge, without either contract or specification, on the
basis of a single drawing signed by Telford, the prices to be left to him to
settle.'”®

It is frustrating to realize that the battle in the construction industry between ‘least cost’ and
‘best value’ procurement is over two hundred years old. In the United States, best value is
becoming the norm after decades of least cost procurement. Interestingly, in Switzerland the
trend seems to be the opposite, and will no doubt lead to the detriment of overall construction
and engineering quality.

2.8.7 Quality Standards in Construction

Poor construction practice by contractors is a timeless problem. Telford used the weight of
his influence, which came from the sheer volume of work he generated, to improve the
quality the contractors’ work quality. Provis relates,

In the Highlands the strictness of his specification and the rigid inspection of
John Mitchell had at the outset involved some of the contractors, unused to such
a standard, in loss. That was not Telford’s wish. He felt strongly that a
contented contractor was essential to the successful carrying out of a big
programme; but he must also be competent. Telford, therefore, always
endeavoured to use one or other of the small group of contractors that he had
trained to his ways, selecting them individually, each for the class of work for
which he was best suited. Many of the great public works contractors of later
times derive directly or indirectly from those who worked for Telford: and have
maintained the same ideals and spirit. Success in engineering still depends on
the co-operation of contactor and engineer.*®® (emphasis added)

Today, public agencies and corporations can use their power to encourage “best practice”
from the construction industry. But it must be a conscious and deliberate campaign.
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2.9 Conclusions

Telford developed the basis of suspension bridge technology used for a little over a century.
His initial ideas of parallel wire cable bridges were prescient of modern suspension bridge
design. While the bar-chain concept was not solely his, some credit goes to Samuel Brown
and his bar-chain, it seems unlikely that Telford would not have arrived at the same
conclusions independently. It took Telford until 1818 to produce a design for a bar-chain only
because he spent the previous four years developing more efficient designs using wires and
continuous bars.

Telford’s early explorations show an ambitious will to design the most efficient system. It is
interesting to note how engineers like Telford push unknown limits, proceeding on a project
knowing only by their engineering judgment that their idea is sound and can be built, yet the
details of how to accomplish these feats are often unclear. The problems that arose were
overcome by engineering ingenuity, perhaps some luck, and, yes, some science.

Telford, the consummate practical man who valued experience and physical models, is
mainly responsible for the growth of the field of strength of materials. Telford’s experiments
on the properties of wrought iron and suspension cables form the foundation of much of the
research done after, and the knowledge he created could be put directly to use.

The form of Telford’s Menai Bridge bar-chain was the product of a long development. It
largely represents the compromise made between structural efficiency and economics. Even
though Telford’s wire cable had 1.6 times the strength, it was still far more expensive than
the bar-chain design. The bar chain itself ideally represents the effects connections have on
tension members. The eyes of the bars, necessary to transfer stress from one link to
another, clearly make the chain much heavier than if constructed of a continuous wire or bar.
Here too, a compromise is made between the dead load of the chain and maximum
permissible live load of the bridge.

Maintenance issues are also considered in the design of the chain. The problem of corrosion
was adequately addressed. The debate in the early 20™ century concerning whether wire or
bar-chain cables were preferable largely revolved around the issue of corrosion protection. It
was argued that the chain cable could be more easily examined for corrosion and that
corrective actions were easier to execute by designing a system for maintenance as Telford
had done for Menai. Telford designed the bridge to be replaced piecemeal without service
interruption.
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BRITANNIA BRIDGE, A 03

WHY A TUBE?

Fig. 1: Cross-section of the Britannia Bridge, Robert
Stephenson, 1850. (Peters?)

! Ref. Clark and Fairbain® in bibliography.

3.1 Introduction

The design and construction of the Britannia
and Conway tubular bridges is a canonical
achievement in the history of structural
engineering. The research and development
process of the tubular bridge is perhaps one of
the best documented in engineering history.
There are two contemporary accounts of the
project written by persons intimately involved
in the bridge’s design, development and
construction.®  Robert Stephenson was the
chief engineer for the bridges acting in his
capacity as chief engineer for the entire
Chester and Holyhead Railroad. His project
manager, Edwin Clark, assisted with design
and construction of the bridge. Clark’s book
represents Stephenson’s account as well as
his own. Stephenson engaged William
Fairbairn, a respected English industrialist,
shipbuilder, and all-round iron fabricator, as a
consulting engineer to develop the tubular
concept. Fairbairn’s book, largely written to
defend his role in the conceptual design of the
tubular beam, records in detaill the
experiments that led him to the tubular beam
with cellular flanges characteristic of the
Britannia Bridge. (Fig. 1) Fairbairn, in turn,
engaged Eaton Hodgkinson, a respected
experimental engineer, help develop a
theoretical explanation for the structural
behavior of a tube. Also, he defined a formula
with which to calculate the strength of a tubular
beam.  Hodgkin son’s work is recorded in
various reports and Clark’s book.

-ATT -



Sean C. Dooley - The Development of Material-Adapted Structural Form -  Appendix A-03

The railway from Chester to Holyhead formed an important part of the shortest line of
communication between London and Dublin. The journey between Chester and Holyhead
was 3 hours and 5 minutes. It was determined that about 25 minutes could be saved by
building a railroad bridge across the Menai Strait and the Conway River as Thomas Telford
had done in 1826 with two suspension bridges to carry road traffic.?

When it was first suggested to cross the Menai with the mail train, a study was performed by
the Admiralty of the British Navy to determine if alternative harbors existed other than at
Holyhead. In an 1836 report, the Admiralty determined that Holyhead was the best point of
departure but if it was intended to construct a railroad it was not likely that a steam
locomotive with a loaded train could traverse Telford’s suspension bridge at Bangor. Further,
they objected to any arch being built that might obstruct the strait navigation. Captains Black
and Fair independently verified this conclusion.®

Parliament passed a bill authorizing construction of a bridge by the Chester and Holyhead
Railway over the Menai Strait in July 1844. Robert Stephenson’, the son of pioneer railroad
builder George Stephenson, was chief engineer of the Chester and Holyhead Railroad at the
time and it fell to him to engineer a bridge to cross the strait.

In the construction of the Chester and Holyhead Railway, Stephenson had to overcome two
formidable obstacles — the Menai Strait and the Conway River. The Menai has a deep and
rapid tidal flow and both crossings required bridges of uncommon span, for the time,
especially considering the need for sufficient strength and rigidity to support railroad loads.
Moreover, the Admiralty specified that centering or other substructures, as was commonly
used at the time to erect such large structures, could not be used.®

For the Conway Bridge, Stephenson chose to build his bridge parallel to the existing
suspension bridge completed by Telford in 1826. Stephenson chose not to consider building
a new bridge at either of the sites originally considered for Telford’s bridge across the Menai
Strait.® Instead, he chose a site where a rock, called Britannia Rock, sat in the center of the
strait. Stephenson determined that this rock was large enough to support an intermediary
pier in the middle of the strait.’

The following chapter will examine why Stephenson chose to build a giant tube, an
unprecedented structural type at the time, instead of more traditional structures like a
suspension bridge or an unconventional system like a truss, which was then being developed
in North America. In addition, the state of beam theory, developments in beam construction,
and the knowledge that then existed about wrought iron (which had never been used on such
a scale in any bridge or building structure to that time) will be examined. This chapter closes
with a review of the influences this bridge had on structural engineering.

2 Dempsey, p46-47.

% Dempsey, p54-55.

* For the biography of Robert Stephenson, reference: Smiles, Samuel. The Life of George Stephenson and His
Son Robert Stephenson, rev. ed. (New York, 1868), and Rolt, L.T.C. The Railway Revolution: George and Robert
Stephenson (New York, 1962).

® Fairbairn®, p1.

® Ref. Appendix A-02.

" Dempsey, p58-59.
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3.2 Stephenson Considers a Suspension Bridge, 1844

3.2.1 State of Suspension Bridge Construction in 1844

In 1844, there were only two principle structural types for spanning long distances, the arch
and the suspension bridge. Given the design constraints defined by the Admiralty and
requirements specific to the railway (such as controlling gradients), Stephenson’s most
obvious solution for spanning the Menai Strait was with a suspension bridge. Telford had
done just that for the road bridge examined in Appendix A-01, which was located just one
mile up the strait from the site chosen by Stephenson at Britannia Rock.

Since the completion of Telford’s Menai Suspension Bridge, numerous other suspension
bridges were built, including William Thierny Clark’'s Hammersmith Bridge (1827) and I.K.
Brunel’'s Hungerford Footbridge (1845), both in London. For the Hammersmith Bridge, Clark
made and wind-tested a model from which he devised an arrangement of longitudinal
trussed railings to counter wind-induced oscillations.®

While there were notably successful suspension structures built before 1845, there had been
a rash of disasters in the 1830s. Bridges at Montrose (1830), Morpeth (1830), Broughton
(1831), Yore (1831), Durham (c.1832), and, shown in Figure 2, Samuel Brown’s Brighton
Chain Pler (1833) seriously undermined confidence in this structural type in England until
' about mid-century.® An unusually severe gale
seriously damaged Telford’'s Menai Bridge on
7 January 1839. Emergency repairs to the
deck were made and the bridge was put back
into service by 21 January. Subsequently,
William Provis, Telford’s resident engineer
during the original construction, replaced the
whole of the deck with a stronger and stiffer
design. The replacement deck was completed
in the summer of 1840.*° These bridges were
principally damaged due to wind-induced

Fig. 2: Brighton Chain Pier, Samuel Brown, 1823. oscillation with the notable exception of the
Damage caused by wind-induced oscillations in 1833. . L.
(Peters”) Durham Bridge, which is referenced below.

3.2.2 George Stephenson’s Recommendation to use Telford’'s Menai Bridge, 1839

In 1839, George Stephenson proposed to use Telford’s suspension bridge, then being
repaired and strengthened, to transport railway cars across. He suggested that Telford's
bridge could be used if the locomotives were disengaged and horses were used to haul the
railway cars across, where another locomotive would then be engaged.*

Thomas Page studied George Stephenson’s proposal to determine whether the Menai
Suspension Bridge had, or could be modified to achieve, the load capacity required to carry
rail traffic. Page calculated that the chains, with a sectional area of 167,741 mm? (260 in2),

& paxton and Mun, p101 and 105.
9  Paxton and Mun, p101.
% paxton and Mun, p100.
! Rosenberg and Vincenti, p83, note 11.
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were under a stress of 77.2 MPa (11.2 ksi*?) due to a dead load of 786,420 kg (1734 kips),
which includes the addition of 132,086 kg (291 kips) due to the repairs of 1839 and 1840.
This calculation assumed the weight to be equally distributed to all the chains. It did not
account for eccentric loading caused by undulation. This stress is 27.6 MPa (4 ksi) more
than Telford and George Rennie testified the chain would be subject to in a report to a
committee of the House of Commons 29 April 1819. Page assumed the weight of the railway
cars was to be applied on one side of the longitudinal centerline and, incorrectly, that the
load was borne by only one half of the chains. It was calculated that ten railway cars at 5080
kg (11.2 kips) each, without an engine, would impose an additional 10.3 MPa (1.5 ksi) on the
chains, totaling 87.6 MPa (12.7 ksi), or 2,494 kg (5.5 kips). This exceeded more than the
chain was designed for. Consequently, Page concluded, “The passage of connected railway
trains would be injurious to the general stability of the bridge.”® Considering the cost of a
new bridge, it is amazing that a more thorough analysis of the actual capacity of the chains
was not made instead of using a limit stress determined when the properties of wrought iron
were less well understood and was used in a novel structural type of unprecedented scale.

3.2.3 Robert Stephenson Considers the Suspension Bridge Principle, 1844

Stephenson considered, and rejected, a suspension bridge on the Telford model. He based
his opinion on his own experience with a small suspension bridge designed by Samuel
Brown™ that Stephenson and his father built for the Stockton and Darlington railway near
Durham in 1825. He observed “that the train sank down and raised before and behind it a
wave in the deck, which racked the bridge to pieces in a few years.”*

Stephenson described his experience with the Durham Bridge in his Report, presented to the
Directors of the Chester and Holyhead Railway in February 1846. Stephenson writes,

The injurious consequences attending the ordinary mode of employing chains in
suspension bridges were brought under my observation in a very striking
manner, on the Stockton and Darlington Railway, where | was called upon to
erect a new bridge for carrying the railway across the river Tees, in lieu of an
ordinary suspension bridge, which had proved an entire failure. Immediately on
opening the suspension bridge for railway traffic, the undulations into which the
roadway was thrown, by the inevitable unequal distribution of weights of the train
upon it, were such as threaten the instant downfall of the whole structure.
These dangerous undulations were most materially aggravated by the chain
itself, for this obvious reason, - that the platform or roadway, which was
constructed with ordinary trussing, for the purpose of rendering it comparatively
rigid, was suspended to the chain, which was perfectly flexible, all the parts of
the latter being in equilibrium. The structure was, therefore, composed of two
parts, the stability of the one being totally incompatible with the that of the other;
for example, the moment an unequal distribution of weights upon the roadway
took place, by the passage of a train, the cure of the chain altered, one portion
descending at the point immediately above the greatest weights, and
consequently causing some other portion to ascend in a corresponding degree,

2 ksi= kilo-pounds per square inch. 1 ksi = 6.9 MPa. 1 kip, or kilo-pound = 1,000 pounds = 453.6 kg

3 Dempsey, p56-57.

14 Ref. Appendix A-02, p.A.36.

5 Hamilton, p460. Quote from Parliamentary Papers, Report of the Commission Appointed to Inquire into the
Application of Iron to Railway Structures, 1849. The report mistakes the year it was destroyed (1830) for the year
it was built (1825).
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which necessarily raised the platform with it, and augmented the undulation. So
seriously was this defect found to operate, that immediate steps were taken to
support the platform underneath by ordinary trussing; in short, by the erection of
a complete wooden bridge, which took off a large portion of the strain upon the
chains. If the chains had been wholly removed, the substructure world have
been more effective; but as they were allowed to remain, with the view of
assisting, they still partake of those changes in the form of the cure consequent
upon the unequal distribution of the weight, and eventually destroyed all the
connections of the wooden frame-work underneath the platform, and even
loosened and suspended many of the piles upon which the frame-work rested,
and to which it was attached. The study of these and other circumstances
connected with the Stockton bridge leads me to reject all idea of deriving aid
from chains employed in the ordinary manner.*®

Stephenson was convinced that “the suspension principle is utterly inapplicable for
sustaining railway traffic.”*” Thus, he ruled out using the suspension bridge, at least as then
constructed in common practice.

3.3 Stephenson’s Arch Proposal, 1844

Having eliminated, at least for the time being, the applicability of a suspension bridge, and
having considered other alternatives such as a timber arch, Stephenson proposed a cast-iron
arch with two spans of 137.2 m (450 ft) each.’® At the time, Stephenson was convinced that
the arch was the most suitable structure to span such a great distance while providing the
requisite stability and stiffness the trains needed. The arches were designed to leave a clear
height of 30.5 m (100 ft) from high water and spring at 15.2 m (50 feet) above high water.*®

Since it was not possible to erect a centering in the strait, Stephenson proposed to build the
half-arches on either side of the pier simultaneously using an early example of the balanced-
cantilever method. Stephenson planned on connecting each half-arch with tie-rods.?
Presumably, the other two half-arches would be constructed using a type of suspended
centering as first proposed by Telford for his Menai bridge,* or cantilevered and tied back to
the abutments. The principle adopted for the half-arches in the center could also have been
derived by the research of Sir Marc Brunel on brick cantilevers reinforced with iron strapping.
(Fig. 45)

Stephenson’s arch proposal was rejected by the Admiralty because it would not permit any
bridge to be built that obstructed navigation. It required that there be a clear opening
between piers of 137 m by 31.4 m (450 ft x 103 ft). They also criticized the thickness of the
proposed intermediate pier on Britannia Island for disturbing the wind flow.? The Admiralty
had final authority in this matter since the navy was the principle means by which England
projected its power.

® Dempsey, p59-60.

" Dempsey, p59.

'8 Fairbairn®, p2.

9 Dempsey, p60.

% Dempsey, p60.

1 Ref. Appendix A-02, p.A.50.
*2 peters®, p165; Clark, p8.
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Fig. 3: Ware Bridge wrought-iron girder section with
proportions appropriate to cast iron, 1841. Robert
Stephenson. (Fairbairn®)

The Admiralty’s requirement eliminated the
possibility of building an arch unless its
springing was 15.2 m (50 ft) higher above the
proposed position, which would substantially
increase the cost of the piers and abutments
as well as create a problem of grade for the
adjoining levels of the railway.”® There does
not appear to be any evidence that
Stephenson considered using a tied-arch,
which was then being introduced in Great
Britain.

After Stephenson’s proposal to employ an arch
was rejected, he was left with no choice but to
engineer an entirely new kind of long-span
bridge.

3.4 Stephenson Reconsiders
a Suspension Bridge, and the
Emergence of the Tubular
Idea, 1845

After his arch proposal had been rejected,
Stephenson again considered a suspension
bridge. He was aware that a contemporary of
his, James Meadows Rendel, had already
used wooden trusses for the purpose of
preventing oscillation in the platform of
suspension bridges, however he thought a

3 Dempsey, p60-61.

vy

Fig. 4: lllustration of the double I-beam model Robert
Stephenson thought could be applied to the analysis
of a tubular beam, 1841. (Dooley)

Fig. 5: Several wooden trusses illustrated by Leupold,
1726. (a) and (b): two bridges proposed by Gautier.
(c), (d), (e) and (f) show for designs by Palladio, the
first three of which are considered Palladio’s
interpretation of a friend’s description of bridges he
had seen in northern Europe. (Peters?’)
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stronger trussing system would be needed.
After considering a number of alternatives,
Stephenson thought he would need a truss,
with cross braces in the top and bottom,
supported by suspension chains. In lieu of
wooden trussing, Stephenson considered
using wrought-iron plates similar to the
wrought-iron l-section girders he used to build
the Ware Bridge in 1841. (Fig. 3) The
resulting form was a rectangular tube
supported by suspension chains. Stephenson
realized the tube could be viewed as a beam
composed of two I-sections side-by-side. (Fig.
4) Simplifying the form in this way, typical of
engineering, allowed Stephenson to consider it
feasible to analyze such a structure based on
methods already established for calculating
the strength of cast-iron beams.*

3.5 Why did Stephenson not
use a Truss?

3.5.1 The Question

The preceding account of how Stephenson got
to the idea of a giant tube presents an obvious
question, why did Stephenson not simply
replace the members of a wooden truss with
members of wrought iron of similar form?
There is no apparent record that the truss was
seriously considered by Stephenson on its
own merit. To answer this question the
general history of truss development and the
state it had reached in England by 1845 will be
reviewed.

3.5.2 Early Truss Development in Europe

The earliest recorded examples of trusses
come from the Italian publications by Andrea
Palladio, Vincenzo Scamozzi and Faustus
Verantius in the late 16" and early 17"
centuries. The plate shown in Figure 5 is from
Jacob Leupold’'s Theatrum Pontificale...

24 Clark, pl13-27. From Robert Stephenson’s chapter “Introductory Observations on the History of the Design.”
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Fig. 8: Schaffhausen Bridge, H.U. Grubenmann. (a) First proposal for single span through-truss of 119 m (390 ft),
1755. (b) As built, two span through truss with spans of 59 m (193 ft) and 52 m (171 ft), 1756-58. (JamesZ)

published in 1726.% Palladio’s designs are recorded in the last four illustrations (Figs. 5 (c),
(d), (e) and (f)). Except for the last design, these illustrations are apparently his
interpretations of descriptions given to him by a friend who had seen truss bridges in what is
now Germany.”® Tom F. Peters, a historian of building technology, explains that these
bridges were designed by a system of overlays in which basic structural modules, principally
the king and queen post, are multiplied to create ever-larger spans.”’ (Fig. 6) When viewed
this way, the structure shown in Figure 5(a) becomes more rational and Palladio’s bridges
can be appreciated without the bias of our knowledge of trusses today. Gustave Alexandre
Eiffel employed such a modular system for his ponts economique. (Fig. 7)

Until the end of the 18" century development of the long-span wooden through-truss bridge
took place primarily in Switzerland, parts of Germany and the Tyrol region of Austria. In
these areas, the basic raw material for such structures, long lengths of stout pine, was
plentiful and cheap. Carpenters, rather than architects and engineers, were almost entirely
responsible for this development. New ideas were tested in model form. By the second half
of the 18" century, through-trusses were being constructed with spans up to 61 m (200 ft)
using rectangular frames in conjunction with struts, polygons and arches. (Figs. 8 and 9)
These bridges were typically covered to protect the wood from water damage.?®

The greatest wood bridges built in Europe before 1800 are those built by the several
generations of the Grubenmann family of Switzerland. The most celebrated bridge is the
Schaffhausen Bridge built by Hans Ulrich Grubenmann in 1758. (Fig. 8) An early design for
a single 118.9 m (390 ft) span was rejected in favor of a more conservative two span bridge
with spans of approximately 58.8 m and 52.1 m (193 ft and 171 ft). The actual dimensions
are somewhat in dispute according to J.G. James.*

%6 James?, p119.
Peters’, p10.

James?, p116.
James?, p124.

-A.84 -



Sean C. Dooley - The Development of Material-Adapted Structural Form -  Appendix A-03

Fig. 9: Through-truss with polygonal reinforcement at Meissen, Reuss. The right side was built in 1764 and the
left in 1784. (James?)

Many bridges with spans up to about 30.5 m (100 ft) were built until the 1850s with traditional
polygonal reinforcement like the bridge shown in Figure 9. Reuss built this bridge near
Meissen, Germany. The right side was built in 1764 and the left in 1784. Trusses with
diagonal bracing in all panels only began to appear in Switzerland in the 1840s.%°

Knowledge of building these bridges was largely kept confined to the craftsmen who built the
structures. Literature concerning the construction of through-truss bridges only emerged at
the end of the 18" century and was predominantly written in German. Between 1765 and
1790, bridge books were published by Walter, Voch, Loscher, Wahl, and Reuss. At the turn
of the 19" century many wooden bridges in and around Switzerland were burnt by the armies
of Napoleon and his allies.*® The destruction of Switzerland’s bridges by Napoleon at the
turn of the 19" century seems to have suppressed development there.

J.G. James notes that it is important to consider the qualities of wood when reviewing these
early structures, particularly those that employ polygonal strengthening that was typical of the
time. James writes,

The basic problem in designing a timber bridge was not to plan some elegant
minimal framework which could be calculated to bear the required load on the
first day. It was to devise one which would retain its ability to do so despite the
illnesses that wood is heir to — progressive sagging, warping and rotting,
particularly at the joints. Some designers used members which on rigid frame
theory are ‘redundant’; some sought to make vulnerable members readily
replaceable; others sought to incorporate methods for periodic adjustment. The
final and best solution was the use of iron tensioning rods but this required the
intermarriage of two technologies and a rapprochement between woodworker
and ironworker. %2

In France and Great Britain, there was a remarkable absence of covered through-truss
bridges. Generally, France and England did not have large stocks of cheap timber and the
rationale of through-trusses and the value of covering them was not appreciated. Apart from

%0 James?, p127.
31 James?, p126.
32 James?, p116.
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relatively short king-post and queen-post
trusses, very few wooden truss bridges of any

sort are known. A few designs were - =y N g——pr————r——r
published, but French and British carpentry — feis - ?:-u-:.:_i:.:::i; — .'";15 e g
literature was generally more concerned with e Ty ok 1
joinery than large structural framing.* i i 4 ::;'i

Masonry arch traditions inherited from Rome . RN

dominated bridge design in France. France’s

academic-oriented approach to structural Fig. 10: Design for a deck bridge supported by
design was centered on arch theory. This polygonal arch, Gautier, 1714. (James®)
influenced the development of the deck-bridge

supported by polygonal or circular arches in most of Europe. An exception was the area
around Switzerland described above, in the 18" and 19" centuries. (Fig. 10) One positive
benefit of this misguided development was the accelerated introduction of iron into
structures.® J.G. James writes,

Although the boldness of the Swiss wooden bridges were admired, their form of
construction was considered by the Ponts et Chaussées pundits to be
unscientific. The purpose of the rectangular frame, except to carry the roof
(which they regarded, in any case, as unnecessary), seems to have been
unappreciated and the Swiss examples were not imitated. Outside Switzerland
the French lead was followed all over Europe — even in parts of Germany,
thanks to copious writings of Bavarian engineer Wiebeking. However deck-
arches were inherently more flexible than through-trusses, particularly after
water 3rfl)ad seeped through the uncovered roadway and wrought its inevitable
effect.

From 1790 to 1850, truss development continued in America, and advanced impressively.
The development there was in large part due to a rapidly expanding, newly formed country
that had enormous spaces to traverse. In addition, fresh pine forests and a new generation
of carpenter-builders, unbiased by building traditions in Europe, combined to abet the
exploitation of new building concepts and techniques. The Americans took up where the
Swiss and Germans left off and empirically developed truss forms suited to mass-production
and capable of carrying railway loads.*

3.5.3 American Bridges, Before the Railroads

In the late 18" and early 19" centuries, Americas were moving west and south in large
numbers. The wide rivers on the American continent posed severe challenges to travelers
because there was no funding to construct massive piers and erect masonry arches. For an
important crossing at Fairmount (now Philadelphia) across the Schuylkill River, the Scottish
immigrant Robert Smith proposed timber arches in 1769. Thomas Paine, best known for his
political writings and less so for his interest in bridge construction, proposed to build a
prefabricated iron bridge in the 1780s. This was an exceptional idea. James writes,

% James?, p127.
% James?, p127.
% James?, p116.
% James?, p116.
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Fig. 11: The “Colossus,” an arched through-truss with a single span of 103.6 m (340 ft) built at Philadelphia,
Wernwag, 1813. (James?)

Fig. 12: Town lattice bridge, Ithial Town, patented 1820. (Petersl)

In the end, two general solutions well-suited to the rough and ready American
conditions were evolved: the chain bridge and the timber truss. Early chain
bridges were of limited stability and regarded with mistrust for major sites but
good timber and carpenters were to be had almost everywhere.*’

The greatest of the early timber truss builders was Lewis Wernwag, who immigrated to the
United States from Wirttemberg, Germany, in the 1780s. He first worked as a mechanic
before rising to manager of an iron nail factory in Phoenixville, Pennsylvania. Wernwag
pioneered the use of auxiliary iron bracing in wooden bridges. His best-known bridge, the
“Colossus”, built at Philadelphia in 1813, had a span of 103.6 m (340 ft). (Fig. 11) The
panels, braced and counter-braced, increased in depth towards the abutments: the lower
chord, 1067 mm (42 in) deep, had three courses separated by iron spacers to minimize rot.
Iron counter-braces were added to the wooden ones, and iron back-stays were provided.
They were anchored into the abutments. The bridge was destroyed by a fire in 1838.%

The most influential bridge type to emerge from this early period in American truss
development was the lattice bridge, patented by Ithial Town in January 1820.*° (Fig. 12) One
lattice bridge, erected over the Susquehanna River at Columbia, was comprised of twenty-
nine spans, each 61 m (200 ft) wide, the total length being about a 2 km (1.25 miles). This

James p169.
James pl72.
39 James?, 172.
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Fig. 14: Long truss, Stephen Harriman Long, patent designs 1836. (Jamesz)

bridge incorporated wrought-iron ties in the lower chord, fitted with screwed nuts to introduce
prestressing. This assured that made sure all joints were stressed and countered the effects
of shrinkage. Tensioning the ties introduced a precamber into the bridge that offset
deflections induced by live load and creep. Dempsey noted that “one distinguishing
advantage of this mode of construction is its simplicity; the braces and counter-braces being
all cut exactly to the same length, and square on the ends, which simply rest in blocks
attached to the top and bottom chords, and are without mortising or jointing in the members;
the tie-rods pass through these blocks, and the whole structure is so simple, that it may be
readily taken down, removed to another site, and re-erected with the utmost facility and
precision.”°

3.5.4 American Railroad Bridges

In the 1830s and 1840s, American railways grew at a phenomenal rate. This growth
required a corresponding number of long bridges. Wood continued to be the primary bridge
building material into the 1850s, but improved truss forms were developed to address the
rapid increase in the weight of locomotives. These new bridges also had to have level decks
as opposed to a longitudinal camber characteristic of most of the early truss systems.*!

The Burr truss, a successful design pre-dating the railway boom, was used on many early
railroads. (Fig. 13) Carl Culmann illustrated several Burr truss bridges, some seen on his

0 Dempsey, p35-36.
41 James?, p175.
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Fig. 15: Haupt truss, Herman Haupt, patent design 1839. (Jamesz)

Fig. 16: Whipple all-iron bowstring truss, Squire Whipple, patent design 1841. (Sutherlandz)

American tour of 1849-50, as well as some drawn from a compilation of drawings made in
1850 by G. Duggan.*?

America’s massive bridge-building program resulted in increasingly higher prices for large
timbers. Therefore, many engineers specified Town’s lattice bridge as a cheap solution, if
only a temporary one. Town had toured Europe in 1829-30 to market his system. In Europe
the lattice bridge was first constructed of iron. Town was aided by the French-trained
engineer Moncure Robinson to gain the confidence of railway engineers. Robinson provided
valuable publicity for the system in Europe as well as America. In 1834, Robinson became
chief engineer on the Philadelphia and Reading Railroad. In 1838, he showed the British
engineer David Stevenson some of the Town lattices he had installed including one bridge
with eleven 30.5 m (100 ft) spans.*®

Town'’s ‘invention’ had proved so lastingly lucrative that several other designers sought their
fortune through bridge patents. One example is Stephen Harriman Long, who produced a
stream of patents and pamphlets. (Fig. 14) A more important figure was Herman Haupt, who
graduated as a military engineer in 1835. He went into railway engineering and was exposed
early in his career to the Burr truss, which he modified. (Fig. 15) Like Long, Haupt wrote
several articles and pamphlets. After anonymously publishing Hints on Bridge Construction
around 1841, he began writing a full-length book in 1844, published in 1851. This became a
standard textbook and was reprinted for the rest of the century despite outdated contents.
While the book provides an invaluable view of 19" century American bridge practice, it omits

2 James?, p175.
43 James?, p175.
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Fig. 17: Whipple all-iron parallel chord truss, Squire Whipple, ¢.1847. (Jamesl)

reference to the work of Squire Whipple, whose own analytical treatise was by then
available. Whipple’s influence on Haupt's book is still debated.**

The well-known all-iron bowstring bridge of Squire Whipple, patented in April 1841, had a
cast-iron top chord and cast-iron posts with wrought iron lower chord and diagonals. (Fig. 16)
In his famous book*, written around 1846-47, Whipple advocated the parallel chord form,
with double- and triple-intersection bracing for long spans.*® (Fig. 17)

Iron trusses in America displaced wooden trusses in the 1850s and 1860s. Typical spans of
iron trusses exceeded those of wooden trusses with spans well over 100 m. In contrast,
early iron trusses rarely reached 32.5 m (100 ft) in the 1840s.*” The evolution of the truss in
America between 1790 and 1850 led to the rationalization and increased material efficiency
of this structural type. On this foundation, truss development returned to the Europe where
Carl Culmann, Wilhelm Ritter and others developed graphic statics.

3.5.5 Truss Development in England to 1845

By the 1840s, the truss was being developed primarily in the United States and Russia.*
The insular British and French engineers almost totally ignored American truss systems
when wooden bridges were used on railways.*® English engineers spent a great deal of
effort in the 1830s and 1840s developing the trussed girder, a cast-iron girder strengthened
with wrought iron, but these structures are not particularly comparable to the trusses being
described here. The trussed girder will be discussed in more detail in the next section. The
following is a review of some developments that did occur in England before 1845,
knowledge of which Robert Stephenson could have been aware.

In 1824, George Smart patented a proposal for using wrought-iron bars arranged diagonally
that Dempsey describes as being of the lattice bridge type. It has parallel lower and upper
chords with bars crossing diagonally to each other at 18° to the horizontal. This seems too
low for a lattice bridge. In any case, Dempsey wrote in 1850 that he thought an inquiry into
the principle and practical value of such structures was warranted.*

* James?, p176-177.

“> Whipple, Squire. A Work on Bridge Building, etc... Utica, New York. 1847.
6 James?, p180.

7 James?, p180.

“8 Rosenberg and Vincenti, p83, note 13.

49 James?, p184-185.

0 Dempsey, p33-34.
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Fig. 18: Tied-arch with cross-bracing, or bowstring truss. (Jamesz)

In the 1830s, Robinson, Stevenson and John Weale all published favorable accounts of
Town’s “improved” lattice bridges. In France, similar publicity was obtained via Robinson’s
friend Michel Chevalier.®® As John Weale was a popular publisher, Robert Stephenson
surely must have seen this volume.

William Scarth Moorsom, one of the few English engineers to favor American railway
methods tried the lattice bridge. But, like French engineers, he only trusted if for road traffic.
A number of lattice bridges were built in Switzerland with spans ranging from 21.3 m to 39.6
m (70 ft to 130 ft), but they were intended only for road use.>

By the mid-1840s, the importance of German texts on theoretical analysis surpassed those in
French. Lentz analyzed pioneering Irish lattice bridges constructed of iron in 1845 and Carl
Ghega analyzed the American truss systems. Ghega published the most prestigious civil-
engineering journal of the mid-19" century, the Allgemeine Bauzeitung, from Vienna. That
journal published the analytical study of American trusses by Bavarian engineer Carl
Culmann, which led to him becoming an engineering professor at Zurich, where he led the
development of graphic statics.>®

The only real contribution to the development of trusses by the British would appear to be the
iron tied-arch