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Why this shape and not that? Why
steel instead of concrete or stone?
Why put it here and not over there?
tueo. 2ve the kinds of questions that
David Macaulay asks himself when
he observes an architectural wonder.
These questions take him back to the
basic process of design in which all
structures begin, a process that
proceeds from the realization of a
need for the structure to the struggles
of the engineers and designers to map
out and create the final construction.

David Macaulay, as only he can,
engages readers’ imaginations and
gets them thinking about structures
they see and use every day bridges,
tunnels, skyscrapers, domes, and
dams. In Building Big he focuses on
the connections between the planning
and design problems and the solutions
that are finally reached. Whether a
structure is imposing or inspiring, he
shows us that common sense and
logic play just as important a part in
architecture as do imagination and
technology. As always, Mr. Macaulay
Iinspires readers of all ages to look at
their world in a new way.

[he public television series Building Big is a coproduction of

he WGBH Science Unit, producers of the award-winning

Vouva science series, and Production Group, Inc.
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PREFACE

Building Big began as five {ilms about the creation of
bridges, tunnels, skyscrapers, domes, and dams. Over
a period of about two years, various producers, film
crews, and I checked in and out of hotels on four con-
tinents and talked to a lot of people who design, build,
or study these structures. While the filmmakers were
concentrating at least as much on the human
stories—the ambition, the heartbreak, the triumph—
as on the technical, I found myself increasingly
intrigued by the nuts and bolts. It’s just the kind of
person I am. Why this shape and not that? Why steel
instead of concrete or stone? Why put it here and not
over there? Asking these kinds of questions took me
back to the basic design process, which itself begins
with questions as engineers and designers struggle to
identify and prioritize the problems that must be
solved. And it was this particular aspect of building
big that finally convinced me there was a role for a
so-called companion book.

Knowing that the films would present the big
picture—including the larger historical, social, and
environmental issues associated with the building of
big things—I was free to operate on a much smaller
scale. Using some but not all of the examples chosen
for the films, this book focuses entirely on the
connections between the main planning and design
problems that had to be solved and the solutions that
were eventually built. There is something reassuring
about the fact that whether structures inspire or
simply intimidate with their scale, each is generally
the result of a logical and therefore accessible
sequence of events. Once we recognize that the
elements of common sense and logic play at least as
important a role in this process as imagination and
technical know-how, even the biggest things we build
can be brought down to size.
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BRIDGES

All the structures in this book willingly reveal
important things about why and how they were built
if we know what to look for. And of all big pieces of
engineering, bridges are probably the most forth-
coming. They are in a sense three-dimensional
diagrams of the work they do, and this makes them
ideal subjects with which to begin.

In large modern bridges, where economy is of the
essence, there are very few extra elements to obscure
what’s going on. What gives these bridges any
uniqueness they may have is not some applied
decoration but rather their fundamental design and
its relationship to the site. Even in the often conser-
vatively built and frequently embellished bridges of
old, the way they work can be readily appreciated.

While the specific requirements of every bridge are
different, thereby creating an enormous number of
variations, there are actually only five basic bridge
types—post and beam, arched, cantilevered,
suspension, and the newest kid on the block, cable
stayed. The bridges included here were not necessar-
ily the largest of their day, but like all bridges,
whether dramatic or humble, they all evolved from a
similar process. This included defining the problem,
establishing the goals, and testing the limits. In the
end, each completed structure either reflects the
technological understanding of its day or represents
a leap in that understanding.

The other thing these bridges have in common is
that they were all built to span water—a challenge
that seems to have an enduring appeal to those of us
with neither wings nor gills. Over the centuries, this
problem has been met with ingenuity, common sense,
and courage and has resulted in some of the most
magnificent pieces of engineering on the surface of
the planet.
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PoONTE FABRICIO

Rome, Italy, 62 B.C.: The task of the road commis-
sioner and his engineers was to build a bridge linking
one bank of the Tiber River with the island in the
middle, a distance of approximately 200 feet. Because
the island housed medical facilities, it was crucial that
people could cross the bridge easily, so the bridge
couldn’t be too steep. There was a constant stream
of boat traffic from the port of Ostia, so the bridge
couldn’t be too low either.

The kinds of construction materials that may have
been considered include an all-wood post-and-beam
structure (inexpensive but not fireproof), timber
beams on a single stone pier (not entirely fireproof
but less of an obstacle to river traffic), and a single
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stone arch: absolutely permanent, absolutely fire-
proof, and absolutely unclimbable.

Whether any of these plans was seriously consid-
ered is unlikely, given the level of experience the
Roman engineers had. The final design was a stone
structure with two arches. It offered permanence (in
fact, it still stands today), created only one impedi-
ment on the river, and was high enough to allow ships
to pass underneath yet low enough to provide an easy
foot crossing. The three small arches were added to
reduce pressure against the bridge during flooding.

The commissioner apparently believed that his
engineers had come upon a worthy solution: he had
his name carved in four places on the bridge.

11
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Roman engineers understood that a structure is
only as permanent as the foundations upon which it
stands. The building of foundations at any site is
tedious, but to build them in the middle of a river can
be downright treacherous. The builders probably
waited until the summer, when the river was low, to
begin the Ponte Fabricio. They may have diverted the
water using some kind of temporary barrier. Or they
might have built a watertight wooden wall, called a
coffer dam, around the site of the central pier. Once
pumped dry, the enclosed space could be excavated
down to the riverbed.

tree
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Next to the foundations in importance is the pair of
arches. These would have been built over a tempo-
rary wooden form called a centering. Once the last
piece of stone, called the keystone, had been set in
place, the arch proper was finished. But if the center-
ing was to be removed at this point, the uppermost
stones would want to fall (it’s one of the things stones
do best), and this in turn would push the sides of the
arch outward. To prevent this from happening, more
material was built up against the sides of the arch
before the centering was removed. This not only
prevented movement between the stones but also
compressed them together. The more the wedge-
shaped stones are compressed, the stronger the arch
will become. Thus, it is capable of channeling all the
weight from above to the foundations below.

The fact that the bridge is more than 2,000 years
old and still in use is a testament to the import-
ance of combining the right shape with the right
materials.
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IRON BRIDGE

Coalbrookdale, England, 1775: In the second half of

the eighteenth century, the Severn River, which
runs through Coalbrookdale, England, was a major
obstacle to getting raw materials from one side of this
industrialized valley to the other. There were very
few bridges because of the heavy traffic on the river,
so materials were transported on ferries. However,
the ferries could not keep up with the increasing
productivity of the area.

A new bridge was needed, and it would have to be
arched, so as not to block river traffic. Potential
builders were asked to think in terms of wood, stone,
or brick. But the iron master Abraham Darby I1I saw
the challenge as an opportunity to promote his own
skills and foundry. Stone was hard to cut and heavy,
which made it expensive to work with and to trans-
port. Iron was more efficient to build with because it
could be cast into the exact shapes required and much
closer to the building site. Darby built the first all-
metal, prefabricated bridge in the world.

ST

Unlike its masonry predecessor, Ponte Fabricio,
Iron Bridge was assembled like an oversize Erector
set of about 800 pieces. For each piece a full-size
wooden pattern was pressed into a bed of sand and
then carefully removed. The resulting cavity was
filled with molten iron. Using traditional carpentry
joints, such as dovetails, mortises, and tenons, the
builders would have put the finished pieces together
from a fairly lightweight scaffold instead of a heavy
timber centering, which would have brought river
traffic to a standstill. While the arch was clearly the
best design to span the river, it also turned out to be
the best shape for the material. An arch is a com-
pression structure, and cast iron, like stone, is at its
happiest when it is compressed. Whether Darby knew
this or was simply lucky is anyone’s guess. The bridge
still stands today because it was designed with the
right combination of shape and material. Also, the
openness of the structure allows floodwater to pass
easily underneath it.




BRITANNIA BRIDGE

Bangor, North Wales, 1838: The task for railway was a minimum height requirement of 100 feet
engineer Robert Stevenson was to build a bridge both between bridge and water.
strong enough and rigid enough to carry trains back After considering various locations, Stevenson
and forth between the Welsh mainland and the island chose, not surprisingly, a site that offered the well-
of Anglesey. There was another obstacle besides the placed advantage of a small island near the middle of
900 feet of water that separates the locations. Because the strait. Nobody said he couldn’t use what was
the bridge was to be built over a working shipping already there. And at least now, he could think in
channel, the British navy would have to approve terms of two spans rather than one long one. Since
Stevenson’s design. Arches and piers were forbidden arches were not an option, he designed a bridge based
for fear they might constrict the waterway, and there on the post-and-beam structure.
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compression

To understand how a beam works, imagine a plank
placed over two supports. If you stand on the middle
of the plank, it will bend. The top surface of the plank
grows slightly shorter because it is being compressed;
the bottom surface, on the other hand, is being
stretched because it is in tension. If the plank cannot
withstand one or both of these forces, it will break.

While the piers of Stevenson’s new bridge were
under construction, another of his post-and-beam
bridges on the same train line collapsed, sending five
people to their deaths in the River Dee. The bridge’s
cast-iron girders were too shallow to resist the
bending. They began to twist sideways and quickly
buckled. Although this was a very unusual failure,
Stevenson and his fellow engineers learned that in
addition to bending, beams must also be able to with-
stand twisting.

The Dee Bridge, May 24, 1847

5 o

To minimize bending over a 460-foot span, massive . N
beams would have to be used. Wooden beams were out e e e o PR e LT PR A TS AN e
of the question for a variety of reasons, and iron gk #N"&..%;Mn‘ﬁ’é‘f ,}ﬁ k|
beams would have been too heavy and cumbersome. - ‘ e el
But now imagine our plank turned on its edge. Again
the top surface of the plank will be in compression
and the bottom in tension, but there is far less
bending, because the bending stress is spread out over
a deeper area. Stevenson, working with fellow engi-
neer William Fairburn, solved the problem by making
the beam large enough for trains to go through rather

than over.

tension

17
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The finished bridge was designed as two parallel
tubes, each 30 feet high and 15 feet wide. They were
to be made of wrought iron and supported on high
stone piers. While the sides were primarily flat plates,
the top and bottom were assembled as smaller paral-
lel tubes. All the pieces were riveted together. Because
wrought iron, unlike cast iron, works about as well in
tension as in compression, more material was used
at the top of the beam than at the bottom to help
prevent the kind of buckling failure that brought
down the Dee Bridge. The four main tubes that

spanned the water were fabricated on the banks
and floated into position at high tide. Once fitted into
the vertical slots of their respective piers, they were
slowly and carefully lifted by powerful jacks to the
required height.

The Britannia Bridge is the only bridge described in
this chapter that is no longer standing. The bridge
was constructed of fireproof materials, but a fire in
1970 distorted the metal. The bridge was no longer
straight enough to carry trains and therefore was
replaced by one with arches!
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(FARABIT VIADUCT

Saint Flour, France,
train bridge over water—this time to carry a freight
line through the Massif Central. The body of water to
be crossed was a mere stream compared to the Menai
Strait, in Wales; however, this stream was 400 feet
below the intended line of the track. The engineer was
Gustave Eiffel, and Garabit was to be his last bridge.
He had designed hundreds of them, including railway
bridges in this very region. He understood both the
demands of trains and the natural conditions of the

compression
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either in tension or
compression depending

1879: Another country, another

area which, in addition to rugged terrain and deep
gorges, included very strong winds.

Rather than simply using sheer mass to defeat
the wind, Eiffel designed instead to outsmart it. He
created open airy structures through which the wind
could pass more easily and which required less mate-
rial to build—another important consideration in
these remote locations

The structure of the Garabit viaduct is based on
the truss—basically a collection of interconnected
triangles the sides of which carry the tension and
compression forces.

on location of train

= \/—/_\'\/4;,_’—-\\ Mﬁm
tension
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compression tension
FINK TRUSS

PRATT TRUSS

Proposed Rail Line of Garabit Viaduct




Truss bridges were commonly used in nineteenth-
century North America to carry trains west. Because
wood was plentiful and could be worked with basic
carpentry skills, these bridges were quick to build.
However, they were also quick to burn. As the
workings of the truss became better understood,
various timber pieces were replaced by stronger iron.
Today, steel trusses are among the most common
bridges in North America. They are very strong and
can span long distances.

T

[ compression

Two of the trusses below are named for their inven-
tors, the other two for their shape. Most trusses are
built with a slight upward curvature called camber.
When a live load, such as a train, pushes down on a
bridge, the truss straightens out but never sags.

compression
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Eiffel’s solution is basically a post-and-beam design
some 1,850 feet long. As the gorge begins to descend,
the track is carried from stone arches to a long
straight truss supported on a row of towers. Instead
of building three high towers in the center, Eiffel
spanned the deepest part of the gorge with a 530-foot-
wide arch. Two smaller towers rest on the arch, while
its crown serves as the third support.

To permit natural expansion and contraction, the
ends of the arch are hinged rather than rigidly fixed
to their masonry supports. To increase stiffness, the
bases of the towers and arch are wider at the bottom
than at the top. To minimize wind resistance and to
reduce weight, the pieces of the truss are built of even
smaller pieces—wrought iron strips and angles all riv-
eted together. The two halves of the arch were built
out, or cantilevered, from their hinges and held in
place by cables until they met in the center. No
centering was needed, but a temporary wooden bridge
was built to carry workers and materials more
efficiently across the floor of the gorge.
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FIRTH OF FORTH

excrss

The Tay Brldge Dlsastex December 28, 1879 4

South Queensferry, Scotland, 1880: On the night of
December 28, 1879, part of the Tay Bridge, a multi-
spanned post-and-beam structure across the Firth of
Tay, collapsed during a severe gale, plunging into the
water with a loss of 70 lives. The reputation of
the bridge’s designer was ruined, and his plans for
another bridge on the same line were promptly

scrapped. The task now fell to two engineers, John
Fowler and Benjamin Baker. They were not only to
design a bridge that would cross the Firth of Forth but
also to rebuild the confidence of train passengers.
Their structure had to be strong, and it also had to
look strong.

After surveying the site to record the configuration
of the riverbed, the builders established the line of the
bridge across the Firth between North and South
Queensferry, a distance of about a mile and a half.
Roughly two thirds of that distance was over water. A
post and beam bridge was ruled out early. Even if the
piers hadn’t created a problem for river traffic, the
depth of the water, which reached 220 feet at a couple
of places, would have made their construction impos-
sible. A suspension bridge was also briefly considered.
But while it would have supported the roadbed well
above the water, it was not seen as reliable enough to
satisfy the demands of either trains or passengers.

The engineering team finally settled on a design
that would employ three enormous cantilevered
sections and two smaller suspended sections. The
center cantilever would stand on the small island of
Inchgarvie, in the middle of the estuary. The southern
cantilever would be located as close to the center one
as the depth of the water would allow. That specific
distance would then be used between the center
cantilever and the northern cantilever.

Proposed Rail Line for Firth of Forth Bridge

I
South Queensferry ‘
|




A cantilever is a horizontal beam fixed at only one
end. Generally, two cantilevers face each other to
support a suspended span. Stevenson’s Britannia
Bridge illustrated how by increasing the depth of a
beam it is possible to reduce the bending. Since most
of this bending happens in the center of the beam,
that is where the depth should be greatest. In the can-
tilevers of the Forth Bridge, it’s as if the supports of
the beam have been moved into the center below the
heaviest and hardest working part of the beam. With
less weight at the points farthest from the supports,
there is less bending and therefore, less building
material is required. Here the cantilevered beams
extend in opposite directions from each of the three
towers to maintain a balance. If we link these three
structures together by suspending two smaller
bridges between them, we have a continuous beam.
The separate sections are actually hinged together so
that the largest forces will still be channeled directly
to the foundations.

cantilever




Each tower has four tubular steel legs, and each leg
stands on its own massive pier. Of the twelve legs
needed, six had to be built in water so deep that pneu-
matic caissons were required. These wrought-iron
cyvlinders were 70 feet in diameter and roughly 70 feet
high. They were brought to the site in pieces and
reassembled on the beach before being towed to their
final locations and sunk. The work chamber at the
bottom of the caisson and the work platforms at the
top were linked by three tubular shafts—two were
used to transport materials and one was used by
workers. Each was accessed through an airlock. Water
at the bottom of the work chamber was forced out as
compressed air was pumped in.

temporary caisson

Men could now work reasonably safely on the
riverbed. As they excavated muck and loose rock,
sending it up one of the shafts, the space above them
was filled with concrete. This increased the weight of
the caisson, which slowly sank on its wedge-shaped
base. Once a firm footing had been reached, the work
chamber too was filled with concrete. Now there was
a secure base on which to build the masonry piers that
would support the steelwork. Half of the construction
time for the entire bridge was spent building the
foundations. Fabricius would have approved.
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The forces of the wind as well as those created by a
crossing train are carried through the cantilevered
trusses to the three huge towers, the main tubes of
which are twelve feet in diameter. The five tubes that
meet at each corner of a tower are riveted together
and tied into the pier below. As at Garabit, the entire
structure is wider at the bottom than at the top for
greater stahility.

Fowler and Baker created a structure so strong that Jor_vA
the wind could never blow it down. And one only — = = == A % E‘T\i
needs see how totally dwarfed a train is by the bridge : :
to imagine the reassuring psychological impact it
must have had on even the most skeptical passengers.
But Fowler and Baker also created a structure so
incredibly expensive that it has rarely been copied,
particularly at this scale. The only cantilever bridge
larger than the Forth is a visually inferior imitation
built in Quebec in 1917.
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(GOLDEN (GATE BRIDGE

San Francisco, California, 1930: The problem was too
many cars and not enough ferries to get them from
the city to the spectacular countryside of Marin
County and Northern California. People were waiting
in line for hours—sometimes even days. The solution
was a bridge. A number of locations were scouted, but
the Golden Gate site was chosen because it would
require a shorter span and a less extensive network of
approach roads than any of the others. Still, the span
would have to be longer than anything built before it.
An engineer by the name of Joseph Strauss was eager
to take on the challenge, although his first proposal
was an ungainly combination of cantilever and
suspension bridge. By the time the funding was in

SAN FRANCISCO

place to build the bridge, it had evolved into a pure
suspension design.

The main parts of a suspension bridge, other than
the roadway, are the towers, the cables, and the cable
anchorages. The roadway itself actually hangs from
the cables. If the cables stopped at the tops of the
towers, their own weight in addition to the weight of
the roadway and that of the traffic would bend the
tops of the towers toward each other. To prevent this
from happening, the cables pass over the tops of the
towers and are connected to concrete anchorages cast
into solid rock. The action of the cables pulling down
on both sides of a tower creates a strong vertical force
that must be carried to the foundations.
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Initially, the Golden Gate Bridge seemed to design
itself. After the line of the roadway was established,
the towers were located. They needed to be as close to
each other as possible to keep the center span as short
as possible. On the Marin side, the floor of the bay
descends rapidly; therefore, the tower was situated
very close to the shore. Because the foundations of the
San Francisco tower would need to be sunk 20 feet
into bedrock and divers could not work more than 100
feet down, that tower was situated where the water
was 80 feet deep. The length of the main span turned
out to be 4200 feet.

To avoid unnecessary and expensive underwater
work, the San Francisco pylon—the support between
the ends of the side span and the approach road—was
placed on the closest dry land, about 1100 feet from
the tower. That distance was simply matched on the
other side to make the bridge symmetrical. The cable
anchorages could then be located behind the pylons
along the same axis.

The height of the bridge at the center of the
midspan (220 feet) and at the two towers (210 feet)
was determined by the U.S. Navy to ensure clearance
for its fleet. The approximate depth of the roadway
structure was to be 30 feet. The lowest point of the
main cable would be approximately 10 feet above that.
The optimum curvature of the cable for the most even
distribution of forces over a 4200-foot span would
require a sag of about 470 feet. Add these dimensions
to the height above the water and you have the
approximate height of the towers. Finally, a width of
90 feet was chosen for the road. A smaller width
would have seemed visually disproportionate for a
structure of this magnitude.
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Once the design of the bridge had been finalized,
work began on the anchorages. Each is composed of
three main pieces: the base block, which is keyed into
the bedrock; the anchor block itself, which is keyed
into the base block; and a weight block, which simply
rests on top of the anchor block. It is the tremendous
weight of the anchorage pushing down that counter-
acts the pull of the cable. The ends of the cables were
attached to a series of enormous eye bars that were in
turn fastened to heavy girders at the back of the
anchor block. The girders and the eye bars were to be
embedded in concrete.
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I'he two steel towers stand on massive concrete — P /A - =
piers. Because the San Francisco pier is 1100 feet off = g e
shore, a jetty was first built for the delivery of -
materials, equipment, and workers to the site. After .
blasting away much of the rock at the end of the jetty, =
the workers built an enormous elliptical concrete ring
called a fender. Its base went down 20 feet into the
bedrock and its rim stood 15 feet above the water.
This not only served as a coffer dam during construc-
tion but also provided permanent protection for the
finished pier.

Because most of the concrete was needed only

beneath the two legs of each tower, the central section
could be left hollow. This space and the area between
the fender and the pier were eventually flooded for _‘ .
added weight. Steel angle irons that extended some 50 NS water |
feet into the concrete would eventually be tied to the > A hole tO\
legs of the tower for additional stability. - flood
center
caVit}tq_
/)
~ ' ; //
([} /:
B

steel sheet
piling

o~ ~

Site of Marin Pier

Cross section—San Francisco Pier
r pier

The pier for the Marin tower was to be built in
shallow water near the shore; therefore, construction
was less complicated. A coffer dam was first built
around the site. The part that extends into the water
is built with cribbing—heavy timber boxes that are
filled with rock and sunk into position. The ends of
the cribbing are connected to land with a simple rock
dike. The entire structure is then sheathed on the
outside with steel sheet piling—interlocking pieces of
steel that are driven into the ground. Once complete,
the area was pumped dry and the site was excavated
to expose a solid footing for the pier.
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The two towers of the bridge are identical. Each has
two legs connected with cross-bracing to stiffen the
structure against the considerable force of the wind.
The legs are built up from clusters of steel tubes
called cells. The cells are 31/2 feet square and approx-
imately 45 feet tall. These are made of angles and
plates riveted together. To help distribute the weight
of the legs and prevent them from crushing the
concrete immediately below, they sit on thick plates
that are pinned in place with long dowels.

The cell clusters are lifted into place by a creeper
derrick (a truss bridge), on top of which two
stiff-legged derricks have been placed. Once the legs
of the towers reach a certain height, the creeper
derrick is hoisted up between them. Since the pier for
the Marin tower was a far simpler undertaking than
that of its counterpart across the gate, the Marin
tower was completed well ahead of its partner.
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sight line

wire reel on
unreeling machine

counterweight

ydraulic jack to hold
trand shoe in place
luring spinning operation

traveler

strand shoe

hauling rope

The first bridges across were the temporary foot-
bridges that extend all the way from anchorage to
anchorage. They were used by the workers in spin-
ning and preparing the main cables. The surface
of the footbridge is made of panels of redwood
planking that rest on rows of parallel steel ropes.
Approximately 3 feet above the footbridges is a guide
wire that has been carefully adjusted to hang with the
precise sag of the finished cables.

Each cable is made up of 61 separate strands; each
strand is spun from a continuous length of wire.

The wire, which arrives at the site on large reels, is
initially fed through a counterweight system to
ensure an even tension before it passes over a large
wheel called a traveler.

The end of the wire is looped around a strand shoe
where it is temporarily clamped. The traveler is fixed
to a hauling rope. When the signal is given, the rope
starts moving, carrying the traveler and its cargo up
toward the top of the tower.

On top of each leg is a specially designed structure
called a saddle. This is a precisely shaped seat with
grooves in which the finished cables will eventually
rest. Because of its tremendous weight, each of the
four saddles is lifted in three pieces.

end
temporarily
clamped
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wire loops
exchanged from
one traveler to the other
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Every traveler first carried four wires. Eventually
they carried six wires to hurry the pace of the
construction. Only two wires are shown here.

Two separate travelers, each spinning a different
strand, move toward each other. When they meet in
the middle of the center span, the wires are slipped
from one wheel to the other.

Each traveler now returns to its starting point to
complete the journey of the wire from the opposite
side.

Upon arrival, each loop of wire is removed and
wrapped around its own strand shoe.

The empty wheel then picks up a new loop from its
original reel and begins the journey all over again.

Each strand is made up of more than 400 lengths of
wire that lie side by side. That is about 500 miles of
wire per strand. When a spool runs out, a new wire is
connected to the end of the old with a tubular sleeve
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that is designed to prevent the wires from pulling
apart. As the travelers move back and forth, the grow-
Ing strands are continually checked against the guide
wire to ensure that the exact curvature is maintained.

As work begins on a strand, the last pieces of eye
bar are installed at each anchorage, linking those
already embedded in concrete with a particular
strand shoe. Once a strand is completed, the shoe
(which has been held in a temporary position in front
of the eye bars so that loops can be wrapped around
it) is pulled back and pinned in place between the eye
bars.
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One by one the finished strand shoes are pulled
back into their final position. As soon as the sixty-first
strand has been completed, the last of the concrete is
poured around the eye bars. The anchor block is
finished. Eventually, both pairs of anchorages will be
enclosed by high walls and a concrete roof.
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| Squeezing Machine

after

As the strands rise toward the towers, they first pass

through a large tube called a splay collar. A
A squeezing machine is now fastened around each

cable near the tower tops. As it moves slowly down a

cable, a series of plungers press and squeeze the

strands together. By the time the squeezing machine

has finished its job, the independent strands have

been transformed into a solid circular cable that is -

greater than 3 feet in diameter.

- ) !

I |
3 i
/- N - 34 L ‘“f.-'-"

N -
Y =

——— e —

splay collar

anchorage

iout walls and roof)




A cable band is clamped every 50 feet along the
finished cable. Suspender ropes, each approximately
2 inches in diameter, are then hung over the cable
bands. These steel ropes support the road itself. Each
suspender rope has been cut to a specific predeter-
mined length to ensure that the finished road will
hang at exactly the correct height and camber.

All the suspender ropes are delivered to the site
with their ends embedded in steel cylinders called
sockets. Each rope enters a cone-shaped cavity within
a socket, where its individual wires are untwisted to
look something like a wire brush. The socket is then
inverted and filled with molten liquid zinc, which
permanently fuses rope and socket together.

Each cluster of four sockets disappears into a 25-
foot-high post. In fact, the post rests on the tops of the
sockets. It is neither bolted nor welded to the
sockets—it simply rests on top of them. Each post is
connected to its counterpart on the opposite side of
the roadway by a deep floor beam. The floor beams
support smaller beams called stringers; stringers
eventually support the roadway itself. The only
connections between the road and the cables are
those sockets.

cable band

.

socket
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vertical \
post of
stiffening

To prevent a cable from undergoing concentrated
stress that could weaken it, its curvature should
remain constant. To help maintain the desired sag,
two 25-foot-deep stiffening trusses run along each
side of the roadway. A third truss, made of lattice
girders, lies in a horizontal position: it ties the stiff-
ening trusses together. The third truss is the wind
truss. It is designed to minimize bending caused by
wind pressure.

Construction of the roadway begins at the towers
and extends out over the water in both directions and
at the same pace to keep loading on the tower and
cables even. Six months after workers began to hang
the roadway steel, the two halves of the main span
met in the middle.

rocker arm
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Roadway Construction Sequence

suspender ropes

The cables would not achieve their intended sag
until the entire roadway was in place, including the
concrete deck, railing, and streetlights. Only when
most of the weight was hanging did workers wrap the
cables with a layer of wire to help maintain their
shape and protect them from the elements.

In any large structure, engineers must pay
particular attention to the likelihood of movement
caused by high or gusting winds and extreme temper-
ature. Because it was intended for cars rather than
trains, the designers of the Golden Gate Bridge could
create a structure that would control this movement
rather than trying to prevent it. The ends of the road-
way assembly are actually hinged to the tower, so
the entire structure can rotate slightly on a
horizontal plane. The bottom corners of the two stiff-
ening trusses rest on flexible vertical columns called
rocker arms. In unusually hot weather the roadway
will expand, the camber will flatten out, and the ends
of the bridge will slide toward the towers. Expansion
joints are built into the road surface on both sides
of each tower and at the pylons so this movement
doesn’t affect the cars above.
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In its day, this bridge created by Strauss and world. This title currently belongs to the Akashi

Clifford Paine was a masterpiece of engineering tech- Kaikyo bridge in Japan, shown below for comparison.
nology and building efficiency. Construction took less Not only are larger and larger suspension bridges
than five years. But while the Golden Gate may be the being built today, new ideas and technologies are
most famous bridge in the world, it has long since being explored. Because large bridges are expensive
relinquished its claim as the longest bridge in the undertakings, engineers continue to seek ways to
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build them more efficiently. New aerodynamically shaped
prefabricated roadways are replacing the older stiffening
trusses, reducing construction time as well as the impact
of the wind. It is now possible to prefabricate cable
strands to eliminate air-spinning time (if there is a
vehicle large enough to transport the mile-and-a-half-

long strands to the site). While some towers are made
of concrete, heavy but very stiff, others are using
much less steel than those of the Golden Gate Bridge.
Rather than simply restricting movement with thick
walls, builders are now installing sophisticated
devices inside their towers to dampen it.




PoNTE DE NORMANDIE

Honfleur, France. 1990 The French highway
administration decided to build a new bridge across
the river Seine with a clear span of 2800 feet. It
would need to rise 165 feet above the water so as not
to obstruct ship traffic They considered a suspension
bridge but eventually rejected the idea after looking
more closely at the geology of the area. Because there
was no solid rock into which anchorages could be
cast, each would have had to do the job entirely with
its own weight. This would have required massive
and therefore prohibitively expensive structures. So
instead they settled on a kind of bridge that needs no
such anchorages These are called cable-stayed
bridges, and at the time of its completion in 1994,

from the tower or towers. Unlike the main cable of a
suspension bridge, cable stays are straight and anchor
directly into the roadway itself. Each forms the third
leg of a triangle. The cable stays are in tension while
the road and tower are in compression.

tension

Ponte de Normandie was the longest one in the =
world. S| 4
) . = compression
In a cable-stayed bridge, the roadway is supported =
by a series of cables extending in one or two planes =
e ol
T = miis
e
e
cable stay

transverse cable ties to dampen
vibration of cable stays during

~ ~hi h winds




Once the foundations were in place, two 700- Concrete was used nearer the towers and between

foot-high concrete and steel towers were then erected. them and the approach roads to give the structure more
g

The roadway was built of prefabricated sections. rigidity. Steel was used for most of the main span because

Those of the side spans as well as that part of it 1s lighter yet still very strong.

the main span closest to the towers were made of
concrete. One section of concrete roadway was
cantilevered out from opposite sides of a tower simul-
taneously to maintain balance. As each new section
was fixed to the one before it, two cable stays were
attached—one on each side of the roadway:.

Those sections making up the bulk of the main span
were steel. These were floated out and lifted into
place. The cross-section of the roadway, whether of
concrete or steel, is basically a shallow box aerody-

namically designed to minimize wind resistance. //
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When cable stays are used in a single plane, they must
be anchored to the center of the roadway. Because
there is a greater likelihood of twisting in a roadway
not supported along both edges, the depth of that
roadway has to be increased. In both cases, these are
bridges that use less material than a suspension
bridge would to span the same distance—primarily,
though not exclusively, by eliminating the anchor-
ages. This makes them comparatively economical,
and since World War 11, cable-stayed bridges have
become increasingly common.

In order for a cable-stayed bridge to use as little
material as possible—the goal of all bridge engineers
—it must be continually checked and rechecked
during construction. This kind of precision is only
possible with the aid of the computer.

On the other hand, the longest cable-stayed bridge
in operation is still only half as long as the longest
suspension bridge, and this relationship isn’t likely to
change. The amount of structure needed to withstand
the tremendous compression forces in the roadway of
a huge cable-stayed bridge would eventually make it
economically impractical.

There is little doubt that with the development
of new technologies and stronger materials, bridge
builders will continue to push the limits—either
spanning greater distances or replacing existing
bridges with stronger yet lighter ones. But no matter
how sophisticated these magnificent structures may
become, we can count on the fact that they will
continue to reveal themselves to us as long as we
continue to look.
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TUNNELS

If bridges are the most forthcoming examples of
engineering in this book, tunnels are their painfully
shy cousins. They live only to serve, and to serve they
must hide. Very few things about the way tunnels
look as we pass through them are even likely to catch
our attention. So while bridges, skyscrapers, domes,
and even a few dams enjoy varying amounts of
popularity, I think it’s fairly safe to say that only an
engineer could love a tunnel.

Over the centuries, tunnels have been built for all

kinds of reasons, from burying mummified bulls and
delivering drinking water to mining salt and moving
people. But regardless of their different uses, the
shape or geometry of tunnels is quite similar. All
tunnels have weight on top of them, and most receive
pressure from the sides, which makes the arch the
ideal shape.
When a tunnel is bored through a mountain or
constructed under water, it may have to withstand
pressure from every direction, including below. In
this case, the arch is simply made continuous, so it
becomes more or less cylindrical.

The way tunnels are built depends primarily on
the technology available, the type and condition of
material through which they must pass, and their
ultimate length. The examples that follow have been
chosen not only to show various possibilities but to
illustrate the builders’ level of determination and
inventiveness, about which the finished structures
say so little. While their initial costs may be high,
well-designed and well-built tunnels can last indefi-
nitely and require relatively little maintenance—all of
which makes it that much easier to take these
remarkable and often indispensable structures
completely for granted.
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TwoO ANCIENT TUNNELS

chorobate

profile of landsc,

Central Italy, A.D.41: To increase his land holdings in
the vicinity of Lake Fucinus, the emperor Claudius I
had his engineers drain the lake. This required the
planning and digging of a three-and-a-half-mile-long
tunnel through soft limestone. Once the engineers
had chosen a likely path for the tunnel, they created
a profile map of the terrain along its route. Using a
leveling instrument called a chorobate as well as
measuring sticks and strings, they translated the
landscape into a set of precise but imaginary steps. At
specific intervals they recorded the distance between
the top of each step and the ground. These vertical
measurements and the horizontal distances between
them were then drawn out, creating an accurate
picture of the mountain on which the tunnel and its

portals could be located.

line of tunnel floor
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Some time in the sixth century B.C. on the Greek
island of Samos, a tunnel, 3400 feet long, had been cut
in similar conditions to carry water pipes. Perhaps to
speed up construction, it was dug from both ends at
the same time. Unfortunately, the two halves missed
each other by about fifteen feet and had to be
connected with a sharp S curve. Over the following
centuries, engineers began using closely spaced
vertical shafts along the line of a tunnel to avoid this
problem. If diggers didn’t run into a shaft, they knew
they were off course and could make adjustments.
And since the engineers could determine the length of
each shaft precisely from the profile map, the shafts
helped establish the desired grade, which is particu-
larly important for tunnels meant to carry water.




An important consideration in all tunneling is some-
thing called stand-up time—the length of time an
excavated passage will stand without requiring any
kind of support. One advantage of tunneling through
rock can be its long stand-up time. If the rock is solid
and reasonably dry, a tunnel may not require support.
Although this happened to be the case with both the
Greek and the Roman tunnel, there is no guarantee
that even rock will behave itself once you start cutting
into it.

The obvious disadvantage to working in rock is that
it can be very difficult or at least time-consuming to
cut and remove. The hand chiseling required to make
ancient tunnels was supplemented by a method of
tunneling called fire quenching. The diggers build a
fire right up against the face of the tunnel. When the
rock gets very hot, they throw cold water against it.
The sudden change in temperature causes the rock to
split, making it easier to break up. But working
conditions in both tunnels must have been truly
horrific. Not only would they have been incredibly
hot, the diggers would have had to contend with
smoke, steam, and a variety of noxious gases. It is
recorded that 30,000 men excavated Claudius’s
tunnel for more than ten years. How many of them
actually lived to see it finished is not recorded.
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Profile of Hoosac Mountain and tunnel
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econd bench

HoosAc TUNNEL

North Adams, Massachusetts, 1855-1876: When the
Troy and Greenfield Railway Company was chartered
in 1848, its goal was to create a link between Vermont,
Massachusetts, and the city of Troy, New York.
Unfortunately, the most efficient route for the new
line ran through a mountain range in north western
Massachusetts, specifically over a mountain called
Hoosac. Because tracks can’t be too steep or their
curves too abrupt, train travel over mountainous
terrain always takes longer than it does over flatter
ground. Tunneling, in spite of the difficulties
involved, is often the best alternative. In fact, the idea
of tunneling through Hoosac had already been
proposed for an earlier canal scheme and it soon
became the preferred choice of the railroad company.

first bench

...........

With assurance from the state geologist that the
mountain rock would behave in a uniform and pre-
dictable way, have excellent stand-up time, and
present no serious water problems, the engineer
optimistically began his project. The tunnel was to be
arch shaped for additional stability, approximately
twenty feet wide and twenty-one feet high, and would
carry a single four-and-a-half-mile-long track.
According to the chief engineer, it would take about
four and a half years to build—less if the workers
dug a couple of shafts to increase the number of
headings, or locations from which the tunnel could be
excavated.

The first two years were spent surveying the moun-
tain. Once an accurate profile had been produced, the
builders could locate the two entrances and establish
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the line between them. Since the two portals ended up
more or less on the same level, the tunnel was to rise
slightly toward its center to ensure adequate
drainage, if any water was encountered. Also, instead
of approaching each other on the same line, both
halves of the tunnel would enter the mountain at a
slight horizontal angle, the idea being that when they
eventually met, only a gentle curve would be required
to connect them. The engineer wasn’t taking any
chances. The drastic S curve of Samos may have been
fine for water pipes, but it would have caused a huge
locomotive to derail, ripping up the tracks in the
process—which is not conducive to maintaining a
schedule.

When construction finally began, the workers
excavated both faces in sections. At the west end, they
began by digging at the top or crown of the tunnel.

By excavating what is called a top heading first, they
could determine whether or not the rock right above
the tunnel was stable. If not, they would support
it with heavy timbers as they went. Once the top
heading had been carried some distance into the
mountain, other workers began removing the six-foot
layer of rock immediately below the floor of the top
heading. This is called a bench. Eventually a second
six foot bench was excavated down to track level.
Staggering construction in this way meant that not
all the workers would be up against the same face
at the same time. At the east end, the contractor
decided to dig a bottom heading instead of a top
heading. Once the tunnelers had gone a certain
distance, a second team working behind them begzim
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drilling the rock

—

loading the powder

Like most hard-rock tunnels, Hoosac was to be dug
by the “drill and shoot” method. First, eight or ten
holes were drilled up to three feet into the rockface.
This was done by one man with a drill and a hammer
or by a team in which one man would hold the drill
while the others took turns hammering.
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In either case, the holder would rotate the drill
slightly after each hit. Once several holes had been
drilled, they were filled with gunpowder. Everyone
then got as far from the face as possible, except for the
man whose job it was to light the fuse. Presumably, he
was either the fastest or the newest member of the
team. When the smoke cleared, the group returned
and began breaking up and removing the shattered
rock, called spoil, in a process known as mucking. This
same tedious and dangerous sequence would be
repeated over and over until the job was done.
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pneumatic drills on
movable carriage
(tracks not shown)

compressed
air hose

Eventually a number of important changes put
Hoosac literally at the cutting edge of hard-rock
tunneling. Pneumatic drills, which had only recently
been perfected, replaced the old hand-drill process.
Several of them could be clamped to a movable
carriage, which would be pushed right up against the
face. The compressed air that ran them was piped in
from either steam- or water- powered compressors at
both entrances. Now the workers could drill holes
three or even four times as deep in a fraction of the
time. Powder was replaced by a fairly new invention
called nitroglycerin. It was far more powerful, and
if delivered in a frozen state, relatively safe. An
electrical detonation system was also now available.
To these technological improvements was added the
center cut method-a sequence of drilling and shooting
from the center of the face out toward the sides—and
the labor was divided into specialized groups so that
every worker no longer tried to do everything.

The rock at the east end was, as the geologist had
promised, solid—so solid, in fact, that a couple of
steam operated boring machines were brought in to
pick up the pace. Unfortunately, they both failed.

The west end was a different story. Almost immedi-
ately diggers ran into a large area of rock that
behaved more like soil. It was loose and porous. No
sooner was a space excavated than it would fill up
with this “demoralized rock” and water. After six
years of struggle, the project was way behind schedule
and quickly heading over budget. The contractor was
replaced, new engineers were hired, and the state of
Massachusetts, hoping to protect its investment, took
over.

Center Cut Method



Hoosac Mountain resurveyed

west portal

_ permanent survey marker
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To speed things up even more, the new engineer
took the daring step of putting the east and west
headings back on the same line rather than having
them enter the mountain at different angles. First,
he resurveyed the entire path of the tunnel,
extending it up the sides of the hills facing each
portal. All the surveying was done with a transit—
basically a powerful telescope mounted so that it can
be rotated vertically and horizontally degree by
degree. A compass below the telescope indicates the
orientation, and several spirit levels keep the instru-
ment horizontal. As the survey was being carried out,
eight permanent markers were erected at key
locations along the route.

site line across valley

survey marker in front
of west portal

The real challenge was to carry the line surveyed
along the top of the mountain accurately through it.
Standing in front of a portal and looking though his
transit, the surveyor could locate the exact center
line of the tunnel by using the marker immediately in
front of him and the one across the valley as a guide.
Once he had them in line, he simply flipped the
telescope vertically 180 degrees until he was looking
straight into the tunnel. A worker inside held a plumb
bob—a pointed weight on the end of a string—and
someone else held a lantern behind it so the surveyor
could see what he was doing. When the point of the
plumb bob was exactly in line with the crosshairs of
the transit, the workers secured it to a wooden stake
driven into the crown of the tunnel. Fifty feet or less
into the tunnel, a second plumb bob was hung. It too
was moved around until its point lined up exactly with
the point of the first one. As the tunnel slowly moved
into the mountain, so did the procession of plumb
bobs.

Telescope

spirit level

compass

Transit



To help keep the tunnel on line and to inerease the
number of working headings, two vertical shafts were
sunk from the top of the mountain. The first was dug
to the east of a fault that had slowed things down near
the west portal. The second—this one over a thousand
feet deep—was located more or less above the middle

- of the tunnel. '

Water was continuously being removed from the
tunnel. Because of the tremendous height of the
central shaft, it had to be pumped up in stages, until
it could finally be emptied into a small ravine near the
top. An elevator was also installed to the full depth of
the shaft to carry workers, equipment, and spoil.

plumb bob ~__

i -

west portal
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The finished tunnel required almost 8000 feet of
lining, most of it in the western half. This lining
varied in thickness from five to eight courses of brick
and was built up over a wooden centering. Where the
ground was not firm enough to use conventional
straight wall foundations, the curved walls of the
lining were supported on an invert—basically a
continuation of the cylindrical shape. Permanent
drains were cut into the rock along both sides of the
lining.

The last pieces of the project to be completed were
the formal stone arches around each portal. Although
moderately impressive, they don’t really give much of
a clue as to what it took to create the space between
them. Building the tunnel was a twenty-one-year
struggle, with over fifteen years of actual construc-
tion, claiming two hundred lives and costing more
than five times the original estimate.

While the tunnelers at Hoosac must often have felt
as if they were working under water, when their
tunnel finally opened, the first real underwater
tunnel had already been in operation for thirty-five
years.
wooden centering
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unsuccessful boring
machines.

Finished east portal—
to the left is the hole
begun by one of the
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THAMES TUNNEL

London, England, 1825: The need for an additional
crossing between Rotherhithe and Wapping had been
steadily growing, but the idea of building a new
bridge must have seemed almost overwhelming. Not
only would it have to be able to open in some way so
that ships could pass, its construction would further
constrict an already congested river.

An engineer named Marc Brunel proposed instead
that a tunnel be built. It would contain two road-
ways, each passing through its own arch-shaped
passage, with both passages running through a single
masonry block. His suggestion was probably not
greeted with wild enthusiasm, since some twenty
years earlier, two Cornish miners had almost suc-
ceeded in digging a small timber-lined tunnel under
the Thames, only to have their efforts abruptly ended
by the unpredictable nature of the riverbed. A sudden
rush of quicksand and water had sent the workers
running for their lives and the tunnel’s backers into
a different line of business.

But Brunel was convinced that with the proper
planning, his efforts could succeed. He would first
need to know exactly what was below the river so that
he could select the best route for his tunnel as well as
the most appropriate method for digging it. A series
of borings were taken at regular intervals to retrieve
samples of the riverbed. Combining this information
with that gained by the earlier tunnelers, Brunel was
able to create an accurate cross-section.

iL]
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cross section of Brunel’s tunnel

Between 42 and 76 feet below the riverbed there
appeared to be a layer of blue clay—an ideal material
for tunneling. It offered good stand-up time yet was
soft enough to dig through relatively easily and was
more or less impervious to water. If the information
was correct and Brunel could keep his tunnel within
the clay, things would progress well. Using the cross-
section, he determined the depth at which his tunnel
should be dug (62 feet) as well as its maximum height
(about 20 feet). Accessible from two shafts, one on
each shore, the finished tunnel was to be roughly
1200 feet long. Determining the path of the tunnel
was one thing, however. Figuring out how to build it
was something else.

Wapping

access shaft
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To provide his workers with the necessary protec-
tion from both the uncertainties of underwater
digging and the tremendous water pressure, Brunel
first had to create a shield. The concept was
apparently based on (or at least inspired by) his
observations of the damage done to wood by ship-
worms. The scourge of the Royal Navy, these moliusks
used their shieldlike shells to bore holes through tim-
ber and then had the audacity to create a rigid lining
in the wood with material they excreted.

Brunel’s shield was made up of twelve independent
frames, each 21 feet high, 3 feet wide, and 6 feet deep.
Together they would permit work on a face of approx-
imately 800 square feet. Each frame would contain
three workspaces, called cells, and each cell was just
large enough for one digger and one bricklayer. The
base of each frame rested on a pair of plates called
shoes, which would distribute the tremendous weight
over a greater area to minimize sinking.
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sinking the Rotherhythe shaft

The frames were connected but were not rigidly
fixed together, so they could be moved somewhat
independently. The top and sides of the shield were
protected by heavy plates called staves. Between the
shield and the tunnel face was a wall of short timbers
known as breasting boards. Each board was held
in place by a pair of screw jacks. Except for the
breasting boards, the entire thing was made of cast
iron.

To get the shield to its starting position, 62 feet
below ground, Brunel first built the Rotherhythe
shaft from which the tunnel would be dug. Instead of
simply excavating a shaft and then lining it, he built
the lining aboveground, like a gigantic circular
chimney. It was 42 feet high, 50 feet in diameter, and
made up of two concentric brick walls resting on top

of an iron ring. The 36 inches between the inner and
outer walls was reinforced with iron rods and filled
with rubble and cement. A second iron ring tied the
tops of the walls together, and the whole thing was
capped by a wooden superstructure that supported a
steam engine.

As workers dug out the earth inside the shaft, the
thousand-ton structure began to sink under its own
weight. The steam engine busily hoisted buckets of
dirt and pumped out water. Within three months, the
uppermost iron ring had disappeared below ground.
At this point, 20 feet of earth below the bottom iron
ring was carefully excavated so that bricklayers could
build a permanent foundation. They left an opening
36 feet wide through which the shield would eventu-
ally begin its journey.
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The tunneling itself was done in the following way.
o A digger in each cell would loosen one pair of jacks,
remove a single breasting board, carve out about four
and a half inches of clay, and then immediately
= replace the board and the jacks that held it in place.
The diggers repeated the process until the entire face
T , in front of each cell had been excavated. When all 800
/ square feet of the face had been carved away, the
: shield was pushed into it.
/ But this process was complicated and had to be done
% one frame at a time. First the protective staves were
jacked forward into the clay. The tilt of each stave was
1 adjusted as necessary to make sure the shield was
% staying on course. 'Then the ends of all the jacks
’ ﬁ supporting the breasting boards in front of one frame
?

were slipped off their own frame and onto those
immediately adjacent. The feet of that particular

a I frame could now be lifted slightly, transferring much

of its weight to the adjacent frames. Finally, powerful
- i jacks pushing against the brick lining inched the
frame forward. Once every other frame had been
moved forward, the process was repeated for those
left behind. It was an incredibly cumbersome under-

W

v 4l taking, but on a good day, Brunel hoped to be able to
. i{. ' move forward about three feet.
4




Unfortunately, he was not to be blessed with many
good days. Even with the support of a string of
capable engineers, including his talented son,
Isambard, it took nine years of actual building time
to dig a tunnel 1200 feet long. The borings had given
the wrong impression about the depth and consisten-
cy of the clay. The workers ran into areas of gravel,
which has no stand-up time. There were numerous
floods. (One occurred half way across the river that
was so serious the shield was bricked up and the
project abandoned for seven years.) Explosions of
methane gas ignited by the candles and lamps created
terrifying flames. And there was plenty of foul air
from centuries of sewage, which continually made the
workers ill.
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Yet somehow Marc Brunel beat the odds. With the
sinking of the second shaft (which wasn’t actually
begun until 1840, when it was clear the tunnel would
succeed) and its eventual meeting with the shield, he
proved that even rivers do not have to be impediments
to tunnel building.

Although Brunel’s shield now seems a bit like a
platoon of creaking Star Wars robots leaning against
each other for support as they inch their way nerv-
ously through the muck, it did the job; the revised
version he built after the resumption of work in 1835
was especially effective. Not only was his thinking
farsighted, his tunnel was so well built that it is now
part of London’s subway system.
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A little less than thirty years after the completion of
the first Thames tunnel, the engineers Peter Barlow
and James Henry Greathead, used a much more
compact version of Brunel’s shield to dig a second
pedestrian tunnel under the same river. Theirs was
basically a tin can instead of a box, and the 8-foot-in-
diameter lining it left behind was made of cast iron
segments bolted together to form rings. Once again
the shield was moved forward by jacks pressing
against this lining. The project took less than a year.

As the population of London grew and things on the
surface became increasingly crowded, transportation
systems, particularly trains, were forced under-
ground. Greathead continued to improve the
tunneling shield (which now bore his name), and in
fact the whole tunneling operation. His shields were
now up to 20 or so feet in diameter and stronger than

. pneumatlc jacks

ever. Increasingly, the work inside them was being
mechanized. They were pushed by hydraulic rams
instead of screw jacks. A heavy wall or bulkhead was
often installed behind the shield, complete with air-
locks so that the work area could be pressurized to
help keep the water out. He even came up with a way
to pump concrete into the narrow space between the
outside of the lining and the surrounding earth.

Over the next hundred years, Brunel’s vision and
Greathead’s engineering would unleash an army of
manmade ship-worms boring tunnels in every
conceivable direction. They worked at previously
unheard-of depths and through all kinds of soft and
waterlogged material to create the first and still one
of the busiest subway systems in the world, the
London Underground, appropriately known as “the
tube.”
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HoLLAND TUNNEL

New York/New Jersey, 1920—1927: Although popular
from the beginning, the steam-and smoke-filled
London Underground reached its true potential only
with the arrival of much cleaner electric-powered
trains. When the engineer Clifford Holland undertook
the building of a mile-and-a-half-long automobile
tunnel below the Hudson River, his problem was how
to eliminate all the exhaust fumes so that drivers
wouldn’t be passing out at 40 miles an hour.

Once Holland had settled on the basic design of the
tunnel—actually two separate tunnels running about
50 feet apart through the silty riverbed—the method
of construction was pretty much a given: pressurized
Greathead shields. Although these shields were very
large ( 30 feet in diameter) and equipped with mecha-
nized erector arms to fit each of the cast iron lining

segments into place, the real breakthrough came in
the development of a successful ventilation system—
one that set the precedent for tunnels to come.

His solution was to divide each tube into three
horizontal layers—one to handle traffic, the other
two to move air. Four large ventilation towers, two on
each side of the river, would house eighty-four fans.
Forty-two of them would blow clean air into the
lowest space in each tunnel, forcing it through narrow
slots along the curb and into the traffic area. The
other forty- two would extract all the dirty air from
the roadway through roof vents into the upper space
and eventually out to the towers, where it would be
discharged. When traffic was at its peak, the air in
each tunnel could be completely changed every ninety
seconds.
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THE CHANNEL TUNNEL

—

The English Channel/La Manche, 1987-1994: After
distrust punctuated by prolonged
military confrontations, the French and the British
were finally united by a mutual dislike of seasickness.
The body of water that has separated the United
Kingdom and France for the past 8000 years can be
very rough, making ferry crossings sometimes
unforgettable. But Britain’s unshakable belief in the
importance of retaining what amounts to a moat for
security reasons forced travelers into the air or kept
them hanging over the rails as they crossed one of the
world’s busier shipping lanes. With the political and
monetary unification of the European Community,
the time was right for the creation of some kind of
fixed physical link between the two old rivals. A
variety of proposals were submitted, including
tunnels, bridges, and combinations of the two. In the
end, a tunnel proposal was selected.

centuries of

UNITED KINGDOM

One of the reasons for this decision was evidence
from earlier tunneling attempts. Below the water, the
two countries are linked by a layer of soft rock called
chalk marl—a combination of chalk and clay, ideal for
tunneling. Not only is this material fairly easy to dig
through, it has a good stand-up time and is more or
less waterproof. Extensive borings and sophisticated
sound reconnaissance allowed geologists to create
what they hoped would be an accurate picture of the
various layers of material below the channel, which
the engineers could then use to select the best route.

To control travel through the tunnel and to avoid
the enormous ventilation problems that a 24-mile-
long automobile tunnel would present, the engineers
decided to build only a rail tunnel. Now, instead of
driving your car or truck onto a ferry, you would drive
it onto one of two specially designed trains. Rain or
shine, the crossing would take a painless thirty-five
minutes from terminal to terminal, only twenty-six
minutes of which would actually be spent in the
tunnel. A third kind of train, called the Eurostar,
would carry passengers from the center of London to
the center of either Paris or Brussels in roughly three
hours.
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southern running tunnel (to Britain)

The Channel Tunnel is really three tunnels that run
parallel to one another for most of the journey. The
northernmost tunnel carries trains from Britain to
France, the southern one from France to Britain, and
a smaller service tunnel travels between them. Its
primary function is to provide access to the main
“running” tunnels for periodic maintenance and to
serve as an escape tunnel if some kind of problem
arises. Higher air pressure is maintained in the

service tunnel to keep out any smoke or fumes that
might result from a fire in one of the main tunnels.
All three tunnels are linked by cross-passages approx-
imately every 1200 feet. The two running tunnels are
also linked at 800-foot intervals by smaller tunnels
called piston relief ducts, which permit the air that
builds up ahead of a fast-moving train in one tunnel
to pass harmlessly to the other.
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The tunnels were to be dug by specially designed
tunnel boring machines, or TBMs. These are space-
age versions of the Greathead shield and also leave
behind them a completely lined cylindrical passage.
They are highly sophisticated and almost completely
automated. At the front end of each TBM is a
rotating cutting head, which is thrust against the
rockface by a ring of hydraulic rams immediately
behind it. These rams also steer the cutting head. A
second set of rams forces large gripper pads against
the wall of the tunnel to provide a firm surface for the
thrust and steering rams to push against. Behind the
gripper pads is the control room, from which the
driver of the TBM can monitor the machine’s move-
ment. A laser guidance system keeps it absolutely on
course. The last piece of the TBM is the erector arm,

which installs the segments of tunnel lining.
Extending another 800 feet behind the TBM is the
service train. It delivers the lining segments, carries
away spoil and supplies clean air, compressed air,
water, and electrical power as well as sanitation, first
aid, and dining facilities- in short, whatever might be
necessary to keep things moving.

The tunnels were begun from access shafts near
each coast, down which the TBMs and all the other
equipment could be lowered. After undergoing final
assembly, six of the eleven TBMs to be used began
their journeys towards each other, three from Britain,
three from France. The other five began moving
inland toward the future portals. The service tunnel
was to be finished first and would serve as a kind of
advance party for the running tunnels.
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hydraulic gripper ram

The largest of the rotating cutting heads, all of
which revolve two or three times a minute, was
almost 30 feet in diameter. Each head was studded
with chisel-shaped cutting teeth or inset with steel
disks, or had a combination of the two. As it slowly
rotated, the cutting head carved a series of concentric
rings of hills and valleys in the chalk marl. The
natural stresses in the rock caused the hills to split off
as the valleys between them reached a certain depth.
The pieces of stone fell through spaces in the cutting
head and onto the first part of the conveyor system
that carried it all back to waiting spoil cars at the rear
of the service train.
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But even in the state-of-the-art Channel Tunnel,
things did not go exactly as planned. All the prelimi-
nary exploration had suggested that the British TBMs
would have to contend only with dry conditions, and
it was with this in mind that they were designed.
Needless to say, it wasn’t long before a large amount
of water began pouring in through fissures in the
chalk marl forcing the TBM at the British end of the
service tunnel to a complete standstill. Months were
lost while a liquid cement called grout was pumped
into the cracks, then a space above the TBM was dug
out and lined with steel plates and sprayed-on
concrete called shotcrete. Only when this oversized
umbrella was in place and the flood stemmed could
work resume.
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All three tunnels are lined with rings, and the rings heads of the British TBM’s, the engineers simply
are built up of segments. The last piece to be inserted aimed them downward to dig their own graves. Once
into each ring, a wedge shape piece smaller than all all the ancillary equipment had been removed, the
the others, is called the key, and serves as a little holes were filled with concrete, and the French TBMs
reminder that these structures all members of the passed over them and into the British tunnels.
arch family. Most of the segments are made of rein- Getting the spoil out of any tunnel requires careful
forced concrete. Those around the cross-passage and planning from the beginning, as does finding a new
piston relief duct connections are made of cast iron. home for it. When the tunnel is thirty-two miles long,
In October 1990, when the service tunnels were a the amount of spoil generated makes this planning
little over 300 feet apart, the TBMs were stopped. To critical. The British built an enormous sea wall
make sure that the halves of the tunnel were in prop- enclosing a couple of artificial lagoons near the
er alignment, a two-inch-in- diameter probe was entrances to their access shafts. As the spoil came up
drilled through from the British side. Once it had through the shafts, it was dumped into the lagoons,
burrowed into the French excavation, an access forcing out the water. Eventually the spoil dried out,
passage was cut by hand. Then the entire section was making England slightly larger. The French, having
enlarged to its final diameter, using smaller excava- more wet spoil to deal with, mixed it with water and
tion machines called road headers. pumped it into a specially created lake over half a mile
Six months later, the running tunnels also broke from the coast. Once their spoil had dried out, it was
through. This followed what appeared to be a rather planted with grass. Though this approach may not
chivalrous gesture but was in fact simply a matter of have increased the size of France, it has added to its
economics. Rather than going to the trouble and oxygen supply.
expense of dismantling and removing the cutting
e € . M - ~ 2 . > . ©
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To keep the trains running twenty-four hours a day,
even when part of the tunnel might be temporarily
blocked, the engineers built two huge rooms called
crossover caverns about a third of the way in from
each coast. In these spaces, the tracks were linked so
that a train could cross from one running tunnel to
the other in order to bypass the closed section. At the
next crossing it would move back to its original track,
at which time the train that had been waiting could
safely continue its journey. While this would certainly
slow things down considerably, it also meant that
under all but the most extreme circumstances, the
Channel Tunnel need never close completely.

During the excavation, the service tunnel was the
only link to the caverns, bringing in supplies and

carrying away spoil. Before it was lined, each space
was approximately 500 feet long, 70 feet wide, and 50
feet high. When necessary, the chalk marl around the
openings was reinforced with shotcrete and 12- to 18-
foot-long steel dowels called rock bolts. As the

caverns were being built, workers installed measuring
devices deep in the surrounding chalk that would
allow them to monitor ground conditions. If they
detected a problem, they could increase the thickness
of the lining or the length of the bolts.

Massive doors were installed inside the finished
caverns to prevent the spread of fire and to keep the
air in each running tunnel separate. They would be
opened only when the crossover system was required.

Work continued for two more years after all the
tunnels had broken through. Miles of wiring were
run for the security systems, signaling, lighting, and
pumping equipment. Also installed were two large
pipes through which chilled water would be continu-
ally fed, to help reduce the heat created by the high-
speed trains. Everything was then tested and
retested, including the trains. By the end of 1993, the
Channel Tunnel was finished, and in May 1994 the
most expensive civil engineering project in history
was officially opened for business. But as everyone
knows, records are made to be broken.

service tunnel
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THE Big Dic

Boston, Massachusetts, 1985—: Like so many cities
these days, Boston is being strangled by its own
success. Traffic is often so congested that nothing
moves. In an attempt to improve the situation, work
began on the Central Artery/Tunnel project, better
known as the Big Dig. While much of it is directed at
replacing the old elevated expressway with a new
and wider highway directly below it, a number of
connections that have to be made in this extremely
complicated and busy site have required the building
of several interesting tunnels.

The Ted Williams Tunnel runs under Boston
Harbor and connects a couple of major highways with
the airport. With plenty of clearance between the
floor of the harbor and the ships above, engineers
were able to avoid the more expensive deep tunneling
approach, using instead something called sunken
tube design. The underwater portion of this tunnel is
made up of twelve prefabricated steel sections, each a
pair of 40-feet-in-diameter tubes roughly 300 feet
long. They were made in Baltimore and towed up to
Boston where all the rough concrete work was done
inside them. This included building supports for the
road, enclosures for the air-handling passages and
utilities, and a complete lining. One by one, the
finished sections were then towed out into the harbor,
filled with water, and lowered into a specially
prepared 50-foot-deep trench. Once anchored,
each section was pumped dry and opened up to the
adjoining section.




Not far away, three other tunnels are under
construction. They are also prefabricated, although
this time not in Baltimore and not of steel. And
instead of running below the harbor, these must pass
under busy railroad lines. The problem is to get them
built without causing any major disruptions to train
service or damage to the track beds.

The solution the engineers have chosen, called
jacking, has been around for a while, although it is
generally used to install underground pipes. Powerful
jacks push the pipes through the ground as the soil
inside them is removed. This ensures that the
surrounding soil pressure remains unchanged,
minimizing uneven settling. The process has been
used recently to jack tunnels, but not on this scale.
The tunnel fondly known as Ramp D is made up of
two hollow concrete boxes 80 feet wide, 30 feet high,
with a combined length of 150 feet.

A work pit slightly larger than the tunnel must be
excavated on one side of the tracks. It will be enclosed
by a high concrete retaining wall, which is built first.
As the trench in which the wall will be formed is
excavated, it is filled with a soupy substance called
slurry to prevent collapse. This keeps the pressure in
the trench the same as in the surrounding soil. Once
the trench reaches the required depth, concrete is
pumped in from the bottom up as the slurry is
pumped out. When the concrete has cured, the soil
enclosed by the wall is excavated.

Two tunnels, both ten feet in diameter, are bored
through the ground below the tracks and then filled to
about half their height with concrete. These will serve
as guides to prevent the main tunnel from dipping as

it slides over them. A thick concrete slab is poured at
'
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the bottom of the pit and the tunnel boxes themselves
are constructed on the slab. The portion of the
retaining wall between the tunnel and the face, is
eventually broken out. Roadheaders inside the box
then begin grinding away the clay, which is carted to
a waiting crane bucket by various pieces of earth-
moving equipment. Two rows of jacks, one between
the two boxes and the other between the back of the
pit and the outer tunnel box, push the whole thing
into the space created by the roadheaders. Lubricated
cables immediately above and below the boxes help
them slide along.
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As we've already seen, one of the biggest headaches
for tunnel engineers is caused by changing soil
conditions along the route. However, it is now possible
in many situations to make the soil behave in a more
uniform and therefore predictable way. The clay into
which Ramp D was jacked was actually frozen first by
pumping refrigerant through pipes sunk between
the tracks.

When the time came to build a highway under
the South Station subway line, things were more
complicated. Engineers had to deal with four different
soil conditions and a lot of ground water. Two parallel
tunnels were first bored below the subway. A precise
pattern of angled holes was then drilled through the
floor of these tunnels into which short pipes called
sleeves were placed. These would serve as guides for
the main pipes through which workers injected a
special chemical into the unstable soil below to
improve stand-up time and help control the water.
Once the soil had been stabilized, more tunnels were
bored below each grouting gallery, one directly below
the other. As each was finished it was filled with
concrete. A third row of tunnels, this one horizontal,
was then bored between the grouting galleries. These
would house huge concrete beams. When all the
pieces of this enormous subterranean log cabin were
in place, the soil inside could be safely excavated and
the four-lane highway tunnel built.
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Because of both the unpredictable nature of tunnel-
ing and the changes incorporated since the project
began, the Big Dig, like Hoosac, has suffered cost
overruns and numerous slips in schedule. But also
like Hoosac, the Big Dig is an ambitious and far-
sighted undertaking.

The surfaces of our cities have become so clogged
with traffic trying to navigate worn-out roads which
are constantly being dug up for repair or to replace
overburdened utility systems, that just getting
through is almost as challenging as finding a place to
park. Subway systems built over a hundred years ago
to help address this very problem are now running at
capacity. Yet the importance and appeal of cities
doesn’t seem to be lessening. The increase in popula-
tion that comes with each new office and apartment
building, shopping arcade and sports arena, simply
adds to the burden. But that’s the price of success.

There is little doubt that more and more tunnels
will have to be built just to keep our cities livable. And
they will have to be dug through or below the maze of
foundations, subways, and utility systems on which
we already depend. Complex projects like the Channel
Tunnel and the Big Dig remind us that engineering
technology and ingenuity are up to the challenge. It’s
just a matter of cost. How much are we willing to pay
to help insure the health and success of our cities for
generations to come?
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DAMS

Of all the big things in this book, dams feel to me
like the biggest. The highest ones would barely reach
halfway up the tallest skyscrapers, and with only rare
exceptions do dams stretch as far as the longest
bridges. Yet they seem bigger than both. Perhaps it’s
because we find them off the beaten path, where
there is little to compare them to. Or maybe it’s their
simplicity. There aren’t a lot of small pieces to dams
that might reduce their visual scale. Then again, it
might not be the way they look at all but, rather, what
they do. With a single bold gesture, dams affect every-
thing immediately around them and can have an
impact on life hundreds of miles away.

Regardless of their size, all dams have two
fundamental components, an impervious barrier to
prevent the flow of water and some kind of structure
to keep that barrier in place. When designing a dam,
engineers work with two primary elements. The first
is the shape and configuration of the structure. The
second is the material with which it is built. While the
four examples that follow present aspects of design
and construction common to all dam projects, they
also illustrate how the specific requirements of each
dam combine with the uniqueness of a particular site
to help engineers arrive at the most appropriate
design.

When all is said and done, dams have one job—
controlling water. By raising a river’s level or
diverting it, they help produce electricity, reduce
flooding, improve irrigation and navigation, and even
promote recreation. Controlling water, however, is
not as easy as it might sound, especially when you're
talking about millions of gallons. As every dam
engineer knows, water also has one job, and that is to
get past anything in its way.



ITA DAM

Uruguai River, between Santa Catarina and Rio or brick, whereas embankment dams are made
Grande do Sul, Brazil, 1996-2000: In 1987, after primarily of rock, sand, earth, and clay. Because of the
several vears of study, the government of Brazil high cost of working entirely in concrete and the
formally approved an ambitious dam-building project almost unlimited availability of sound rock in the
intended to meet the country’s electricity needs well area, Ita was to be an embankment dam.
into the twenty-first century. Of the twelve dams A straight wall across any river will soon be pushed
planned, the largest was to be built on the Uruguai over if it isn’t heavy enough to resist the horizontal
River. The site was chosen because of the large force of the water behind it. The builders can either
amount of rainfall in the region, the expected height make it thicker or pile up material in front of it with
of the water at the dam and the potential capacity of enough weight to counteract the push of the water. If
the reservoir behind it, and the solid rock layer below the wall is supported at an angle, some of the water’s
the soil. force will push downward and actually help keep the
Masonry dams are those built of concrete, cut stone, dam in place.
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This is the principle behind all embankment dams.
The impervious barrier at Ita would be a layer of
concrete. The structure supporting it would be a man-
made mountain of quarried rock about 400 feet high
and half a mile long.

As is generally the case, Ita dam was to be just one
part—albeit a very big part—of a complex of
structures. It would also require two cofferdams,
three saddle dams (to seal off depressions in the land-
scape that fall below the expected height of the
reservoir), two spillways, ten tunnels, and a power-
house containing five electrical generators.
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setting up the wooden templates

spillway #2 - diversion tunnels — power intake -

diversion tunnels




To help establish the layout and dimensions of each
structure and to get some idea of how the water would
behave, engineers built a huge scale model. Working
from detailed maps, they drew the path of the river on
the concrete floor of a large, open building. Using a
transit for accuracy, they then set up precisely
measured and cut wooden templates along the out-
lines of the river. By filling the space between the
templates with crushed stone and cement, they were
able to replicate the topography of the area.

main dam

Once all the hills and valleys were in place, the
pieces of the dam complex were added. By flooding the
model, the engineers could now begin to see how the
design was working. Readings taken from various
gauges were interpreted and analyzed, and the
necessary adjustments were made. Eventually things
learned from this process were added to the
data—geological reports, technical calculations, and
so on—required before a final plan could be
developed.
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Even as the model was being constructed and
studied, preparations for the project were underway.
Many people operated small farms along the river-
banks upstream from the dam site. Still others lived
and worked in the town of Ita. All of them would have
to be relocated, because by 2001, the only residents of
this valley would be fish. By 1990, many of these
people were settling into brand-new homes along the
brand-new streets of Nova Ita (paved with cobble-
stones from Old Ita). They had a new community
center, a small museum in which pictures and
souvenirs of the old town were displayed, and a new
church. Near it was the new cemetery, to which the
remains of Ita’s deceased had been carefully trans-
ported. Three hundred and fifty miles of new roads
and ten new bridges were also created to carry
workers, equipment, and materials to the dam site.
But just when everything appeared to be ready, public
funds ran out and the whole project ground to a halt.
Six years passed before a consortium of public and
private partners was finally able to begin construction
in 1996.

Building anything in a strong current is difficult
and dangerous, so before construction of the dam
began, engineers diverted the river around the site.
Since the Uruguai River doubles back on itself,
making a large loop, they decided to connect the
waters above and below the dam site with five tunnels
driven straight through the rock. A large cofferdam
was built which forced the river into the tunnels. A
second cofferdam, built downstream from the site,
prevented the river from flowing back into the work
area. Stone removed during the excavation of the
tunnels—in this case a hard basalt—was used to build
both cofferdams and part of the main dam. All three
dams were built up in layers, a process that was
begun during the dry season. Although the ends of
the main dam were already being built up against the
banks, they would not be extended across the river
until both cofferdams were finished, the area between
them had been pumped dry, and the riverbed had
been cleared to provide a strong rock foundation.
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cross section of Ita Dam

(becomes part of main dam)
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If water can’t get through a dam, it will try to go
around or under it. For this reason a reliable water-
tight seal between the concrete face and both the rock
foundation and abutments is essential. A trench is cut
into the stone along this entire line and a thick
concrete pad called a plinth is built into it. Holes are
drilled at regular intervals through the plinth and
into the rock, and grout is then pumped down into
them to fill any cracks. Long steel rods are also
inserted to tie the plinth and surrounding rock
together.

While the plinth was under construction, the dam
itself was being built up one horizontal layer of rock-
fill at a time. These layers varied from three to six feet
thick and were compacted using heavy vibrating
rollers. When the plinth was completed, layers of
crushed stone only a foot and a half thick were built
up behind it. Known as the transitional area, this part
of the dam must be built very carefully, since its job is
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to evenly distribute the tremendous force of the water
pressing against the thin concrete face (18" thick at
the bottom and only 12" at the top). As each layer of
transitional material was placed, a cement curb was
precisely extruded along the entire length of the face
so that the finished surface would be as uniform as
possible.

Only when the transitional material and the plinth
were in place (this took about two years) could the
face itself be constructed. It was built in a series
of vertical sections each about 40 feet wide and
extending the full height of the dam. Each section was
enclosed between temporary wooden forms, and
workers then inserted a grid of reinforcing steel. The
first concrete was poured at the base, creating the all-
important watertight connection between the face<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>