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Changes in Railway Tunnel Technology and its Overview

Toshihiro ASAKURA, Dr.Eng.
Chief Engineer, Tunnel Engineering Group,
Structural Technology Development Div.,
Technological Development Dept.

In this report, the history of railway tunnel technology is traced and its technological
developments are followed up to the present. Historical changes in tunneling methods in-
cluding the mountain tunnel, shield tunnel, cut-and-cover tunnel and immersed tunnel are de-
scribed, together with their respective features. In addition, the guidelines and manuals
established by the Japan Society of Civil Engineers and the defunct Japanese National Rail-
ways are chronologically arranged and introduced. Finally an overview from the present

trends to future problems is given.

Keywords: Tunnel History, Construction Method, Standard

1. Introduction

Among the expert circles, the tunnel is defined as” an
underground structure planned with definite dimensions
and built at a planned location, with a finished cross-
sectional area exceeding 2m? " which was accepted at the
OECD Tunnel Congress of 1970 and has since won an offi-
cial status in the world. The oldest documented tunnel in
the world history dates back to about BC 2170. It is a cut-
and-cover one built of brick and asphalt at the river bed of
the river Euphrates in Babylonia by the order of an
yrian queen, aboui 1 km long on the river bed about
180m long?.

The oldest railway tunnel is one constructed for the
Liverpool-Manchester line of the British railway excavated
in a hill, completed at last in 1829 overcoming repeated
rock-falls and mistaken surveys®.

The oldest railway tunnel in Japan dates back to 1871,
when the Ishiyagawa Tunnel (length 61m) on the Osaka-
Kobe line (the present Tokaido Line) was constructed in the
river bed of a suspended river at the foot of Mt. Rokko by
the cut-and-cover method. Since then, a large number of
railway tunnels come into being in step with the extension
of railway lines. As far as JR is concerned, about 3700 tun-
nels can be counted with the total length of about 2100km.

In this article, the history of railway tunnels is traced
with the technological developments overviewed and a fu-
ture perspective of problems given briefly.

2. Changes in railway tunnel technology

2.1 Mountain tunne}

The history of mountain tunnel dates back to Greek days.
In those days { before invention of gunpowder), the hard
rock defying the use of & chisel was heated with fire and
then quenched with water. Then the chisel was driven into
a cracked rock. The lime stone was poured with acetic acid
and then cut. In the Roman days the tunnels were con-
structed for strategic roads and for water supply tunnels.
The following 10 centuries were dark days for the tunnel
technology with nothing worthwhile left.

In 1679 the construction of the Langedock Channel Tun-
nel in France marked the {irst use in the world of black

Quarterly Report of RTRI,
Vol.39, No.1, pp.4-8 (1998.2)

gunpowder and since then a peak of prosperity came to the
channel tunnels. Into the 18th century, long mountain tun-
nels for railway emerged one after another: Monsny tunnel
(completed 1871) ; St. Gotthard tunnel (completed 1880) ;
and Simplon tunnel (completed 1906) across the Alps link-
ing Switzerland, France and lialy. In this period the moun-
tain tunnel technology was basically modernized with use
of dynamite and rock drill, improvement of ventilation
equipment, countermeasures for earth pressure, dewater-
ing, and building of access adit.

In Japan, the Edo Period saw many water way tunnels
excavated, notably represented by Tatsumi Water Way and
Hakone Water Way. Ao-no-domon Tumnel (17500 of
Yabakei in Kyushu, popularized by a novel written by Kan
KIKUCHI, was a hand-bored traffic tunnel for dual use by
humans and horses and it remains still sound and useful, al-
beit improved later,

Enter the Meiji era with introduction of the railway.
Then, the railway tunnels thrived with the Oosaka-yama
Tunnel (completed 1880) for the first time built by the
mountain tunnel method, which should be remembered as
the first railway tunnel completed by the Japanese engi-
neers. Thereafter new technologies have been successively
introduced in the constructions of Yanagase Tunnel (com-
pleted 1884) using dynamite for the first time in Japan;
Sasago Tuonel {completed 1902) for the first time built
using electric power; Oriwatari Tunnel {completed 1924}
using for the first time the shield tunnel method to fight
the squeezing earth pressure; and Tanna Tunnel (completed
1934) taking a heavy toll of 67 workers killed for all the
measures, applicable in those days, mobilized to guarantee
the safety such as drainage drift, cement grouting, side
drift, shield method or pneumatic method.

2.2 Shield tunnel

The idea of shield method is said to have been hit upon
by an inventor who watched how shipworms bored holes
into the timber and covered up the holes with matter they
themselves secreted. The inventor was Brunnel, a British,
who got his invention patented in 1818 and for the first
time applied it in the construction of a road tunnel under
the Thames River in 1825. It took 18 years for the tunnel to
be completed after overcoming tremendous difficulties such
as collapse, inundation, shield failures.
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Fig. 1 Chronoclogical history of railway tunnel technology progress in Japan (refer to literature 3), partialtly revised

The year 1869 witnessed a successful construction, un-
dertaken by Great-head, of an underground railway tunnel
across the river Thames, using a cylindrical shield improved
to a shape close to that of the present cylindrical shield.
Later, this new shield found widespread applications to the
London Underground Railway.

Further in 1886, the pneumatic method for the first
time succeeded in application to the South London Railway
project to suppress water inflow into the tunnel. Such a
technology was originally worked out for application to
weak ground.

With follow-up improvements added, this technology
is now the mainstream in urban tunnel construction. To
cite an example, in the U.S., the shield method was first
employed in 1886 for the New York Subway tunnel project.
In Japan, the anti-squeezing earth pressure measure for
mountain tunnel was for the first time taken in 1927 in
Oriwatari Tunnel on the JNR Uetsu Line, where it was ten-
tatively adopted in excavating a drainage drift pit for
Tanna Tunnel. Regular adoption of this measure was im-
plemented on the down-bound line of Kanmon Tunnel
(1939), where it may be said that the shield tunnel method
was ultimately established in Japan. Later on, in 1990 the
shield method was implemented at Kakuo-zan of Nagoya

Subway and since then it has come to be widely used as a
powerful engineering means for urban tunnels such as water
supply, sewerage works, power and communications equip-
ment and so on. Various types of shields have been devel-
oped such as manual-operation shields combined with the
pneumatic method; mechanical shield; slurry-shield, and
earth pressure shield.

2.3 Cut-and-cover tunnel

The oldest record available about the cut-and-cover
method concerns the tunnel excavated on the river bed of
the Euphrates as cited in the introduction to this article; it
was about 4000 years ago. Since then in urban areas the
open channels and culverts dominated and the need for shal-
low tunnel has virtually been forgotten for a long time and
it 1s considerably later that a large number of cases of tun-
nels began built by the cut-and-cover method begins to be
reported.

Overurbanization created the need for three-
dimensional exploitation of land space. Meanwhile the de-
mand for construction of transpertation routes as the
urban infrastructure caused a sudden increase in European
and American cities of urban tunnels built by the cut-and-
cover method with advent of the 19th century.
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In Berlin, New York, Chicago and most of the other cit-
ies the cut-and-cover method flourished as the mainstream
technology for subways, with the exceptions of London
where the cut-and-cover method was superseded by the so-
called " tube " i.e., underground railway of great depth;
and Paris where the mountain tunnel method came to stay
as the mainstream for geological reasons. The case is the
same with Japan where the cut-and-cover technology pre-
vailed widely not only in Tokyo and Osaka where the sub-
way appeared in the period from Taisyo era to early in the
Syowa era, but also in all the other cities where the subway
boom hit them in 1945 and thereafter.

Beginning about 20 years ago, however, with the sub-
way inclined to go deeper and surface traffic increasingly
congested, the trend was moving in the direction of the cut-
and-cover method being marginalized to the station build-
ing and the shield method gaining an increased favor on the
running tunnels between the stations.

2.4 Immersed tunnel

The concept of an immersed tunnel originated from the
mid-19th century. The immersed tunne} method is an evolu-
tion from the piping technology developed at the end of
19th century, in which at first, cast-iron waterworks pipes
are laid out at the water bottom and then the pipe joints
are rendered water-tight.

The main sewage pipe line completed in 1894 in the Bos-
ton harbor in the U.S. is regarded as the oldest application
of the immersed tunnel method. A regular case of its appli-
caiion came when the Detroit River-bed Railway Tunnel
completed in 1910, which was constructed by sinking a
caisson holding two steel-made cylindrical tubes and plac-
g water-tight concerete outside the tubes.

On the other hand, the Merth Road Tunnel (completed
1937) within the Amsterdam harbor, Netherlands, was a
reinforced-concrete tunnel with an oblong cross-section,
which might be called the prototype of the present im-
mersed tunnel for road transport. In Japan the forerunner
of the immersed tunnel is the Ajigawa Road Tunnel in
Osaka (completed 1944) which was followed by the Tokyo
Metropolitan Haneda Undersea Tunnel (completed 1963)
and the Tokyo Monorail Haneda Undersea Tunnel (com-
pleted 1964). The first application of the technology for
railway in general came with the Keiyo Line Tama River
Tunnel (completed 1969), followed later by five other im-
mersed tunnels,

WY

3. Trends in technological developments

3.1 Mountain tunnel

After World War II, the wooden-pillar support system
made room for the steel arch support system and at the
same time the pillar was structurally replaced with the
arch. In consequence with the working space enlarged, the
mechanization of the support system became possible,
which resulted in a raised work speed and in an enhanced
work safety. Nevertheless, the basic design principle of
bearing the acting overburden pressure with the support
system and the lining remains unchanged. In the 1970s the
so-called NATM (New Austrian Tunneling Method) came
1o be introduced from Europe — a new idea of choosing

shoterete and rock bolting as the main supporting means--
and it drastically changed the designing concept.

Namely, the traditional concept about a loosening load
has changed to an aggressive one for exploiting the rock
surrounding tunnel more positively as the supporting
means and considering the rock surrounding tunnel itself re-
sponsible for maintaining the excavated opening.

Meanwhile, an advance in rock mechanies led to a posi-
tive approach of incorporating the tunnel design into the
analytical procedure. At the same time, monitoring the
rock behavior in terms of observation and measurement
and maintaining the tunnel stability as well as optimizing
the support system is coming into common practice.

In this manner, as a result of the progress on the moun-
tain tunnel technology, practical cases of applying the
mountain tunnel method to the urban areas are evidently
on the increase. However, applicability of the mountain
tunnel method is conditional on the independence of the
heading and for this reason in recent times various auxil-
iary methods for mountain tunneling are vigorously being
devised, notably the development of an advance support
method.

Meanwhile, as seen in the three-lane expressway tunnel
or in the tunnel for MAGLEV railway, tunnels featuring an
enlarged cross-section are being demanded.

As for the road tunnels or water way tunnels, TBM
(Tunnel Boring Machine) is strongly demanded in increas-
ing cases for the sake of work speedup or for a pilot tunnel
intended to enlarge the tunnel cross section. In the mean-
time, the JR East 1s now considering the implementation of
a whole-section TBM to work on a single track for switch-
ing on Agatsuma Line.

3.2 Urban tunnel

In Japan most of urban areas stand on alluvial, weak
ground. For construction in urbap areas with shallow
earth cover the cut-and-cover methed is found more reliable
and economical and naturally this method was more pre-
ferred initially in urban tunnels.

Regrettably, the cut-and-cover method is liable to ad-
versely affect a traffic and the local inhabitants. Thus, for
all the attention paid to low noise and low vibration and
for all the technological efforts to develop a high-rigidity
earth retaining wall, the cut-and-cover method is becoming
less and less acceptable in urban areas. Hence the shield
tunnel is more and more taking the place of the cut-and-
cover method, while more incentive is given to the techno-
logical developments. Instead of the open shield combined
with compressed air, a new slurry shield or an earth pres-
sure shield is steadily coming into use, while the shield tun-
nel is gaining its ground as standard urban tunnel.

Happily, the ground surface settlement caused by the
the tail void --a drawback Lo the shield tunnel-- is now being
eliminated, while the water-tight technology is advancing.
The latest targets pursued are a greater underground depth,
an enlarged tunnel section, a longer stride of excavation, a
speedup of execution; and in urban areas, the obstacles to
be cleared are being removed, while new ideas such as multi-
circular face tunnel section are being proposed and realized.
In spite of diminished availability, it would be inevitable to
continue dependence on the cut-and-cover method in the con-
struction of stations involving large-scale underground
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Fig. 2 Changes in tunnel specifications and mannuals fiverature

structures or complicated structures. The cut-and-cover
technology will remain indispensable for starting shaft or
for arrival.

Recently, with attention paid to the influence on the
surroundings, projects are increasing In which high-
rigidity, highly water-tight tunnels as the structural walls
are built up by diaphragm walls.

It should be added that the development of ground sta-
bilization technology is also being promoted, matching an
increased underground depth.

3.3 Changes in tunneling guidelines and manuals
In the following Fig. 2 are the changes mainly in speci-
fications, guidelines, etc. issued by the Japan Society of

Civil Engineers, the defunct JNR, the present JR and oth-
ers. The Japan Society of Civil Engineers holds complete
sets of standard specifications for mountain tunnel, shield
tunnel and cot-and-cover tunnel, from which everyone can
see how they have been revised to catch up with the techno-
logical progress. In the railway domain, too, similar ef-
forts are intensified with regard to manuals, etc.

Particularly manuals for maintenance are being made
assiduously in addition to the construction technologies. At
present the Railway Technical Research Institute is put in
charge of manuals and other documents.

Before privatization and division of JNR, the matter
was positively taken up as the so-called "technological de-
velopment tasks ”.
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4. Future perspective

In Japan, characterized by mountainous topography,
the sophisticated land use will be promoted, the demand for
tunnels will continue to grow, and the tunnel technology
will be increasingly upgraded.

Even in the face of difficult topography, geology and
environmental conditions, the tough goals of "rapid execu-
ilon” and "reduced construction cost” will have to be at-
tained by all means. In contradiction to these goals,”
improved quality of tunnel (maintenance-free)” will also
he required to be satisfied.

Up to this time the tunnel technology has been brought
up to a high level but it is still far from being a perfect
product. A lot of challenges are waiting in store. Inciden-
tally, 1t should be remembered that more than 100 years
nave elapsed since Japan set to building up a modern social
infrastructure; hereafter the weight should be shifted from

the guantity to the quality; and it is now the time that we
think in earnest of renewing the outmoded structures. Tun-
nels more than 100 years old are on the increase. How eco-
nomically to extend their service life will be a tremendous
job of great significance to the railway operation in the
next century.
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