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1. Introduction

In this paper line structures are defined as the structures which
constitute networks of utility, transportation and communication systems;
railways, roads, water supply lines, electricity lines, and gas and oil lines.
River-embankments may be also included in such structures in a wider
sense. In a modern society, line structures are a vital component. The
continuous functioning of a city’s line structures is an accepted fact of
life for the residents and the inconvenience of even a temporary obstrue-
tion in the services is not easy to tolerate. A failure of a line structure
could be disastrous to the funectioning of a city, particularly during and
after an earthquake. Therefore, it is important that adequate precau-
tions should be taken to avert, or at least minimize the effects of such
a failure. However, the technology of earthquake engineering has not
been itensively directed to the aseismicity of line structures. Only re-
cently have engineers and engineering societies realized the consequences
to the general public after failures of line structures due to earthquakes.

This paper presents a consideration of damage probability of line
structures due to an earthquake from the viewpoint of system reliability.

2. Failures of Line Structures due to an Earthquake

A failure of a component of a line structure generally leads to stop-
ping the function of the associated system, and particularly the failure
due to an earthquake results in considerable losses and inconveniences in
various forms:

i) Breakage of water supply piping system:
Inability, or at least difficulty in extinguishing fires and lack of
drinking water for survivors after the earthquake.

il) Stoppage of the electric power supply system:

Stoppage of disaster prevention instruments, and of elevators in
buildings, disorder in traffic flow due to inoperative electric traffic
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signals and drinking water supply.

iii) Damage of railways and roads:

Obstructions to the escape from fires which would most probably
occur after an earthquake and obstacles to post-earthquake re-
habilitation activities.

iv) Failure of river-embankment:

Possible cause of a flood and consequent destruction of human
life and property in the adjacent area.

Studies of the past damage due to earthquakes indicate that these
line structures are more easily damaged than ordinary building structures.
A typical example can be found in the North Italy Earthquake of 1976.
In Udine which is outside the intensively earthquake-damaged area, dam-
age to houses was negligible, confined to the slips of roof tiles, while
stoppages of the electric power system for several days, and moreover
of the railway service for one month were reported. Although, from the
reasons remarked earlier, line structures should be designed with higher
reliability than ordinary structures, the past evidence shows nearly the
opposite. To improve the aseismicity of line structures, first of all, it is
important to consider the reasons why such structures are apt to suffer
damage in earthquakes.

3. Damage Probability of a Line Structure

A characteristic feature of a line structure lies in its length and
narrowness. Then, the basic assumption is herein made that a line strue-
ture can be represented by a series of unit structures as shown in Fig.
1 where a river-embankment is taken as an example. Although in this
form the line structure may lose some of its characteristics as a conti-
nuous system, the proper choice of length topology and spatial distri-
bution of unit structures can provide a good approximation to the true
answer.

Damage probability pr of a line structure can be defined as the
probability that its funetion fails and, under the basic assumption made,
is obtained in terms of the number n of the unit structures constituting
the line structre and of the damage probability of each unit structure.
Assume that all the unit structures are statistically independent and that
their damage probabilities are equal to p. Accepting a series model for
the line structure (Fig. 2), the theory of system reliability shows the
total damage probability as pr:

 pe=1-(-pp (1)
it should be noted that the definition of failure and the associated proba-
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Fig. 1. A failure model of river-embankment.
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Fig. 2. Reliability model of line structures.

bility p of unit structures vary according to the types of line structures
as well as the choice of the length of the unit structures. A mere
crack in water or gas supply piping causing leakage may be regarded as
a failure of the associated system. Similarly, a small crack in a river-
embankment having a potential of partial breaking can be -considered a
failure. A 10cem local foundation settlement paralyzes the function of
a railway. In contrast, such a foundation settlement in a road brings
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practically no inconvenience to its function. Generally, in most line
structures as remarked, however, one should take the probability of a
relatively slight failure as the value of p. Then the value of » would
be considerably larger than the probability corresponding to a complete
failure of a unit structure. In addition, according to Eq. 1, the damage
probability »r becomes much larger than p as the number 7 increases.
In conclusion, the author would like to point out that this explains why
line structures appear to be easier to disrupt than ordinary buildings in
which a wall crack is not considered serious damage.

4. Case Study

Water supply piping

KuBo, et al.” have reported that the damage rate per 1km in the
Kanto Earthquake (1923) averaged 0.22. The propability p, that a
failure occurred along 10km water supply piping, leading to interrup-
tion of the water supply, is estimated as follows. First, assume that at
most only one break point per 100 m water supply piping oceurs and
that 100 m is the unit length. Accordingly, the probability of failure
in the minimum unit is p=0.022. The probability of failure p, over 10
km water supply piping is given by

pr=1—(1-0.022)""=0.892.

Hence, this damage probability of 0.892 close to 1.0 implies that the
function will almost certainly be lost over a length of 10 km.

Electric power supply system

In this case, when one line is broken, electric power can often be
supplied with aid of other redundant parallel lines (Fig. 2). Then, the
probability of failure for the total system p, is given by

pr={1—(1—p)}" (2)

where m is the degree of redundancy. Hence, assuming that 100m is
the unit length and that its probability of failure is 0.022, the probability
of failure for 10km single line is 0.892. With one more redundant
parallel line, the probability of failure

pr=(0.892)*=0.796.

It is reduced considerably by the redundancy of the system.
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5. Conclusions

A consideration has been made of the damage probability of line
structures, particularly due to earthquakes.

It was found that most line struetures can be represented by a
series model in the system reliability model. This is supported by the
fact that even a local failure of a line structure usually causes the failure
of the function of the whole structure. Line structures represented by
such a model were found to have a large probability of failure than that
of the respective unit structures. This explains the past evidence that
line structures easily lose their funetion in an earthquake even when
ordinary structures are hardly damaged.

It was shown that, in order to improve aseismicity of line structures,
a parallel system is effective. However, this would generally be expen-
sive. One practical solution is to reinforce only the relatively weak parts
of the line structure. To accomplish this, extensive damage analysis of
line struectures is greatly desired.
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