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AN OVERVIEW OF BURIED LIFELINE EARTHQUAKE ENGINEERING(a)

Leon Ru-Laing Wang (1) , M., ASCE

Michael J. 0'Rourke(2), A.M., ASCE

Abstract

This paper presents state of the art information on the behavior and de-

sign of buried lifelines such as submerged tunnels, gas, water and sewer dis-

tribution lines subjected to earthquakes. Specifically, a survey of pipelines

damage due to past earthquakes as well as current design practices, analysis

procedures, code provisions and the latest published research are discussed.

Introduction

Recent studies(S,11,18,Z2,23,3S,37,42) have shown that buried gas, water!

sewer pipelines have been damaged heavily by earthquakes. Because of the im-

portance of lifelines vis-a-vis the health and safety of the populace, lifeline

earthquake engineering is now beginning to draw the attention of the engineering

f . (12) Th4
S

' "d d b b f (3,10,19,20,25,45,59)pro ess~on • ~ ~s eV1 ence y anum er 0 papers

recently presented at a Specialty Conference on Lifeline Earthquake Engineering

organized by ASCEts Technical Council on Lifeline Earthquake Engineering (TCLEE).

These and other papers published within the last two years may be grouped into

five main areas as: (1) state of the art papers(3,25,59); (2) observations of

, . (19 21 31 S5)earthquake damages and response behav~or ' , , ; (3) analyses or mathe-

matical models to study or explain the seismic shaking response behavior(1,20,

36,39,45,47); (4) studies of influencial parameters(4,6,16,58) and (5) design

(a) To be presented at ASCE Geotechnical Engineering Division Specialty
Conference, at Pasadena, Calif., June 19, 1978.

(1) Associate Professor of Civil Engineering, Rensselaer Polytechnic
Institute, Troy, New York 12181.
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consl."deratl."ons d d" "" (30,47,49,51)an eSl.gn crl.terl.a. •

It should be noted that all the above papers deal mostly with a single long

" I" 1 E f h l"f I" " k(60)pl.pe l.ne or tunne. xcept or a system approac to l. e l.ne rl.S , very

little discussion has been found on seismic response behavior or desig~ of an

entire buried lifeline network.

Presently, there are no codified provisions in the United States for the

design of lifelines to resist seismic-loads" More research is needed to facili-

tate the development of future design codes.

Observation of Buried Lifeline Behavior Due to Earthquakes

A. Observed PipelIne Damage

There are essentially two reasons for obtaining a record of pipeline damage

due to earthquakes. First of all, by reviewing past damage records and noting

the typical modes of failure, designers are better able to mitigate the effects

of an earthquake. In developing analytical models for pipeline behavior, the

more information that is available on how pipelines have failed, the more ef-

fective will be the check of the analytical model developed. Furthermore,

analyses which deal with the modes of failure not likely to occur can be de-

emphasized. Also, through investigation of past damage records, it may be

possible to establish statistical relationships between various failure mech-

anisms and parameters such as the type and size of pipe, soil conditions, joint

details, etc.

Pipeline damage to mains, joints and branches can be attributed to either

direct or indirect earthquake effects. The direct earthquake damaging forces

are:

• Seismic shaking and vibration

Fault displacement

• Tectonic uplift-subsidence
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The indirect damaging forces refer to mass ground movements triggered by

the earthquake such as:

• Landslides

Soil Liquefaction

• Compaction of Sediment

The pipeline failure modes due to tectonic uplift-subsidence, landslide

or liquefaction are catastrophic and cover a large area. Usually, such failures

are accompanied by breakages of mains, branches, connections and joints of the

entire or a large portion of the pipeline system in the failure area.

Failure from seismic shaking may result from large dynamic tension that

can cause a pull-out at joints, compression that can cause crushing and/or

buckling, shear that can cause cracks or breakages of connections, bending that

can cause fractures, etc.

Most of the existing. literature concerning buried pipeline damage due to

earthquakes, gives a qualitative rather than quantitive description of the

damages. This is due to the fact that a complete quantitative survey of buried

pipeline damages is rather difficult and expensive.

It should also be noted that only the most recent severe earthquakes have

been subjected to intensive investigations. Among them, the best documented is

the San Fernando Earthquake (1971) which has been discussed by many investiga-

(11 18 22 23 35) .tors ' , , , . The others are the Alaska Earthquake (1964) wh~ch has

been reported on by Richardson(42), the Managua Earthquake (1972) by Cajina(7)

(22) . (22)and Katayama et al and several earthquakes ~n Japan by Katayama et al

and Okamoto (37) • Most of the failure mechanisms from these earthquakes have

been tabulated in an earlier paper(59); presented below is a brief summary.

Most damage in the San Fernando Valley area was due to seismic shaking.

It was observed that pipelines with rigid joints failed more than those with

flexible joints. The major failure mechanisms were crushing and flexural
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failure of pipe sections and pull-out and shear at joints.

During the 1964 Alaskaian earthquake, buried pipelines were destroyed

completely in slide areas; differential settlement due to earthquake shaking

caused breakages of mains and service lines while direct seismic shaking for-

ces crushed and sheared pipes, broke bells and pulled joints apart.

Since 1920 in Japan, direct seismic shaking has caused most of the damages

to buried pipes during earthquakes with Richter magnitude greater than seven.

The exception is the Niigata Earthquake (1964) in which liquefaction occurred

and caused most of the failures. The types of failure observed during these

Japanese earthquakes were similar to those during the San Fernando and Alaska

Earthquakes.

B. Parameters Affecting Damage

Unfortunately, the available pipeline damage data is not sufficient to

completely correlate various types of pipeline damage with all of the pipe and

soil parameters. However, attempts have been made to correlate similar pipe­

line damage to geologiCal(2l) and other conditions(15,22,25).

After reviewing damage data from the 1964 Alaska earthquake, the 1971 San

Fernando earthquake and the Mechering, Western Australia earthquake on Oct. 14,

1968, Kachadoorian(2l) concluded that the geologic environment under the buried

pipeline influenced the intensity and frequency of the pipeline damages.

Qualitatively, the damages occurred least in bedrock, moderately in coarse-

grained soil and the most frequently in fine-grained soils such as caly or silt.

Using damage data from earthquakes in Japan, authors(22,25) have correlated

pipeline damage to pipe size and concluded that smaller pipes are more liable

to break. Others have taken an opposite view. Using 1971 San Fernando earth­

quake data(35), the damage statistics show no definite trend with respect to

pipe size as shown in Reference 59. One possible explanation is that the damage

data in these investigations are different. The number of joint loosenings was
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General

· • used in the Japan earthquake investigation while the number of breaks was used

for San Fernando earthquake. It was observed in all investigations that the

damages in main lines is proportional to the damages in service lines as one

might expect.

Recently, Kubo et al(25) observed that the damage ratio's were highest in

regions of transition from one type of soil to another. Also, damage statis-

tics from Fukai Earthquake showed that pipes parallel to direction of propaga-

tion were more heavily damaged (by a factor of about 2.5) than pipeline normal

:to the direction of propagation.

C. Seismic Shaking Response Behavior

Several investigations including both field observations and model tests

in Japan recently have reported the seismic response behavior of buried pipe-

I , (24,27,30,32,44,55) d b d t 1 (27,31,38,48,52,53)l.nes an su merge unne s •

conclusions from these investigations are summarized as follows.

1. Most field data have indicated that buried pipelines(24,32,44) and

submerged tunnels(38,48,52) move closely with the ground in both longitudinal

and lateral directions during seismic shaking. There were no appreciable dif-

ferences in displacements between these buried structures and the ground. Sakurai

et ale (44) present the observed dynamic stresses induced by the Matsushiro

earthquakes (1965). The observed stress in the underground pipes was discussed

in connection with the observed deformation and wave character of the ground.

The paper indicates the relative displacement between the pipe and the soil

is small. Nakayama et al(3l) observed that in earthquakes originated far from

the site, the long period components were predominant in ground motion and the

tunnel had almost the same behavior as the ground. However, where the epicenters

are located near the site, the ground motion was governed by the short period

components and the behavior of the tunnel did differ slightly from that of the

ground.
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Using model tests, Tumura et al(52,53) observed that in case of the Vib­

ration perpendicular to the tunnel axis, the model deforms nearly as much as

the ground does, while in case of the vibration in the direction of the tunnel

axis, the tunnel restricts the displacement of the ground surrounding the tunnel,

because the rigidity of the tunnel in the axial direction is large.

2. The inertia force generated by motion of the buried lifeline was found

to have very little effect upon the response of the structure itself. Thus, the

response behavior (stresses or displacements) of buried lifelines during earth­

quakes depends largely on the ground displacement characteristics along the route.

The ground displacement characteristics is hardly affected by the existence of

the buried lines.

3. Both axial and bending strains of submerged tunnels(31,53) and buried

pipelines(32,44) were observed during earthquakes. The axial strains were found

to be predominant over the bending strains in all cases. The bending strains

at the bends were of the same order of magnitude as in the straight sections.

Tamura et al(48,52,53) have concluded that all strains generated in the

tunnel during earthquakes increased with an increase in earthquake acceleration

but their magnitudes were mostly affected by the frequency characteristics of

seismic motion of the ground.

In discussing axial pipeline strains, Nasu et al(32) observed that the pipe­

line moved with the ground as long as the adhesion/friction between the pipe­

line and surrounding soil was not lost. They also noted that axial strains

were caused by longitudinal waves (P waves) for a pipeline laying along a radial

line from the epicenter while transverse waves (8 waves) caused axial strain

for pipeline laying perpendicular to a radial line from the epicenter.

4. The frequency characteristics of axial pipeline strain differ from

those of bending strain. These frequency characteristics of pipeline strain

are closely related to those of the ground frequency characteristic but differ



according to the magnitudes of earthquakes. As the magnitude increases, low·

frequency component become more predominant (53) •

D. Concluding Remarks on Seismic Response Behavior and Design

From above mentioned studies, it is obvious that the behavior of buried

lifelines is governed by the relative displacements of the ground along the

route and not the acceleration. Ductility or elongation to allow buried life-

line movement with the ground is the most important fa~tor for the seismic

design of such structures.

Current Design Practice

The structural design of most buried water and sewer pipes is based on

static analysis. However, occasionally passive physical deSigns(13) are used

to avoid damage due to seismic effects. The following is a list of common

practices and considerations:

1) The pipeline should be located as far from fault lines as possible. At

least, pipeline should not be parallel to the fault line. Thus, the

location of fault lines is an important task as far as the planning of

underground pipeline is concerned. For locations where the pipeline must

cross an active fault, locating the pipeline at an oblique angle to the

f I d d h h h · 1· (13)au t ten s tp re uce t e s ear on t e p1pe 1ne .

2) Pipeline construction on steep hillsides should be avoided when feasible.

3) Redundancy in the distribution system is desirable. That is, more smaller

pipes could be used in lieu of a single larger pipe to allow possible re-

duced capacity operation.

4) Installation of blow-off valves near the fault line where higher seismic

activity is anticipated should be considered. In this system, water is

lead to a nearby reservoir after the blow-off valve fails during an

earthquake.
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5) Ductile pipe material such as steel, ductile iron, copper or plastic, etc.

should be considered to allow for larger pipeline deformations.

6) Flexible joints using rubber gaskets and ball-socket-type joints should be

considered in areas of potentially strong seismic activity. Extra long

restrained sleeves could be provided for sliding pipe connections.

7) Consideration should be given encasing the pipeline in a large tunnel in

order to isolate the pipeline from ground motion.

8) For locations where main pipeline cross active faults, consider providing

flexible expansion/contraction joints as suggested by Ford(8,13) and

Okamoto (37) . Basically, the pipeline is designed to allow large seismic

movements. For example, the so-called "Bellow joint" is capable of bending

15° whereas the simple mechanical joint can only be designed to bend 2°.

Similar to buried pipelines, submerged tunnels have been designed without

concerning seismic effects. The first case where seismic resistance was taken

into account in designing the longitudinal section of the tunnel was the BART

S . SF' (26)ystem ~n an ranc~sco •

however.

No_:formal design code provision was proposed,

Design Criteria/Code Provisions

In this country, no formal provision has been set by code organizations

to design buried lifelines to resist earthquakes.

As to an overall system design approach, Duke and Moran(12) and Whitman

et al. (60) have suggested the use of a reliability/damage level approach to the

design of lifeline systems to resist various intensities of ground motion.

In Japan, Okamoto(37) suggested the seismic coefficients of O.lg to 0.3g

for the design of buried pipelines in Japan. The coefficients depend upon soil

conditions, the softer the soil the larger the seismic coefficient. Recently,

there are a number of papers proposing criteria for seismic design of buried

(30 43) 1 (20,49,50,51)
pipelines ' and submerged tunne s .

8
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based on the observations that the buried lifelines behavior is governed by the

relative displacement of the ground and the stresses in the buried structures

can be calculated from the relative motion of grounds during earthquakes.

Analysis Procedures

A survey of most of the recently published literature in the areas of

earthquake engineering and structural dynamics indicated that there is no single

complete analytical model which is capable of predicting the behavior of an

underground lifeline system under the attack of an earthquake. Standard text

books (34,37,6l) offer 1 b . f d' .on y r~e ~scuss~ons. There are, however, quite a few

articles which, after making simplifying assumptions, provide models for

analyzing the underground pipelines for particular types of earthquake damage.

In a recent paper, Newmark and Hall(33) present a method which can be used

to analyze and design buried pipelines for large fault displacement. In this

paper, the ductility (plasticity) 6f the material is used to allow for the

large deformation. Using three possible grades of steel (X70.X65.X60), they

concluded that all three types of steel can survive a 3 Meters (10 ft) fault

motion, with deformation extending over a length of less than 50 Meters (160

ft) on each side of the fault.

Based on a plane strain formulation, Parmelee and Ludtke(40) presented a

methodology for defining the soil stiffness, mass and damping ratios for a

buried pipe system.

Treating the soil supports as elastic springs, above ground pipelines(l)

(17 34 46 57) .and underground structures ' " have been stud~ed. In a recent paper,

Luscher et al. (28) discussed briefly the design of the below-ground portion of

the Trans-Alaska pipeline.

As for failure behavior, both Cheney(9) and Forrestal and Hermann(14) pre-

sent solutions for the buckling of underground tubes. In related fields, the
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imbedded cylindrical shells(41) have been

analytical~y. Azar(5) presented a static

pended pipe.

studied experimentally as well as

stress analysis for a simply sus-

D . I' ltd structures are also found(29,54,56).ynam~c ana ys~s on re a e

Conclusions

State of the art information on the behavior and design of buried life-

lines subjected to earthquake was presented. From a review of observed pipe-

line damage, the following general conclusions may be drawn;

1) Pipelines with flexible joints experience less damage during an

earthquake than pipelines with rigid joints.

2) Pipelines in regions of transition from one soil type to another

experience the most damage during an earthquake. Otherwise pipelines

in soft soil experience more damage than those in firm soil.

3) The relative motion between the pipeline and the surrounding soil

during seismic excitation is small.

4) There are conflicting reports as to the effect of pipe size vis-a-vis

earthquake damage.

Various passive ~esign practices are presently being used to mitigate the

effects of earthquakes. These practices may be grouped into three general

classifications:

1) reducing the earthquake hazard by placing the pipelines, if possible,

away from active faults, steep hillsides and poor soil sties.

2) designing a flexible pipeline system by selecting ductile pipeline

material and/or flexible joints.

3) providing "fail safe" systems at locations where damage is anticipated.

There is growing interest in the subject around the world and many papers

have been published during the last two years. However, there are only a few

analytical models which may be used to analyze a buried lifeline for specific

types of earthquake excitation. For a single line, the structural behavior is

governed by the relative displacement of the ground, which in turn, can be used

10



as a design criterion. There is no information on the behavior and design of

a network type buried lifeline system. Also current standard codes of practice

do not present design procedure for buried lifelines with seismic loads.
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