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CHAPTER I

INTRODUCTION

1.1 .. Preface

Lifeline earthquake engineering is a branch of earthquake engineering

that studies the adequacy, safety, analysis and design of lifelines due to

earthquake eff_eel:? A lifeline is defined as any structure, facility or system

that extends to a long distance over a large area and provides services and

supports to human needs.

By their functional use, lifelines may be classified as public work

lifelines, such as water and sewer lines; energy lifelines, such as oil, gas

and power transmission lines; transportation lifelines, such as highways, rail

ways, waterway, tunnels and long span bridges etc. and communication lifelines,

such as telephone, telegraph, TV, transmission lines. From construction point

of view, these lifelines may be classified as below-ground lifelines, above/on

ground lifelines and concentrated facilities.

Because of the importance of lifelines to the health, supply and

safety of the populace, lifeline earthquake engineering, although its develop

ment came much later than the seismic building design, is now beginning to draw

the attention of the engineering profession. Currently, researchers in the

United States(47) , Japan(28) and others around the world are actively engaged

in research on lifelines under various seismic environments. Among them, most

are analytical studies. Very few experimental data to verify or improve the

analytical 'results. In the United States_, experimental data on lifeline per

formance are particularly limited.
-1-



Before the mathematical models developed can be implemented for prac-

tical applications, field and/or laboratory verifications are absolutely nece

ssary. Other than the seism'ic input data, several important parameters that

will affect the behavior of buried-lifelines ar,e empirical in nature. They

are the joint resistance characteristics between pipe segments, soil resistance

and wave propagation velocity characteristics of the surrounding soil and geo-

logical environments.

Lacking specific experimental data on these parameters, most investi-

gatcrs have adopted a parametric study approach in order to compensate for the

absence of specific empirical data. To aid future design of buried pipelines

to resist earthquake ground shaking, these experimental parameters must be ob-

ta ined.

1.2 Objective and Scope

To aid the future development in the field of lifeline earthquake en-

gineering, this report is to summarize and synthesize the existing experimental

methods that are suitable for either overall or parametric seismic performance

evaluation of various lifeline systems.

The discussions will be divided into below-ground and above-ground

lifelines. However, the most influential parameter of lifeline systems, either

below-ground or above-ground is the ground motion characteristics. I~'this

report, Chapter II will discuss the measurements andinvestiga·tions of the

characteristics of the ground motion due to earthquakes. The experimental

studies of below-ground lifelines will be given in some details in Chapter III;

above-ground lifelines in Chapter IV. Finally, Chapter V gives the summary

and discussions of various evaluation methods on the performance of various

1ifel ine systems in terms of their operati on and cost effectlveness.
-2-



CHAPTER II

GROUND MOTION CHARACTERISTICS

2.1 Preface

Seismic waves, which are generated when an earthquake occurs, travel

in every direction away from the source and are manifested as ground motions

that may be recorde~ at a station where an instrument has been placed. The

instrument usually has a device that can record the time history of accelera-

tions, velocities or. displacements imposed by the passage of the ground waves.

For accelerographs; typically three components of acceleration are recorded,

two orthogonal horizontal components and the vertical component.

Earthquake ground motions are very complex. Evaluation of the char-

acteristics of tRese motions and the identification of key ground motion para

meters fror.1 pasJ- a_~d fU_l:..ure _~arthg~~g~~_~re ie~y irn-r.fft~n(I9~~Q9}rieerliig __~.r:: ~~_=

plications. It is essential in all areas of earthquake engineering, particu

larly the lifeline earthquake engineering, to familiarize these characteristics

and the factors that affect them.

The ground motion characteristics are affected by many parameters.

These parameters include geology, seismology, geotechnical engineering, struc

tural engineering and others. In general, it is widely recognized that ea~th

quake ground motion parameters are affected by-(l) source factors, (2) travel

path and (3) local geological and topological" conditions(27,43).

Recent studies(31,48) have shown that the seismic behavior of life-

line systems is predominately controlled by the ground displacement/strain

characteristics. Lifeline system includes buried pipelines, long suspension
-3-



bridges, submerged tunnels and water supply networks, etc., all of which are

extending to long distance and/or over a large service area. For the aseismic

design of lifeline network facilities, it is necessary to estimate rational

input of ground motion. In order to study th~ local variations of strong

ground motions induceti by earthquakes, the deployment of dense instrument array

at the interested area is required. For examining the seismic behaviors of

buried pipelines, a lineal extending array may produce proper observation data

of the ground displacement for the ,seismic analysis.

2.2 Lineal Seismometer Array Observation

Mos~ lifeline systems are linearly extended structures along extremely
,-

long lines, and also large facilities are often built a~ the nodal points of a

lifeline system. One of the major seismic hazards to lifelines(31) is ground

shaking which induces soil strains in the vicinity of pipelines.

To appreci ate {lit: ~0fl uence of the ~L~t.i.ve-aJspl acement bet\'Jeen two~,' o' .o~

~_.sep_a_rated points in the free: field and traveTinqO-s-~~~~_ic \'1ave, oneneed~~~c)'~~

know not only the maximum displacement at one point but also the wave length

and the wave propagation speed of the ground.-·-Fir-rne-purpose of obser'l- - ._-_....
• __4 ... •• _ • _

ing these characteristics, Suzuki(45) had conducted a lineal seismometer array

observation along a gas pipeline'~uring the Miyagi-Ken-Oki earthquake.

The observation site is located along a buried gas pipeline which

connects two thermal power stations in Chiba Prefecture east .of metropolitan

Tokyo. The seismometer array is shown in Figure 2.1, and the positions of

each accelerometer are described in Table 2.1. The soil profiles of two

points near the observation station and the distribution of elastic wave vel

ocities are shown in Figure 2.2.
-4-



The observation array consists of five horizontal component acceler-

ometers and an observation house. Every accelerometer records two components

of ground or.pipeline motion, i.e., transverse (X) and longitudinal (Y) com

ponents along the axis of the pipeline~ All the accelerometers are of servo

typ'e whose frequency ranges from 0.2 Hz to 50 Hz. Contained in the observa

tion house, are amplifiers and magnetic' tape recorder with twenty tracks.

The obser~ed earthquake records were taken from the magnetic tape re

corder, -andthe-records-of twenty tracks were stored in the memory -of a digi

tal computer using an on-line AID converter at regular interval of 0.01 sec.

The observed seismic data are listed below:

i) Location of Epicenter: 1420 24' E, 380 06' N

ii) Richter Scale: 7.4

iii) Epicentral Distance: 340 KM

-iv) Depth of Origin: 30 KM

v) Maximum Acceleration (at S5X): 29.6 gal.

vi) Date: June 16, 1978

The maximum amplitude~ of the ratios of acceleration, velocity and dis
placement of the pipe (at point S3Y) to those of the surrounding ground
(at point S4Y) are 0.81, 0.99 and 0.93 corresponding respectively.

The predominant period is 1.7 sec.

Figure 2.3 shows the spectrum ratio of the Fourier Spectrum of accelera-
tion ~t the pipeline (S3X) to that of the surrou~ding ground (S4X). In
this figure, the spectfQm ratio is nearly unity except in the low period
region less than 0_2 sec.

1)

2)

3)

4)

5)

6)

The observation results are described briefly as follows:

Wave length is 7300 m.

Wave propagation speed is 1465 m/sec.

Traveling wave during earthquake seems to be Leve wave.

-5-

\.



7) The momentary distribution of displacement during the earthquake at the
points 51, 54 and 55 along a gas pipeline at intervals of 0.1 sec. is
shown in Figure 2.4. This figure gave a visual evidence that the travel
ing wave is "caught" by this array.

8) There exists relative.displaG.~m_entwave between 55 and 51, but the ampli
tude of displacement was small.

According ta-the results of seismic observations and analyses, it is

concluded that during the Miyagi-Ken-Oki earthquake, the pipeline behaved in

the same way as the surrounding ground, and the long period wave can be eluci-

dated by Love wave theory.

2.3 Dense Instrument Array Observations

To be used for the development of earthquake resistant design of

structure, the primary objective for the deployment of dense instrument array

is to collect and analyze the engineering data on the response of the ground

to strong shaking. The secondqry objective is to study the effects of varia-

tion of local geological conditions along the path of wave propagation on the

frequency content and amplitude of strong ground motions.

At the present time, several strong-motion instrument dense arrays

have been deployed in Taiwa~(lO), Mainland China(ll), J~pa-nT42), United
•

5tates(51) and other countries around the world(28). Among them, only the

Japanese deployment, in which some recorded data have been analyzed for life

line application(4S) will be described.

The recent Public Works Researeh Institue (PWRI) deployment is a

local laboratory array consisting of 20 accelerometers at PWRI site, Ibaraki

Prefecture, Japan. The deployment of dense instrument array is shown in

Figure 2.5. The main specification of the accelerometers employed are sum-

marized in Table 2.2. The triggering of the signals is activated either when
-6-



maximum acceleration of vertical component exceeds 3 gals. or when the in

duced acceleration in any horizontal components is larger than 5 gals.

In the recording and processing systems, the computer system has

played an i~portaDt role for sig~al transmission and data analysis. A flow

chart for data processing system is shown in Figure 2.6(a). For analyzing the

recorded seismic excitation, a computer system 'with a core memory of 192 KW

is provided as shown in Figure 2.6(b).

In applica~ion to lifeline system, the free field motion on the sur-
- . .

face of the ground would be sufficient to represent the ground motion input,

because for buried lifelines, the buried depth in general is rather shallow,

. say 1m to 2m deep as compared to subsurface soil layer. Wang et al~8) have

. conducted a study to investigate ground strains from strong motion array data

for lifeline application.

Since December 1980, three earthquakes, one in Chiba Prefecture and

the other in Ibaraki Prefecture, have been recorded at PWRI, denoted as EQ-13,

14, and 15. Due to the fact that the magnitudes of EO 14 and 15 are too small

to give meaningful results, the study uses EQ 13 data only. Figure 2.7 shows

the location of the array and Table 2.3 gives the maximum accelerations of the

channels that were functioned properly during the earthquake.

The. determination of ground velocity and ground displacement can be

obtained by integrating the originally recorded ac~eleration data once and'.

twice through Fourier transformations.--The maximum velocities and displace

ments are ~lso given in Table 2.3. In examining the maximum ground displace-

ments at PWRI site from Table 2.3, one can find that the displacements on the

surface in general are larger than those underground as expected. It is in-

teresting to note, however, that the amplification due to the depth effect in
-7-



the EW direction is more than in the NS direction, Since the epicenter of

EO 13 was located at 71 km south of PWRI~ such amplification in the direction

normal to seismic wave propagation direction may be attributed to the shear

wave. The analysis of ground strafns can be achieved by using finite element

method. The configu~ations for the pyramids used in the finite element analy

sis are shown in Figure 2.7(b) and (c).

In consideration to evaluate the depth effects on ground strains~ 10

observation stations were selected to form 8 different tetrahedrons as shown

in Figure 2.8 for strain analysis and the results of the strains are given

in Table 2.4.

The amplification on ground strains can be seen in Table 2.4 and

similar conclusions are observed. To quantify the ampllfication due to depth

effect~ the magnification ratios, which is defined as the maximum upper level

strain divided by the lower lever strain, are given in Table 2.5. It is found

that the amplification of axial strain in EW direction ranged between 3 to 4.

For NS direction, however, there was little amplification.

In addition, wang(:8) et al. have inves!igated,~he_ground strain at

Ashitaka area which is only a ~imple extended array ~n the surface of the

ground crossing Ukishimagahara. The strains, which were calculated over a

distance ranged from 400m to 1275 m, were too low to represent the peak

ground strains for lifeline application. Furthermore, the simple extended
- ,..'

array could not provide adequate information to account for the effects of

transverse wave during the examination of ground strain. Thus, to be useful

to lifeline application, it is suggested that more strong motion accelerographs

apart no more than 50 m must be installed.
-8-



Sensor

Sl X/V
S2 X/V
S3 X/V

"$4 X/V

S5 X/V

Table 2.1
Positions of Sensors

Position
On the ground surface
G r -26.6 m
Gr -1. 5 m; fastened to
the pipeline -

t r -1.5 m, 2 m from pipe
center
Same as 54 X/Y_

Table 2.2
Main ~pecification of Accelerometer
used by Local Laboratory Array at PWRI

I
No. of Component I 3i

I Type Velocity Feed Back
Natural Frequency 5 Hz
Frequency Range 0.1 - 50 Hz; within 1 S
Maximum Acceleration ±' 650 ga 1s.
Diameter, Length ¢ 13 cm, 125 cm

I Weight 50 kg I

-9-
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Table 2.3

Maximum Accelerations (gal), max~mum velocities (kine)

and Maximum Displacements (cm) of EQ 13 at PWRI Site

compo Max • Max. Max.point Acce1. Vel. disp •
.-

NS 39.47 2.40 -0.299-
1 EW 40.08 -2.48 0.342

un -12.64 -0.79 -0.112

NS 13.05 -1.19 0.242

2 EW -14.94 1.03 0.189

un -5.94 0.54 -0.081

NS 15.20 -1.22 0.233

3 EW -13.95 1.00 0.180

un - - -
NS 12.61 -0·99 -0.212

4 EW 14.48 1.29 0.?08 -

UD -5.86 0.56 0.085

NS 11.81 -1.04 -0.206

5 EW 14.59 1.32 0.224

un - - -
NS -14.41 -1.03 -0.243

6 EW -i3.58 -1.11 -0.206

UD 6.81 0.46 -0.074
- ..-

NS .43.04 -2.43 -0.282
~

7 EW 44.15 3.52 0.473

un -1],.61 -0.77 0.102

N·S 25.29 -1.54 -0.202

8 EW 23.76 1.57 0.2 47

un 7.35 --0.40 0.061

NS 32.58 2.24 0.328

9 EW 35.49 2.78 0.446

un - - -
NS -22.51 -1.20 0.152

13 EW 28.00 -1.81 0.242

un -6.75 -0.43 -0.052

• No data due to mal-function of instrument
-10-



Table 2.4

Maximum Ground Strains [x10-6)
at PWRI Site for EQ 13

Zone Strain Lover Level Upper Level

e: 9.4 -21.2x•. .. .
-14.5 15.4e:y

e: -12.4 -12.4
I z

'Y-ry -13.4 -46.4

'Yyz - -54.2

'Yzx 59.7 68.2

e: 12.1 52.4
" .... - - ~.~ - x

e: -14.5 15.4y
e: -12.4 -12.4

]I z
'Yxy 15.8 66.4

'Yyz - -54.2

'Yzx 60.4 41.3
e: 12.1 52.4x

17.3 14.2
Ie:

-
y

•. e: -12.4 -12.4
]I z

'Y':A~r 20.1 81.4

'Yyz - -
'Yzx 60.4 47.3
e: 9.4 -27.2x
£ 17.3 14.2y
e: -12.4 -12.4

IV z
'Yxy -19.1 32.2

'Yyz - --
'Y~x 59.7 68.2

.,.11-



Table 2.5

Magnification Ratio (Max. Upper Level

Strain/Max. Lover Level Strain)

Zone Strain Magnification

£: .,--- - 2.90x -
£: 1.01

- y
£: 1.00

I z
Yxy 3.41

Yyz -
Y7..X 1.14
£: , 4.33x
£: 1.01y
E: 1.00

]I z
Yxy 4.19

Yyz -
-

Yz~ 0.18
~---------- _._-_.- ~--

£: 4.32x
£: 0.82

Y
£: 1.00

m I
z

Yxy 4.05
,

Yyz -
. Yzx 0.18

2.90
_.- ..

£:
X

£: 0.82 •
Y

£: 1.00
Dl z

.. Yxy 1.69

Yyz
otJ -

Yzx 1.14
_. ..

-12-
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CHAPTER III

BELOW GROUND LIFELINE SYSTEMS

3.1 Introduction

The seismic behaviors of buried lifelines during earthquakes may be

achieved by statisttcally analyzing the past damage records and/or by conduct

ing some experiments for certain specific purposes.

Through investigation of past damage records, it may be possible to

establish statistical relationships between various failure mechanisms and

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

tails. But most of the existing literature concerning buried pipeline damage

due to earthquake-give a qualitative rather than quantitative description of

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

buried pipeline damages is rather difficult and expensive.

Recently several. experiments have been undertaken to investigate the

dynamic behaviors of buried lifelines during earthquakes. This chapter is to

synthesize these experiments in terms of experimental procedure, apparatus

and application, etc.

Generally, experiments currently conducted-for studying the behavior

of buried pipelines inan earthquake can be divided into four main branches:

(1) active field testings, (2) passive field testings, (3) scale models test

ings and (4) testings on influential parameters. They are discussed below:
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3.2 Active Field Testings

The seismic ~ffects to lifelines are much different than that of

building structures because of the spatial distribution of the seismic wave.

Building structures require- only single point source ground motion with only

temporal vibration. However, lifelines which ~over a large area require ground

motion inputs with both temporal and spatial variations. T~us, for lifeline _

-illvestigations, it is necessary to generate the ec:.rtho,uake - 1ike ground

motion for the purpose of studying the seismic effects-to lifelines. Severaf-

methods generating earthquake-like ground motion will be discussed.

3.2.1 Explosion

A small experiment, assigned the test name MINI-SIMQUAKE by C.J.
('"'5 2r

\
~iggins et til. ' , 0/, was conducted to verify the technical fe~sibility of se~uen-

tially detonating closely spaced planar arrays of high explosives for the pur

pose of simulating earthquake-like ground motions, although trial blasts were

used earl ier(14) .

Figure 3.1 provides an elevation view of the MINI-Slt~QUAKE experi

ment. The back array was loaded with a total of 347 lbs. of PETN explosive

in 12 holes, 40 inches on center. The explosive -was loca-ted-between the 5 and

20-foot depths giving an array height of 15 feet and an areal explosive load

ing density of 0.58 lbs. PETN/ft~. The front array contained 232 lbs. of

PETN explosive in 16 holes, 30 inches on center. The array dimension$, were

the same as those of the back array and the areal explosive loading density

was 0.39 lbs. PETN/ft2. The arrays were 15 feet apart and were designed to

fire with a 300 millisecond separation.
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A small cylindrical reinforced concrete structure with a height of

3.75 feet, an outside diameter of 2.5 feet and a total weight of 1218 lbs.

was embedded to 25% of its height at a range of 25 feet from the front array.

The structure walls were 3 inches thick.

The apparatus for instrumentation includes accelerometers, velocity

gages, angular displacement gages, magnetic tape, mobile field instrumentation

van and fast technical photographic tooT.

The ground.motion results can be observed after detonation. The re

sults are indicated as f-oll ows.

1. There are two peak outward acceleration ranging from 3.49 to

10.3g recorded at depth of 2.5 ft. and 12.5 ft. respectively.
/

2~ There may exist a near-surface effect on ground velocities and

displacements as indicated that the higher values appear at near-

surface in both of ground velocities and displacements after

integration of accelerogram.

3. The peak upward vertical velocities are about 40 to 50% of peak

outward velocities.

4. The vertical displacement is upward at all times and seems to

contain little permanent set.

From observation, various phenomena concerning the structural hori-

zontal response can also be obtained during testin~. \,

1. The peak outward accelerations at the structure top due to the

back and front array pulses are only about 60% of those at the

base (Figure 3.2).

2. The top acceleration has little similarity to the base acceler-

ation after the-first outward acceleration pulse and undergoes
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significant free vibration as the base acceleration approaches

quiescence.

3. The velocity and displacement it the top of the structure over

shoot the base response throughout their time histories.

4. The velo~ity and displacement at the structure top also clearly

show the free vibration phase.

5. The shock spectrum at the structure base is very similar in shape

to that at the 3D-foot range and 2.5-foot depth in the free-field.

6. The amplitude difference is about what would be expected due to

motion attenuation and, hence, the structure base is responding

closely with the free-field.

7. The spectral peak at a period of 0.25 sec the structure top is

about 55% greater than the corresponding spectral peak at the

base.

8. The top spectrum has a peak at a period 0.11 seconds (9HZ) which

does not appear in the base spectrum. The peak corresponds well

to the free vibration frequencies evident in the time history

data.

In a similar task, Bruce Lindberg et. al at the Stanford Research

Institute(l2,13) have_~developed a'techniqUe to-:---9.enerate earthquake-like mo

tions with contained explosions. The technique produces earthquake-like ground

motion by simultaneous detonation of a pTanar array of vertical l1ne sources

placed in the soil near the structure to be tested, as shown in Figure 3.3.

Each line source shown in Figure 3.4 produces ground motion through an ex

pandable rubber bladder rugged enough to withstand repeated tests with expan-
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sions as large as twice the initial bladder diameter. The explosive is det-

onated inside a steel canister within the bladder, and the explosion products

flow out of the canister through vent holes to pressurize the bladder at a

controlled rate. In this way, both amplitude and frequency are controlled at

levels suitable for testing with-the source arrays close to the test struc-

tur-e, and the array sources are re-usable. ,This opens the possibil ity of in-

situ testing at strong shock levels to test any structure effectively and

economically.

The following results for 1/3 scale array were observed:
. ".- - .... ., - . ~

1. The ground motion is uniform along the 12 ft. length of the

instrumented area.

2. The ground motion attenuates about 30% across the 10 ft. width

of the instrumented area.

3. The ground motion at the mid-depth of the array has a slightly

faster~rise time and is slightly lower in amplitude than that

near the surface.

4. The soil displacement and stress follow the source pressure-time

history.

5. The primary frequency of the ground is in the 8 to 15 Hz range.

3.2.2 Moving Loads

A field testing on a full-scale pipe by v~rying the depth of the soil

backfill and moving loads .has been done by Niyogi(38). The test program w~~

designed to evaluate the deformation and strain behavior of 30-inch diameter

Aluminum Bronze piping subjected to backfill, surcharge and live loadings.

The apparatus used for instrumentation contains extensometer (linear

potentiometer), tilt meter (pendulum tYEe, Model No. CP17-0601-1), strain

gage (micro-measurement type), volt meter and a controlling computer.
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The test procedures are described as follows:

1. The pipe is embedded in granular backfill at depth ranging 6 to

14 feet.

2. Install the extensometer disk inside pipe as shown in Figure 3.5.

3. Tiltmeters are installed with the extensometer disk as shown in

Figure 3.6.

4. Strain gages are located at twelve positions, at the exterior and

interior surfaces of the pipe at an interval of 30°. Gages are

water proofed as shown in Figure 3.7.

5. Lead wire sets are attached to each disk following initial

placement.

6. Initial baseline radial measurement is made with an inside pre

cision micrometer following disc placement and gaging.

7. Potentimeters, tiltmeters and strain gages are run with a 6.0 DC

power source.

8. Power is checked and logged twice daily during testing.

9. During testing, data is obtained utiJ izing 9,]1 _automatic scanning

integrating digital voltmeter and controtling computer.

The load type and their pesults are tabulated in Table 3.1. In load

type 2, compaction from the sides of the pipe shortens the horizontal axis of

the cross-section and the point "a" on the crown moves up. The point "all

starts to move downward due to subsequent increase in load. Due to this irreg-

ularity, there is a wide variation between the theoretical and experimental values

of stress and deflection in the beginning. Experimental hoop stress at "a"

also varies widely in other load types. This attributes to experimental errors.

Otherwise experimental and theoretical results should agree within certain extent.
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3.2.3 Vibrators

Vibrators used to generate ground motion to test buried pipelines

have been described in Reference 4 and 46. In general, two techniques were

used: one is indirect and the other is direct vibration.

In indirect vibration tests, the buried pipe is deformed by prop

agating waves generated by a large-size vibrator- which is installed on a con-

crete footing on the ground surface at a distance from the pipe. Figure 3.8

shows an example of an indirect vibration test, in which a 320 mm diameter
•

steel pipe.was. buried io reclaimed sandy soil.. The vibrator which had a cap-

acity of 50 tons was installed in a concrete pit which was 12.5 meters away

from t~e buried pipe. The indirect vibration test can approximate incident

seismic waves reasonably well, hoy/ever, the amplitudes of the pipe motion and

strain were much smaller (for example, below 30-40 x 10-6) than those associated

with earthquakes because the vibrator has to be installed far away from the

pipe. Furthermore, the amplitude of the vibrator1s motion had to be set at a

low level to avoid liquefaction of the sandy soil al"ound the vibrator's pit.

Finally, an expected slip between the pipe and the surrounding soil did not

occur.

In the direct test, the pipe was excited by a small vibrator which is

attached at the end of the pipe, as in Figure 3.9. In this case, the strain

of soil and the amplitude of the pipe motion was as_large as that during earth
\.

quakes and the slippage occurred between the pipe and soil. The test can be

very useful in finding restoring large strains. But it is noted that there is

disagreement whether the input motion realistically approximates that of an

earthquake.

ihe tests were carried out for a frequency range of 3.0-12.0 Hz. For
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this range the restoring force properties of-soil depend not on the frequency

but on the displacement amplitude of the forced vibration, When the displace

ment amplitude of the test pipe became much more than 0.4-0,6 mm, the slippage

occurred between the pipe and soil and the displacements were independent of

the frequency of the forced vibration. Furthermore, at the onset of movement,

the ratio of the maximum shear stress on the pipe surface to the vertical earth

pressure was 0.5-0.7.

From vibration tests on pipe elements buried in the field, the fol-

lowing conclusions were obtained:

1. The natural vibration of the buried pipe due to its inertia force

cannot be recognized.and the pipe vibrates in the same manner as

the ground.

2. Strain due to axial deformation is dominant for straight pipes,

while the circumferential strain due to bending deformation is

large in bent pipes. This result suggests that the conventirinal

3.

beam model is not suitable to analyze the strain of pipes at the

bent pipes and a shell model is necessary.

The dynamic properties of the restofing force-Of the surrounding
...

soil (such as the coefficient of reaction force, the friction

coefficient and the 'relative displacement when slippage begins)

depends little on the freqJency of the input motion. The coef

ficient of subgrade reactiQn largely effe~ted by th~ relative dis

placement between the pipe and ground.

3.2.4 Air-gun and Board-striking (Shear) Process

Nasu(35 ) conducted vibration tests on a stright pipe of diameter

1.2 m and length of 84.0 m buried in reclaimed silty ground, shown in Figure
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3.10. The main objects of the test consisted in the studies of (1) the vibra-

tional characteristics of the ground and the pipe, and (2) the strains and

their distributions in the pipe during the vibrations.

Two different processes were employed to generate the ground vibra

tion, i.e., the shear (or board-striking) and air-gun. The measuring instru-
..

ments for vibration measurement consists of (a) ,transducer (pick-up), (b) amp-

lifier and (c) recorder. As to the instruments for strain measurement contains

(a) strain gage tra~sducer (b) Wheatstone bridge box: IO-channel, DC-current,

gage and three' arms (each of 1 kilo-ohm), input voltage = 24 volt, (,c) Amp1i-

fier, (d) data-recorder, (e) Analog computer ~nd (f) other devices for ~eas-

urin0 the input voltaqe of ;!~eatstcne brid~e, and for checkin0 the aainof

. ,aiTIplifier.

The test procedures are descricec as fellows:

1. Welding of seven segments of the pipes.

1. Laying the pipes in a trench and overlying with soils.

3. Making CBR test to the original ground and the fill.

4. Installing the sensors (pick-up and strain gage) in pipe, on

ground surface or in underground.

5. Generating the ground vibration

a) Shear: ingot (15 tons) struck by metal bob

b) Air-gun: firing chamber 2000 cc, at 140 atmospheric pressure,

laid at (-5m) in boring hole (full of water)

6. Determining the velocities of P and S waves by recording the

readings of the travel-times of the waves at various distances

from the origin of the wave.

7. Recording the ~ata of strains and displacement in the pipe and ground.
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8. Analyzing the resulting data dur-ing tests.

In order to study the vibrational characteristics of the ground and

pipe, the bandpass-filters can be used to pick out the predominant periods of

waves; and the Fourier analysts can be employed to obtain the response spectra

for vibrations of ground and pipe. Figure 3.}1 shows the Fourier spectra for

vibrations of ground and pipe.

From the results of tests, it is observed that the vibrations of the

pipe and the ground in the shear test are different to that of the air-gun

test. Note ,that in both tests, there can be seen no appreciable relative dis

placements between the pipe and the ground. The axial strain produced in the

pipe during the ground shaking is proved predominant. The results of stress

analysis are shown on Table 3.2.

3.2.5 Pile Driving (Standard Penetration Test)

In the standard penetration test an impact at the bottom of a bore

hole is produced by weight dropping and may be expected to generate seismic

waves. This test is performed by dropping a weight to drive a sampler. The

weight hits the knocking head that is fixed to the rod, and thus the sampler

is driven in the borehole. The weight is 63.5 k~ and fatls-freely 76 cm to the

knocking head.

T.he impact at the botto~ of the borehole due to dropping generates

several types of waves.Ohta(39 ) et al. has used this method to mea5ure

shear wave velocity of soil. A schematic representation of this method is

shown as Figure 3.12. The waves generated at the bottom of the borehole are

detected by a geophone set at the ground surface. Two examples of wave sig

nals recorded by geophone are shown in Figure 3.13.

The whole observation system was composed of conventional instruments.
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A set of three-component, moving coil type geophones, with a natural fre

quency of 28 cps, was installed on the ground surface at a distance of several

meters from the borehole. Otherwise, a 4-channel magnetic tape recorder is

also requir~d.

Nasu(35} has conducted a test to determine the pipe strain by using

pile driving method. The motion generated by this method seems to be random

in nature as in actual earthquake; however, the frequency is higher and the

duration shorter th~n earthquakes. The analysis for resulting data of tests
..'-:

is similar to that of last section. The strain of pipes caused by the arti-

ficial vibrations was always very small (below 10 x 10-6).

3.3 Passive Field Test~

In order to confirm the current analytical findings, field verifica-

tions or prototype testings on the response behavior of buried lifelines due
-

to or simul ated earthquakes are needed to be done. The nassive fiel rl exneril11ental

method is to install response gages to measure strains and/or displacements,

etc. of buried lifelines due to actual earthquakes. Such kind of preliminary

experiments have been done in Japan, an extremely seismically active region.

Note that the field experiments in Japan have effectively yielded qualitative

response behavior of submerged tunnels, buried pipelines and communication

lines.

In the United Stat~s, seismic instrumentation for a few selected tun

nels in California has been proposed(-81~ The objective of the study has been

to provide guidance for an early installment of relatively simple instrumen-

tation in a few selected tunnels in California. No data have been published

yet.
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Generally, in many field observations, the accelerations and dis-

placements of the pipe and the surrounding ground, axial and circumferential

strains of pipe (or tunnels) and the deformation of pipe joints due to seismic

excitations were measured -simultan€ously. The description of those field ob

servations will be de~cted in three categories, (1) buried pipelines,

(2) tunnels and (3) ccmmunication lines.

3.3.1 Buried Pipelines

During the Matsushiro swarm earthquakes in 1965-67, several stud

ies(36,40) ~hich consisted cf measurin0 strains and displacements of nirelines

during earthquake ~ere conducted by actually burying ~i~elines in t~2 ground.

One experiment was on steel pipe in which a pipe with an outer dia-

meter of 27 cm, thickness of 6.6 mm and length of 90 m WaS buried at a depth

of 1.5 m below the surface. The area around the pipe was packed with sand.

A manhol€ was provided and insulated from the pipe. The main objective of

the experiment was to ascertain whether or not the pipe would move completely

with the ground. Within the indicated period, various earthquakes with ac-

celeration up to a maximum 120 gal were occurring_and th~_ob~erved results were:

1. Resonance vibration of the pipe did not QCcur.

2. The deformation of the pipe was more or less identical to the

deformation of the ground.

3. The axial strain is predominant. The relation between strain
-

and seismic ground motion is given by

s = ~ Ta
2" C
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where E strain

~ = constant (nearly unity)

a = seismic acceleration

T = period of .seismic wave (sec)

C = propagation velocity of seismic wave (em/sec)

4. Bending strain is occurred in curved pipe, but there is no ten-

dency for it to be greater than the strain along the straight

pipe. ·Meanwhile, the strain at pipe connection with a manhole

is not significantly high.

A th . t d concrete Pl"pe(40)no er experlmen was rna e on The pipeline consisted

of four asbestos-cement pipes with inner diameter of 12.5 em. One end of the

pipeline was connected to the manhole. The connection between manhole and

pipe was made to withstand a considerable amount of bending. The results ob

tained are given-below.

1. The manhole and the ground within at least 5m from the manhole

showed roughly identical movements.

2. During vibration, there is a phase difference between manhole and

the far end of pipeline.

3. During an earthquake, a seismic wave associated with large accel-

~ration and large displacement will result a large strain in the

pipeline. The larger the seismic acceleration the greater the\

strain is.

4. On examination of the strain distribution over the entire length

of the pipeline, the strain becomes larger near a joint and is

rapidly reduced with increased distance from the joint.

5. At joints, bending stress is more significant than the axial
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stress. At the mid-section of the pipe, the reverse is true.

6. According to the result of investigation, in the vicinity of a

joint, the strain is increasing to a certain limit as the accel-

eration becomes larg.e.r~

,

7. For a strong earthquake with the acceleration up to 120 gal, the

resulting maximum stress in the concrete pipe was approximately

15 kg/cm2 at a joint and 5 kg/cm2 at middle point of the pipe;

but the maximum stress induced in the steel pipe was almost 10

times the stress in the concrete pipe.

Based on these two studies, it can be concluded that the buried pipe-

line moves roughly with the surrounding ground during seismic excitation. It

also shows that the axial stress was predominant for .both cases of steel and

concrete pipes. Note that the existence of a manhole does not make much dif-

ference in the case of steel pipe, but for a concrete pipe the stress distri-

bution was affected significantly.

Nishio et al. (36) conducted field observations of buried pipelines

behavior during earthquakes at three sites in Japan. The first observation

was made at Yokahama, from October, 1972 to December, 1973. Three pipelines
~

with diameters of 150 mm were buried in the ground to the depth of 1.2m. The

arrangement of pipelines and sensors is as shown in Figure 3.14. Table 3.3

shows the seismic data and the results observed from dynamic response-of bur-

ied pipelines during earthquakes. From -the time history of pipe-strain as

shown in Figure 3.15, it is noted that the bending stress is very small com

pared with axial stress (compare the strain records of Al and A2). In ad-

dition, no evidence of a travelling wave along the pipeline could be found by

observing the strain records at C and D from Figure 3.15.
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The second observation was carried out at Soka, from Apr.il of 1974

ti 11 March of 1976, usi ng stee] pipel i ne of 400mm in diameter which is actually

used fo~ gas transmission. The set-up of sensors and layout of pipeline are

shown in Figure 3.16. Table 3.4 is a list of observed earthquake and the re

sulting data.

The third site of observation was at Omori and the period of obser-

vation was from December 1976 till December 1978. A steel pipeline of 200mm

diameter was laid in T-shape as shown in Figure 3.17. The recording data of

earthqDakes and se~smic responses of the pipe are listed in Table 3.5.

Based on the observed results, one finds that the traces of trav-

eling wave which causing the pipe strain could not be detected during earth

quakes. Note that in each field observation, the dynamic behavior of a pipe

line is almost tne same as that of the surrounding ground.

Figure 3.18 shows the relationship between the maximum acceleration

of the observed earthquakes and the maximum strain in the pipeline. An ap

proximate relationship between the axial strain of pipe and the ground accel

eration by analyzing the data of twenty-four earthquakes can be expressed as

s = 1.85aO. 55 x 10-6 (3.2)

where s is the maximum axial strain of pipe and a is the maximum acceleration

(cm/sec2) on the ground surface.

Authors conclude that the wa-ve-propagation along a buried pipeline

has little significance in explaining the pipeline behavior and that, on the

contrary, the model of an upwardly incident earthquake motion with respect to

the bottom of the surface soil layer is important.
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3.3.2 Tunnels

In 1973, Okamoto et al, C~O,41l studi~9 a sub-aqueous tunnel provided

for crossing the Tama River by a railroad near Tokyo City as shown in Figure

3.19. The tunnel has 6 sutmerged tubes each 13m wide, 7,35m high and 80m long,

Tube No.1 is on diluvial silt while Tubes No.4 to 6 are on the transient

zone between the two. Tubes No, 2-and No, 4 ar~ each provided with accelerograms

and strain gages. The_strain gages ire installed at either sidewall of the

cross sections 30n apart and are set to measure strain in the axial direction

(Figure 3.20) ..

During the period from April to October 1970, several earthquakes

were recorded at the tunnel, as listed in Table 3.6. Although severe seismic

motions have not yet been observed at this site, the records obtained to date

are thought to indicate the general nature of the earthquake behavior of sub-

aqueons tunnels.

Figure 3.21 shows one of portions of the accelerograph and strain

gage records obtained from a small nearby earthquake .. The earthquake occurred

on September 30, 1970, its magnitude was M= 4.8, its hypocenter was right

beneath the tunnel and its intensity at Yokohama (about 15 km from the epi

center) was VI on the Modified Mercalli scale.

Study of these records leads to several significant conclusions re

garding the dynamic earthquake response of the soil-tunnel system, as follows:

(a) The generally "in phase" nature of the strain readings demon-

strates that the tunnel is subjected primarily to axial straining

rather than flexural; this -is particularly evident for the dis

tant earthquake.

(b) The distant earthquake produces relatively lower accelerations

but higher strains as compared with the nearby earthquake.

(c) The variation of ground motion depends on the location and seis-

mic wave form.
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(d) Bending moments and shear forces ~re large at joints between

ventilation tower and submerged tube.

(e) The stress values along a sub-aqueons tunnel are varying greatly

with the seismic waveform.
... -

Hamada(24) has conducted a program to measure accelerations and

stra ins due to the after shocks of 1'1iya'gi earthCluake for a ra i1 road tunnel anrl

thus to investigate the characteristics' of wave propagation in bed rock. Fig-

ure 3.22 shows the ~eneral view of the tunnel and the location of instruments.

The tunnelfsconstructed in bed rock with a -length of 467Orn. It has a horse-

shoe shaped cross section of 4.8 x 6.1m with a a.3m thick concrete lining.

The observations from the Miyagi earthquake will be described as

. fo 11 ows:

1. The accelerations recorded at the places of Al and A5 in the

roc~ area are quite similar to each other, but the acceleration

at the entrance (A4) is about 2 or 3 times larger than those in

the rock, as shown in Figure 3.23.

2. According to Figure 3.24 the amplification ratio (aA4/aA1 ) of

the acceleration at the entrance can be estimated to be about

two;

3. As shown in Figure 3.25 (a) and 3.26(a), the axial strain of the

tunnel lining EX is uniform along thO€; axis and displays a reas

onably good similarity !o_ ..the cal~ulated rock strain in the axial

direction. EX was obtained as the ratio of the seismic wave

velocity in the rock to the apparent propagation velocity along

the axis. This is based on the assumptions that the recorded
--

wave consisted of only body waves and the propagation velocity
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was constant.

4. Using the time lag betvJeen two observation points -(AI and A5),

the apparent wave propagation velocity along the axis was esti-

mated about 3500 m/sec. This is rather larger than that of the

shear wave vel oci ty·of- the rock whi ch is about 200 m/sec.

5. The axial strain of the tunnel lining is about 30% of the rock

strain. It should be considered that the joints (at intervals

of 12m) in the concrete lining have an effect of reducing the

strain of the tunnel.

6. The circumferential strains at two observation points of S7,

S10 as shown in Figure 3.25(b), which are located at 45 0 of arch,

have a similar wave form but almost opposite phases to each other.

7. The shear strain yyz was calculated by the-multi-reflection theory

under the assumption that it was caused by the seismic motion

that vibrated in the y-direction and propagated in the z-direc-

tion. Furthermore, the normal strains of the rock E and Ez y

were calculated on the assumption that the seismic motion in

the y and z directions propagated iQ the y and z directiDns, re

spectively. The circumferential strain ~t 45 degrees points of

the arch is about 60% of the shear strain of the rock.

8. The apparent wave propagation velocities, estimated from the

time lags between two observation points, were 2900 m/sec and

4500 m/sec in the y and z directions, res·pectively.

9. The strain at the arch crown (S9) has a good similarity with

the composite strain of the normal strain E Z and Ey with the

rate 0.8:0.1, while the strains at side wall (S6, S11) are very

similar to that with the rate 0.5:0.5.
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10. The rate of the strain composition is considered to be influ-

enced not only by the location of the observation point but also

the stiffness of the tunnel lining and rock .

•Figure 3.27). The communication line is a circular steel shield with an outer

diameter of 3m covered by soil around 12m deep. The nature of the soil is

silt and silty soil with a high water table 1m under the ground surface. There

are two manholes 78m apart and seismometers have been installed inside the

duct between the manholes. According to the results obtained from the meas

urement, the records show the axial and transverse acceleration in the duct

are lower than tnat-of the ground surface. The acceleration ratio of at the

duct and ground surface is 70-80% in the axial direction and 60-70% in the

direction perpendicular to the axis.

According to displacement records, displacement at a period of ap-

proximately 0.9 sec is prominent, and this might be the predominant period of

the ground. Axial displacements are measured at cross section C, Q and E.

As shown in Figure 3.27, the point C is midway between the two manholes,

Section Q is 14m away from C, and Section E is 14m away from Q and 6m to tAe

manhole. Based on the records obtained- from measurement, there are no phase

difference among these three points, but the displacement at point C is about

70% of displacement at point E. Note that the movement of point Q is the

same as that of point E. According to these observations, there is a 1 mm

difference produced every 14 m long in the duct, it shows that the average
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strain is ] x 10-4. The accelerations have been observed up tG 70 gals., but

the displacement only up to 3mm. Under such kind of environments, the in

fluences of differential ground movement and manholes may not be significant.

3.4 Laboratory Testings

Vibration tests of scale models of buried pipe segments have been

conducted for the purpose of obtaining the fundamental characteristics of

pipe-soil interaction phenomena. In most of these vibration tests, the scale

model of a buried pipe with the surrounding s~1T~~~~_Lmade of elastic materl?J_.Wth

a slightly viscuous nature, such a silicone rubber (pipe), gelatine gel or

high polymer (soil). Generally, the reduction scale of the model IHas about

1/100 - 1/500. The scale is naturally largely dependent on the size of the

available shaking table.

As to the vibration tests of scale models of tunnels, it can be con-

due ted in similar way like as that of buried pipes in the laboratory.

As indicated, a description on model tests of buried pipes and

tunnels will be narrated as follows:

3.4.1 Buried Pipelines
~

Figure 3.28 shows one example of such a scale model utilized by

Nishio et a1.(36) It is known that the non-uniformity or discontinuity in
-.

soil properties is one of the major causes of damage to buried pipelines in

earthquakes. Therefore, the authors made a model of discontinuous soil struc

ture with a pipeline buried in it and observed its behavior due to the exci-

tations on a shaking table.

The model was made by gelatine and a rubber string to simulate soil

and pipe respectively. The model is in the scale of 1:100 and the shear wave
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velocity in the actual soil is assumed to be 100 m/sec which corresponds to

the case of soft soil deposit while the bed rock is assumed to be so hard

which is regarded as a perfectly rigid body. The specific weight of the soil

is assumed ,to be ~.6 t/m3. A di.mensional analysis on the relationship be

tween the model and the prototype is listed in Table 3.7. They were calcu

lated according to the similarity law based on "the equation of motion assuming

soil layer as a perfectly elastic body. Steel pipe of 750 mm diameter was

simulated by a rub~er string of lOmm diameter in which its elastic modulus
-

permits to keep the similarity in static balance of the pipe-soil interaction.

A number of marks were made on the surface of the model so that the displace-

ment of the ground can be observed and measured. Three accelerometers were

placed on'the surface of the simulated ground and five strain gages were

utilized on the simulated pipeline as shown in Figure 3.28.

The mod€l was placed on a shaking table which vibrated in the hori-

zontal direction in a harmonic motion with varying frequency, as well as in

random motions. The eTastic modulus of the model material was chosen as low

as possible to easily obtain the resonant frequency of modeled ground within

the test frequency range. Therefore, conventional accelerometers and paper

strain gages,which may change the stiffness of the model, were not too

suitable to use. Thus, in most cases, the deformation of the buried pipe and

the surrounding soil was measured by optical metho~s such as a high-speed \

photography. It was rather difficult ~o obtaiA details of pipe-ground inter

action such as the reaction force of the groUnd and pipe strains from these

vibration tests alone. However, this kind of test is quite effective in de

termining the fundamental characteristics of buried pipes and surrounding soil.
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The dynamic behavior of buried pipes observed from the model tests

using shaking tab1e can be described below:

1. The pipe vibrates with natural frequency of the surrounding ground

and the resonant freq~~n~y of ground is barely affected by the

existence of the buried pipe.
--

2. The pipe moves almost the same -as the ground. F~gure 3.29 shows

an example of the distribution of displacement of the soil and

the pipe when excited sinusoidally in the direction of pipeline

axis.

3. The maximum strains take place where the thickness of surface

layer changes sharply.

4. The occurrence of maximum strain may not correspond~o that of

maximum acceleration at the same location, but always take place

at the portion of discontinuity of the surface layer.

Usually the straight pipes can be considered as moving almost the same

as the surrounding ground. However, in case of curved pipelines, axial forces

and bending moments are both produced during earthquakes, As an experimental

study of thi s probl em, a model test (40) was carried out. ,A model of the ground

and pipeline with bent was made with gelatin and a tefton rod, and the displace

ment and strain of curved pipe was· measured as applying shear waves from one

end of gelatin.

As described earlier, the model (Figure 3.30) was placed on a shaking

table which vibrated in the horizontal direction in a harmonic motion with vary-

ing frequency. The instrumentation and measurement to the deformation of the pipe

bent and the surrounding soil is simil ar to that of Ni shio 's experiment. An opt; co. 1

~ethod of the high-speed ~hotography was used to~easure the disolace~ent of the
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buried pipe and the ground during the vibration test.

The results are shown in Figure 3.30(a) in which axial force is pro-

duced in the pipeline in the direction coinciding with the direction of appli-

cation of vibration, while bending moment is produced at the portion of bend.

In° othe pipeline along a direction perpendicular to application of vibration,

almost no bending moment of axial force,occurs. When a coupling (Figure

3.30(b)) connected to the joint between a bend and the pipe is allowed to ro-

tate, the axial for2e, produced in the di~ection coinciding with that of ap-

plication of vibration, is reduced. Note that bendinq ~o~ent ~t the

portion of bend and straight pipe in the direction orthogonal to the direc-

tion of application of vibration is increased, in contrast. Based on the re-

sults observed from test, it can be concluded that the axial strain is domi-

nant in the straight pipe while the bending strain is overwhelming in the

bent pipe.?

3.4.2 Tunnels

(40,41) '0' dot"· . t 1 t .... th tOkamoto and Tamura nave carrle ou an experlmen a es~ ,a a

three-dimensional models of a subaqueous tunnel ~ere built on a shakin9 table and

vibrated for the purpose of investigating the dynamic behavior of the tunnel.

The small scale dynamic models of tunnels were built with cross

section 2.8 em in height and 8.4 cm in width, and submerged in model of soft

ground 2.2 m in length, 1.9 m in width and 10.4-17.8 cm in thickness. The

scale of the model is 1/250. The maferial of the soft ground was gelatin and

that of the tunnels was silicone rubber. Both materials have extremely low

moduli of elasticity. This is good for producing states of resonance at low

frequencies in models menti9~ed previou~ly. The vibration tests were per

formed in the linear elastic domain and only inertia forces were considered.
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The ground was comprised of four different layers, and those thick

ness and modulus of elasticity of each layer was given in Table 3.8. The

ratio of the modulus of elasticity of the softest ground to that of the hardest

ground was 1:6.

The total thickn~ss of tQ§ ~odel of ground layer was 10.4 cm at the

bottom of the water with the thickness gradualTy increased at the slopes until

on land it became 17.3 em. The modulus of elasticity of the model "r,at;er"ial of

tunnel is roughly 500 times that of the soft ground.

The shaking table, on which the model was tested, was of a mechanical

excitation type in which the frequency could be controlled at any desired

constant amplitude. The excitation waveform was simple harmonic with the

frequency range being 0 to 20 Hz.

l'leasurements of displacement were achieved from the records"of still

photograph and motion picture. Black lines are rubber bands embedded to de

termine displacements of ground above or below the submerged tube and the

white spots are targets of paper placed for measurement of displacements of

the ground surface. The displacements of tunnel elements were measured by the

movements of lines on the surfaces of the elements. The frequencies at the

times of measurement were between 2.5 and 14 Hz. - It was,.possible to make the

measurements to an accuracy of about ± 9.1 mm. •

During the vibration tests, a series of resonance vibrations were

arranged to occur in lando, slopes and bottom of channel respectively. The

conclusion on the observations from the vibration tests were described as

follows:

1. The resonance phenomena are comparatively localized. For in

stance, in the case of resonance occurred on the land, the
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displacement distribution of the ground along tunnel axis is

significant, the slope regions are only displaced slightly due

to some effect from the resonance on the land, But there is

almost no influence at the bottom area of channel,

2. A subaqueous tunnel will vibrate at the frequency of the sur-

rounding ground, and deforms correspondingly to the deformation

of the ground.

3. Both ~f bending and axial deformations are visualized in the

subaqueous tunnel during vibrat~on tests. The deformations are

much significant in the slope regions.

4. There is an effect of burjed depth to the dynamic behavior of a

subaqueous ~unnel .

3.5 Testings on Influential Parameters

farthquakes in Japan, Alaska, and California have demonstrated the

vulnerability of underground piping systems to strong ground shaking. The

failure of buried pipes in water supply, natural gas distribution, and sewage

disposal systems presents severe hazards and difficult and expensive repair

problems in urban areas after an earthquake.

The response of buried pipelines during earthquakes is governed by

factors different from those usually considered in other areas of earthquake
\

engineering. In most application of lifeline earthquake engineering techniques,

first, the lengths of the pipes are comparable to seismic wave lengths, and

thus spatial, as well as temporal, variation in the excitation must be consid-

ered. Second, since the pipe is completely surrounded by soil, soil-pipe

interaction is a crucial factor in determining pipe r~sponse to earthquakes.
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Thus, pipe conformance to ground-distortion from traveling seismic waves is

more important than the loading of the pipe from its inertia, Further, it

appears that axial strain in the pipe caused by differential axial displace-

ments and the response near elbows and other discontinuities will be more

critical than response to transverse or oblique waves that travel past straight

lengths of pipe.

Numerous dynamic and static tests of pipe elements have been con-

ducted in order to obtain the restoring force characteristics of the surround-

ing soil, the fl exi bil ity, and the ultimate strength of various types of joints.

3.5.1 Lateral Soil Resistant Characteristics

Large abrupt differential ground movements that might result at a

pipeline crossing of an active fault probably represent the most seismic effect

on a buried pipe. The soil resistant characteristics plays a very important

role in the design of buried pipelines crossing an active faul~. In this re

spect, Audibert and Nyman(5,6,7) :iave_ coni:!uc1:ed-an--exre-rimental test to de-al-I'!~th

the soil restraint on buried rigid conduits subjected to a horizontal motion.

The testing was designed with the following purposes: (a) To study the pipe

soil interaction, (b) to rev-eal the failure mechanisms at- shallow and large

depths of embedment,- (c) to determine the load-displa;ement (p-y) curves, and

(d) to investigate the influence Gf such parameters as depth, embedment ratio,

pipe diameter, and soil density.

All model tests were run in a !esting box, sh?wn in Fig~re 3.31. The

box was filled with air-dried Carver sand, a clean medium sand of glacio

fluvial origin. As shown in Figure 3.31, a horizontal load was applied to the

model conduits by a hydraulic jack pulling on cables secured at the ends of

model conduit. The load was measured directly by a proving ring, and the hori-

zontal movement was recorded by two diel indicators mounted ~n the sides of
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the testing box.

The laboratory testing program was designed to investigate the in-

fluence of soil density, depth of embedment, and pipe diameter. Three sizes

of model conduits were used (a) A I-in. outside diameter (0.0.) model conduit

was tested at cover ratios (depth of cover/pipe diameter) of 1, 3, 6, 12 and

24;"(b) a 2.45-in. 0.0. model conduit was tested at cover ratios of 1, 3, and

6; and (c) a 4.5-in. 0.0. model conduit'was tested at cover ratios of 1 and 2.

Almost all tests were run as strain-controlled tests, but at the
~

beginning oJ ..the.,testin9- program a felt' v,ere run as stress-controlled tests.

During each test the horizontal load applied at the ends of the model conduit

and the corresponding horizontal displacement of the conduit were recorded.

Although the pressure distribution around a buried rigid pipe may

resemble that presented in Figures 3.32 (a) and (b) for conditions before and

after horizontal translation, the equivalent resultant pressure has been sim

plified to the uniform pressure of 3.32(c). The unit pressure, p, is thus

defined as

(3.3)

where P is total horizontal load on conduit; L is length of conduit; and 0 is

outside diameter of conduit.

The soil pressure p was plotted versus the horizontal pipe displace-
'"

ment y. The p~y curves obtained with the I-in. model conduit for cover ratios

varying from 10-240 are shown in Figures 3.33(a) and (b) for loose and dense

sand, respectively. It is apparent that the soil pressure-displacement re

lationship is nonlinear, and it could be approximated by a normalized equa

tion showri as below:
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y
p = -------

0.145 + 0.855Y

where p = p/pu for p ~ Pu' y = Y/Yu for y ~ Yu'

Audibert and Nyman have concluded that the determination of Pu from

the experimental p-y curves is relatively simple because in most cases the

p-y curves reach a well defined plateau. However, Yu is not precisely defined,

and only a range of values can be obtained from the p-y curves. By plotting

the ratio of y /H e versus the depth of embedment, He' for both the loose and

dense sand cases as shown in Figure 3.34, the following conclusions emerge.

In loose sand, the ratio yu/He varies from about 6% for I-in. pipe to about

3% for the 4.5-in. pipe, and appears to t~nd toward an asymptotic value of 2~

for the large diameter pipes. A similar trend is also observed for dense sand,'

yu/He decreasing from 3.5% to an apparent asymptotic val~ of 1.5%. These

values are in close agreement with the results of Das(l6 ) on vertical anchor

plates for which yu/He varies between 2% and 2.4%.

3.5,2 Soil-Pipe Transverse Interaction (X-ray Technigue)

An X-ray detective technique \':as utilJzed by_ N. ~!ishio etal. (37) nnd

\.Jate.ru(50) to clarify-tlie--'e~'r~h ~ressure around a buried pipe and surrounrlin~ __

soil behavior due to the settlement of the adjacent soils. The earth settle-

'ments may be caused by ..e~r.fh.ou'akes.

Due to the exteQded buried pipe, a plane strain condition was con

sidered in this test. Figure 3.35 shows a test installation with a sand con

tainer made of iron. Two aclylic plates'were inserted in the ~indows of both

front and rear walls of sand box. A plastic pipe and an iron flat bar were

used for a buried pipe. The X-ray film was attached behind the rear aclylic

plate to detect the soil rupture plane around the buried pipe. The lead shots

spreading as shown in Figure 3.35 were used to display the surrounding soil

behavior. Several other experimental conditions were listed-in Table 3.9.
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Four different experiments, three for plastic pipe and one for flat

bar, were executed to seek the interaction between the buried pipe and the sur

rounding soil. The earth pressures were measured by a proving ring which

fixed to a vertical rod. The X-ray pictures were taken before and after

lifting the pipe during test. Note that it is important for strain analysis

to determine the location of lead shot accurately. For this purpose, a

special equipment called "X-ray film reader II has been designed for locating
•

the imagr:s oL.l~gd shot~ on X-ray film. Figu.re 3.36 shows the graphical

set-up of the "X-ray film reader".

From the X-ray film, the displacement of those lead shots is thus

determined for strain analysis by using finite element method. As mentioned

earlier, a plane strain case was considered for the extended buried pipe; thus

it is adequate to apply constant strain triangles in the finite element method.

Figure 3 ..37 sho\'ls the element of constant strain triangle. It is commonly

known that the principal strain, the vol metric strain and maximum shear strain

can be calculated from these three components of constant strains of EX' Ey

and v'xy'

From observation of test, the relationship between the earth pressure

and the relative displacement of buried pipe/soil, shows 'a peak pressure at

very small relative movement as shown in Figure 3.~8. The peak value of earth

pressure is quite dependent upon the initial void ratio of backfill. In ad

dition, the growth of rupture planes due to relative displacements between a

pipe and sand can be described very clearly from the photos taken by X-ray.

It is realized that the appearance of rupture planes also greatly depends on

the initial void ratio of sand deposit.~
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The re~earchers have concluded that the method of using X~ray tecn-

nique is considered to be available in the researches of excavations, tunnel

ing on geotechnical problems besides the soil-structure interactions.

3.5.3 Longitudinal Dynamic Soil-Pipe Axial Interaction

Recently, CoTton et al.(15) conducted tests on a 12-inch diameter

actual natural gas pipe, buried in a 15 ft. long and 5 ft.'wide trench, and

up to 27 in. high of sand. The buried test pipes were oscillated in the axial

direction by a hydraulic actuator at frequencies from 0.01 to 12 Hz. From the

measured steady state forces produced on these pipes, the force-time history

can be determined for a similar qipe buried in sard 'i/hen the surrounding earth

is subjected to an arbitrary displacement time history as in an-earthquake.

Figure 3.39 shows the experimental set-up. The apparatus consists of

three sections of natural gas pipe buried end-to-end in a trench. All three

of the 12-3/4 inch outside diameter pipes were wrapped with the same plastic

linings used in service. The pipe covering is soft and allows sand grains to

become partially embedded in it. Also, the wrapped cover has ridges exposed

to the sand. Therefore, for large pipe displacem~nts slip ?~tually occurs in

the sand near the pipe. The middle pipe is the test ~ipe. An important

feature of this configuration is the pipes on each end of the test pipe, which

are stationary during the test. A gap was provided between the test pipe and

each of the stationary end pipes to allow for the relative motion of the pipes

during testing. As shown in Figure 3.39, the gap is sealed from the soil by

a rubber tube wrapped around the end portion of the test pipe and the stationary

pipe.

The pipes were placed in 2-foot-wide, 30-foot-long trench and back

filled with Olympia No.2 sand. In the first test series, the IS-foot-long

-46-



pipe was covered with sand 27 inches deep after compaction. In the second

test series, the 5-foot-long pipe was covered with 12 inches of sand. The

ratio of void volume to solid sand was in the range of 0.58 to 0.62. The

moisture content of the compacted sand was about 4 to 5% by weight.

The test pipe was oscillated by a hydraulic actuator situated in a

pit adjacent to the trench. Connected to the actuator is an aluminum nush-rod

attached to the cro~s-shaped aluminum link. The crosslink is bolted to the

wall of the test pipe. During the tests, the displacement was controlled to

follow a specified waveform and frequency, while the resulting load was

measured.

Instrumentation consisted of displacement, force, and acceleration

gages. One LVOT and one piezoresistive-type load cell was factory installed

in the actuator to control or monitor the displacement and force exerted by

the actuator piston. A second LVOT was used to measure directly the displace

ment of the test pipe relative to one of the stationary pipes. In the test

pipe, two slip gages were mounted to measure the slip between the pipe and

the surrounding soil as shown in Figure 3.39. Slip was measured by LVOT with

its body mounted to the inside of the test pipe and its armature connected to

a I-inch sq~are aluminum plate ~ inch thick that acted as a vain which moves

with the sand. An accelerometer was buried in the soil 4 inches above the. top

of the pipe to measure soil acceleration.

Two series of tests were performed. In the first series, only

tests with displacement less than 0.015 inch were performed. In these tests,

no slip or only small slip were produced between the pipe and the sand because

the force delivered by the actuator and pump system was limited to 5500 pounds.

In the second series, the pipe length was reduced to 5 feet and the soil cover

was reduced to 12 inches so that both large-displacement and additional small-
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displacement tests could be performed. The tests with large displacements are

more typical of those produced in earthquakes that damage pipelines. In all

tests, the inertia forces of the pipe are small compared to the resistance

forces from the sand.

'The force-displa.cement relations measured at different frequencies

in tests of similar small displacements with no slip are shown in Figure 3.4n,

Figure 3.41 shows data for a test at 0.1 Hz with the displacement of the test

pipe still small,.but large enough to produce some slip between the pipe and

the sand. For a large displacement test at 1.0 Hz on the 5-foot test pipe,

the force-displacement curve (Figure 3.42) has a sudden, large change in the

slop when slip occurs.

From observations obtained during tests, the conclusions made by

researchers can be described as follows.

1. At displacements less than about 0.01 inch, no slip occurred

between the pipe and the sand.

2. At larger displacements, the pipe slips relative to the sand.

The zone of slip is actually in the sand near the pipe.

3. During loading, the force-displacement relation is linear at

small displacements. At larger displacements, the slip zone

is formed and the slope of the force-displacement relation

decreases.

4. As the slip zone encompasses the pipe, the slope of the force

displacement relation decre~ses at increa~ing displa~ements

until at large displacements, the force is almost constant.

5. During unloading, the nonlinear characteristic of the force

displacement relation is again a dominant feature.
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Also, under the direction of the Senior author of this report, Jala

vand(29) has performed some laboratory tests on the longitudinal soil resistance

using the MTS dynamic actuator at the Fears Structural Engineering Laboratory

of the University of Oklahoma. The set-up of the test system is shown in

Figure 3.43 and the pipe specimen is embedded in a wooden sand box.

The steel pipe with diameter of 12'1 is buried under sand varying from

no cover to an equivalence of 24" buried depth. The test frequency is varied

from 0 Hz to 6 Hz. T~e time history of a test sample with 6 inch buried depth

and frequency of i'Hz is shown in Figure 3.44 and the load-displacement curve

is shown in Figure 3.45.

The results obtained are quite similar to those obtained by Colton

et al. (15) with only a fraction of the cost. The effectiveness of laboratory

test is recognized.

3.5.4 Resistance Characteristics of Pipe Joints
_.

For segmented lifelines, the flexibility or ductility of joints plays

an' important role in the seismic resistnace of a pipeline. Unfortunately, there

are limited data on the joint resistant characteristics available.

Recently, Singhal et al. (44) at Arizona State University have per-

formed some tests on joint resistance to axial load and bending. The objective

of this study ~as to experimentally determine the structural behavior and stiff

ness characteristics of 'push-on rubber gasket 1 joinfs of ductile iron pipes:"

The test fixtures for axial and bendin~ are shown in Figures 3.46 and 3.47,

respectively. A sample test for axial force and bending moment are given in

Figures 3.48 and 3.49. In conclusion, the paper provides an actual stress-strain

curve for tGe rubber gasket materials. Static and cyclic moment-deflection

curves are initially linear. Values of permanent deflections for bending tests
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are also obtained. Initial and recycled slip loads were determined from axial

pull-out tests and the rate of axial pull-out is load dependent.

Under the supervision of the senior author, Getaz(21) has performed

tests to determine the forc~ and el.~ngation or shortening resistant character

istics for rubber gasket bell and spigot joint ot concrete pipes as well as

ductile iron pipe. The tests were done by an Instron Machine~ The schematic

of the test set-up is shown in Figure 3.50. A sample of load-elongation curve

for an 8" ductile iron pjpe joint is shown in Figure 3.51. In the study, the

following specific parameters were investigated:

1. The modulus or spring constant of the rubber gasket joint.

2.. The ultimate pull-out force.

3. The ultimate pull-out elongation.

4. The ductile stiffness.

The results of above parameters are given in the report(21) and thus

will not be repeated.
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Table 3.1

Results of Load Tests

EXPEHltmHAL STRESS 2~10VEt~EN T 1

flo

Inch

CALCULATED CALCULATED DEFLECTlal CALCULATEDt=="'=.....,+--.--,l--,.--j--rl"'-·--';4'1---;' CROWN V I' V HOOP
I H V ~1AXi~. r~lN. SHEAR HO~r (3 Haxm~joop :PRESSURE3, E~lPIRI~AL, IINALYTICAL ~T~ESS

LOAD TY"PE

82

896

1787

2132

2830

2730

2923

2915

1207

."11.5

a
.aOl

.'l08

.Oll

.0')5

.008

.40

o
.03

.324.27

5.75

o

0:19

o

7474

6364

5492

o
o

1874

1196

o

4182

5492

3717

3598

o

.158

-.005

-.002

-.003

o

.005

.017

.003

-.160

104

104

104

104

7. 4600-S4 Crane

2. Backfill only

3. Backfill only.

1. No Backfill 0
I

I
: 35

! 85
I

4. Backfill only.,
I

5. F-9000 Dump Truc~. I
6. 350- Payhau 1er .

Q 0

-9015 3737

-9292 5205

-12693 5471

-12589 5406 lfJ37 7304 2.76 .19

.008 1-.010 12988 1-11699 5111 1345 6196 4.40 .30

.067 -.078 7146 -12479 3416 1644 4982 7.728 .53

8. Backfill ohly 198 I .054 -.039 4116 -6635 2391 2740 5760 13.0 .82 I .025

9. F-900DDump\ruck 198 I0.0 -.002 6708 ,-5598 "439 -193 6812 0.92 .06 I .002

1O.350-PaYhauler 198 i .001 -.002 6501 ;-5426 'D07 -87 6526 0.88 I .06 I .002

11. 4600-'S4 C~ane 198 .00:. ~_~0~~ __ :_15~_.t4~6~ J~~~2_J_~~6~_ :_1_ 3'~1 .,20 I .006 1
3406

I
(J1
I-'
I

Notes: 1. r~ovement of point 'a' for a loading is due to that loading only.

2. Stresses are Principal stresses acting @ a. These stresses are due

to tota I load o( the equi pment and soil.

3. Crown Pressure is due to the particular load only.

4. Hoop stress is calculated by subtracting stress of load type 2 from
other stresses
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Table 3.2

Resul tS" of Stress--Analysi-s--- -- ------.

Dynamite proc. I Shear proc. Air-gun proc.

Dr DID ! SE( x} SJl[(y) I Ali I Am
Vibration period (sec,) 0.3 I 0.3 I 0.5 10.4-0.8 003- 0.C81005-0.o8
Max. slraln recorded (xI0- 6 ) 4.0 3.0 i 0.2 0.5 0.8 1.2

I (+) I 2.8 1.2 I 0.28 \ 0.38
I

0.28
I

0.63
53 \

I (- ) I 2.5 1.0 : 0.19 i 0.24 0.66 0.80

i (+ ) : 2.35
I

1.2 I 024
I

0.28 I - I -
Max. axial force 536

\I (- ) 1.65 0.8 I 0.18 0.22 I - -
(t. )

I

I I:: \ 2.75 1,9 I g:24 1 0.38 .l 0.28
I

0.36S4
I.

i
2. 75 1.5 1-9 0.25 0.19 0.36

Max. bending S3 0.34 0.30

I
0.014 0.07 0.14 0.14

moment. (t.. m) S 36" 0.45 0.34 0.067 0.14 - -
S4 0.37 0.50 0.027 0.06 0.07 0.09

HafiZ. 2-3 I I 2 ..... 4 2 I I
oAf 1M Vert. 1.5 1 I 2 I 0.6 I - ! -

(+) '. TenSion ( - ) : CompreSSi on OA: AXlo 1 stress
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Table 3 .3 list of Earthquakes (YOKOHAMA)
Euth~

qua~t'...
Lu('alion of ()rlgin .-J 'wplh IEpl('t'nlral ; Ilnl~nSjl), HMax. A('c. {gQL)__J~_~"'" I~I ~~I"

[).t~ ~"i~~;~-I;d-r--(-i\1Ti~-~'~;I~~d;--(iJl (A.) D,sU:Il' I M~l!n!ludr ·'(J11~ro x' '-r-YI-£I--A~i~-I-~- N. A.

150 ¢

SIf'f'I'Plpr~:~~2_:::;= _~~~:t~~~l~~~f~;i;~~'_~: ;__ ;5~:~~ ~;~~;_;;:1I::
IlK4 ~~_~Ia-,,-h!jojim. ~_ 60 270 7 ;--t-.-:IV 260 260 11.51 284

33' 12 --,- --141' 05 -r o.or o••r I--------- --- ... ------------~ .....-.-- --- ---f.--.--- --- -- .---------
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Ta b1e 3.7 Scale Factor; of Model to Prototype

.\'011' Scale Factors

Length L 1Lm/Lp= ;: 1
100

Time T Tm!TP=lJ"EP.~m 0.389, ). Em pp
Acceler- ! / _ Em pp

;

alion 0 . am op- )..-.- 0.066I Ep .om ,
I

Strain £ Iernie p 1.000 I
Young's

E IEm/Ep
! 1

modulus
.. ,

2.500I !

~Iass p IpmlPP I 0.606
!

Tab1e 3. S Properties of soil layers for dynamic tunnel model

Thickness
(mm)

Channel
Young's modulus Thickness

(gmicm') (mm)

Land·
Young's modulus

(gm,'cm')

First layer
&cond layer
Third layer

24
40
40

40
90

230

42
96
40

240
90

230

Table 3,9

_i Flat 8ar----...-9.'07m------
18 el:l

2&.5 em
Toyoura dry sand
0.5 11m/min

Experiment Conditions
-----------~

! Pipe
dia~eter or width 18.9 em

length : 18 em
depth - ~£.S em
backfill Toyoura dry sand
speed of lifting 0.5 mm/min

_ -- __I • __ • ._. ..

0.57
initial void ratio 0.77

0.92
0.58
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Figure 3.17 Arrangementoflmtruments
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Power spectra of strain

Figure 3.27
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Strain Analysis with Employing
Constant Strain Triangle

Figure 3.37

.--------- --

voi d ratio. _ 068

;- 1~0-- Z~O ~:.:O:..._. ..:40

'"..,

E
Z
-"
~

'"\

~o

lJ j 'j

""7

so

. ., eo

void ratio

.•... ~

2010

l
I

~o

r"
3"~'~-.o:"~---------+--"----r----..---

.,;,.-;:.\ I ,'I: ..::::-~ I
~..-.:'.I··'~'r""""'1'" ,... to,"

...
Q.

"0
C

'"o
'
'"
C'
C

"0

'"o
--'

....
'...

:>

-'"..,

Displacements between Pipe ~ Sand in mm Displacements between Flat Bar ~ Sand in ~~

Earth Pressure around a Pipe
due to its Lifting

Earth Pressure on a Flat Bar
due to its Lifting

Figure 3.38

-72-



Pipe Wall

CONNECTION
BETWEEN PIPES

LVOT
Connecting LVOT LV'OT

Rod \~

Slip Gage Housing and Bearings
for the Connecting Rod

DISPLACEMENT GAGE
AND CROSS LINK

SLIP MEASUREMENT
APPARATUS

Figure 3.39 Details of Experimental Set-up

-73-



2000

0.1 Hz (Test 149)

1500 --- 3 Hz (Test 151)
---- -- 6 Hz (Test 152)
.... " .. " .. 12 Hz (Test 153)

1000 .'

.I:J

500 .'\

W
U ..
a: . .
0 0 . ... .
u.. ...' .

.'

-500

-1000

0.0030.002-0.001 0.0000.001
DISPLACEMENT - inch

-0.002

-1500 L...- ..L.- ....L.- ....L- -J- --'- ....J

-0.003

JA':'317583-40

Fi gure 3.40 TESTS PRODUCING SMALL DISPLACEMENTS AND NO SLIP
AT DIFFERENT FREQUENCIES

IS-foot-Iong pipe, 12-inch sand cover)

0.040.020.00-D.02

\Y;)
Ir

--

J 1/
/-V -.

J/I

o

-4000

-BOOO
-D.04

6000

4000

w
u
a:
o -2000
u..

::9 2000

DISPLACEMENT - inch
Figure 3.41 Test Producing Small Displacement and Small

Slip at a low Frequency
-74-



0.0 0.5 1.0 1.5 2.0 2.5 3.0

TIME - sec
(a)

,..
/ 1\ 11\ f '\

/ / \ / \
f\ f !
J I \

J
\

[f- Sli,/\\ I \ I '-
I \ II

4000

2000

-4000
0.0 0.5 1.0 1.5 2.0 2.5 3.(

TIME - sec
(b)

w --0
u
Ct:
o
Ll.. -2000

( '\ ( \ ( \
"j

0'

j \ - j \
f /. \ I \
f \ I \ f
I \ / \ I
I \ t \ I

I- \ / \ I
.J \ f+) \ )

.-

0.004

.r:: 0.008
u
c

l
Z '.:g 0.0
w
u:s -0.004
a..
til

CJ -0.008

-4000
-0.100

o

0.100 0.0 0.5 1.0 1.5 2.0 2.5 3.0

TIME - sec
(d)

4000

~ 2000

w
u
a:
o
u..

-2000

--
~)

~
~

If - /:
•. f; //

g, ~I~

II -e:;:;~

-0.05 0.0 0.05

DISPLACEMENT - inch

Ie)

-5 0.08
.S

I 0.04
:E
~ 0
f
o
co
f- -0.04
<t
0..
:::i -0.08
(/)

f-I /--. 1M
\ f \ I \
\ I \ I \
\ I \ I \
\ / \ / \ ,r

'...,.J \,~ ~

TEST PRODUCING LARGE DISPLACEMENT AND LARGE SliP
AT A lOW FREQUENCY \

(Test No. 134, 1.0 Hz, 5-foot-long pipe, 12-inch sand cover)

Figure 3.42

-75-



DETA:L OF EXPEf~IHENTAL AP~JARATUS

/1:OOlTS

II ., ' • •~..-.--.---.--::.~.. .. . .. .. .. . .. .. . .. 'i1
r· •••••••••~L-.J

TOP VIEW

1" ,
SCALE: '2 d.o
S I Z[ =J

, /~

.. 1 ..
C1S>< 20 -r• 1.
C15><8 2 FR/'d:E

- -_·~--·-I

1::'HOLE5

WOOD BOX

· .
· .· .

FRONT VIEW

r '" . / [·BEAM

III /
I

ENO PIPE
_TEST PIF'E

/ 1~80L T S

. "'" ; [
:1~[J l·~--·-·---·-~--.l. . ,.

~.·~·L·

..

I
-...j

(J)

I

r\\;\''\/ ,..
,<\Z\,J,'/

>/

Figure 3.43 Set-up at au for Experiments on Dynamic Soil Axial
Resistance to Pipe Motion



12·DIA.ROUGH SURFACE STEEL PIPEI 6.0-INCHES SAND COVER1 & t.0 HZ (TEST+l)
1.0 ;

0.8

D 0.6

I
S 0.4p
L;
A 0.2
C

I E
:::j M 0.0
I

Ei
,N
T -0.2

I
N -0.4
.

-13.6

-3.8

-1.0
0 1 2 3 4 5 6 7 8

,,.

9 to
,~,/'

TIME" SEC.
Figure 3.44 Displacement - Time History



o.0, I I § I I I I I II I I

1.5

-1.0

-2.0

-2.5

-0.40 -0.32 -0.24 -0.16 -0.08 0.00 0.08 0.16 0.24 0.32 0.40
DISPLACEMENT J IN.

Figure 3.45 Load Displacement Relationship

2.0

12·DIA.ROUGH SURFACE STEEL PIPEJ 6.0-INCHES SAND COVER/& 1.0 HZ (1ES1fl)
2.5

-1.5

;,

L 1.0o
A
D 0.5

I
'-J

~K

I
P -0.5
S
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CHAPTER IV

ABOVE-GROUND LIFELINE SYSTEMS

4.1 Introduction

- Considerable earthquake -research has been initiated and conducted by

many organizations during the past several years in order to refine structural

analyses, response predictions, buildin~ codes and specifications. This has

provided the engineer with some background and capabilities necessary to de-

sign and construct modern structures"to resist force developed during periods
" "

of moderate to strong earthquakes. Most of this research has been primarily

in the field of building construction. However, the fields of bridge, pipe-

line and nuclear power plant construction have recently begun to receive some

attention.

In general, the above-ground lifeline system covers the above-ground

pipeline, _highway--: railway, electrical transmission line and long span bridges,

etc. The seismic responses of above-ground lifeline system during earthquake

is quite similar to that of below ground lifelines described in Chapter III.

Again, either the field investigation of past damages observed during earth-

quake or experimental study conducted in a laboratory can be applied to obtain

the seismic behaviors of the above-ground lifeline. Note that in this Chapter

the seismic study on above-ground p~pelines is confined to the damages only

because very few data are available.

Various experiments conducte~ to investigate the dynamic response of

above-ground lifeline during excitation were classified as: (1) Seismic ob

servations during earthquakes; (2) field tests of full-scale structure; and

(3) model tests on shaking table. Those above experimental methods will be

presented in the following sections.
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4.2 Seismic Observation

4.2.1 Bridges

In order to understand. the behaviors of bridges during earthquakes,

many sei smic observation/10 ) hav~'- b~en conducted by installing sei smographs

on bridges and on the ground sites near bridges. Figure 4.1 and 4.2 show the

accelerograms recorded from Shin-Katsushika Bridge and Hirai Bridge respectively
-

during the Higashi Matsuyama earthquake (July 1,1968, M=6.1). The epicentral

distance for both bridges were about 60 km.

For soil condition, a thick layer of medium-grained sand is underlaid

beneath the site of Shin-Katsushika Bridge, a~d the Hirai Bridge is supported

on the thick layers of fine sand and silt. Some measurement during earthquake

were listed in Table 4.1.

Accord~ng to the observed records, the natural vibrations were occur-

ring on the bridges during the earthquake. The maximum acceleration at girders

are 40% greater than that of ground site. Note that the major vibration per-

iods of the bridges observed during the earthquake are considerably longer

than the natural peri ods obtained from vi brati on fests. .- --
..

From comparison of two accelerograms as shown in Figure 4.1 and 4.2,it

isobsel"ved that the amplitude of -vibration recorded·.from Shin-Katsushika Bridge

is much greater than that of Hirai Bridge although their epicentral di~tances

are almost same. The influences on the ~mplitudes of vjbrati~ns ~ay be due

to the different ground soil conditions between these two bridge sites. Qual-

itatively it is, in general, apparent that deep deposits of soft soils tend

to produce ground surface motions having predominantly long-period character-

istics, with the result that they produce their maximum effects on long-period

structures. As mentioned previously, the Shin-Katsushika Bridge is supported
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on the thick soft layers of fine sand and silt.

Figure 4.3 shows the relationship between maximum accelerations on

the ground and those at the tops of piers. The investigation on maximum ac

celerations was based on the observations recorded from the strong motion seis- .

mographs those installed at bridges scattered over entire country of Japan.

Twenty-eight bridges were investigated. Among those bridge sites, the soil

conditions are varyi~g from cohesive soil to soft rock. Many types of pier

foundatiohssUch-as footing, caisson and pile-foundation etc. were chosen

during designing and construction. Except three bridges of them, the heights

of piers were generally less than 10m above ground surface.

From Figure 4.3, it is possible to recognize a trend: the maximum

acceleration at the tops of piers was much higher than that on the groun~

level. The magnific~tion ratio of maximum acceleration of pier top to that

of the ground level was high up to 3 when ground accelerations were small; but

the ratio became smaller if the 9round acceleration increased. The ratio was

about 1.5 as maximum ground acceleration increased to about 100 gal.

Kuribayashi and Iwasaki(32) have also conducted an investigation to

observe the seismic responses of Ochiai bridge during the swarm of earthquakes

at Matsushiro within the period of mid 1965 to April of 1966. From obtained

records, the Matsushiro earthquakes seem to show the characteristics of rela~

tively short period from 0.1 to 0.2 s~cgDds. But the natural period of the

bridge is 0.35 seconds and the damping ratio is about 10% during the free vi

bration along the bridge axis. The relationship between the response at bridge

top and gr~und acceleration was shown in Figure 4.4. It is obvious that the

rate of increase of the maximum response~cceleration tends to decrease in

accordance with the increase of the absolute maximum value of the ground
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acceleration. Thus a regression equation was used to express the above rela-

tion. The equation is

As =8.33~ ,in gal. (4.1)

where A represents absolute maximum response accelerations on the super-s .

structure, and Ag represents absolute maximum ground accelerations.

It is apparent that the magnificati~n of seismic response on super

structure of bridge is significant during ground excitation induced by earth-

quake.

4.2.2 Above-Ground Pipelines

In examining recent studies(23,24) on dynamic responses-of pipelines

during seismic excitation, it shows that many investigations on buried pipe

lines were conducted to observe their seismic behaviors (including damage) in

the field or in the laboratory; but very few attentions were paid to the above

ground pipelines. Based upon the pas~ damage reports observed during earth

quakes, a description was presented herein to describe the possible failure

modes and seismic responses of above-ground pipellnes,

The response of a structure or element is dependent on its strength,

damping characteristics, and the stress-strain or load-deformation relation-

ship for the structure or element considered. For above-ground pipelines the

motion of the ground is imparted to the pipe through the piers- or ~upports

under the pipe. The deformation of these supports must be considered to avoid

tipping or tilting. Of course, liquefacticn of the foundation material, or

landslide under the support can mean loss of that support.
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Consideration must also be given to the relative motions arising from

faults crossing the pipeline. Vertical and horizontal displacements of several

feet might occur where fault motions take place, and might cause various fail

ure on above-ground pipelines such as buckling, rupture and bending, etc.

-In liquefiable zone, it is also very important to ensure that lique

fact·ion does not result in failure or large relative.movement of these supports.

This consideration requires that the pile supports extend through the lique

faction zone and are founded in competent soil beneath. With properly designed

support structu!~$, abov~ ground placement 'of .the pi pel ine genera lly represents

a desirable method of crossing liquefaction regions from a seismic standpoint.

4.3 Field Tests

Performing actual tests on full-scale structures is the only sure way

of assessing the reliability of various assumptions employed in formulating

mathematical or finite element models of structures. It is also the most re-

liable way of determining the parameters of major interest in structural dy-

namics problems, such as natural frequencies, mode shapes, and damping.

A number of tests on full scale of above-ground lifelines, especially

for highway bridges, have been performed to investigate the dynamic behaviors

of above-ground lifeline. For instance, for investigating of dynamic responses

of bridges, wtnd and earthquake were the usual source of excitation; but the

occurrence of wind/earthquake is unpredictable and out of control. There are

so far two other means to induce vibration during test, they are: (1) High

speed vehicular traffic, and (2) quick-release· pullback.

4.3.1 Ambient Vibration Tests of Suspension Bridges(1,2,3)

In this investigation, a structural measuring technique using vehicular

traffic-induced vibrations was developed for full-scale testing of suspension

bridges. The technique incorporates new experimental procedures, improved
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deployment and orientation of sensing instruments, and high resolution of the

measured data. It has been applied to the Vincent-Thomas Suspension Bridge

at Los Angeles Harbor to determine natural frequencies and mode shapes of ver-

tical, torsional, and lateral vibrations and al~o to estimate the damping of

the structure.

The Vincent-Thomas Bridge (Figures 4.5 and 4.6) was constructed in

the early 1960's across the Main Channel of Los Angeles Harbor from San Pedro

to Terminal Island. Its superstructure consists of a 1,500 ft. (458 m) center

span, two 506.5 ft. (1~5_~)_ side spans and the width is 52 ft. (16 m). The cable has

a vertical sag of 150 ft. (46 m) at the center of the main span. The suspended

structure consists of two stiffening trusses, trussed floor beams, and a lower

chord wind bracing of K-truss type. The tower legs (336 ft. (103 m) high)

have sections of cruciform design.

The uncoupled vibrational modes of a suspension bridge may be classi-

fied as vertical, torsional, and lateral (Figure 4.7).

The measurements of the dynamic characteristics of the bridge were

carried out wfth the following instruments.
•1. Kinemetrics SS-l Ranger Seismometer - Eight short-period (close

to 1 se~), velocity-type transducers were used to measure motions caused main-

ly by traffic. Four of them were used to simultaneously measure vertical

(seismometers A and S) and lateral (seismometers C and 0) motions (Figure 4.5)
... '.. -

and were moved to various cross sections of the stiffening structure (Figure

4.6). Four reference seismometers (RA, RB, RC and RD) were permanently located

at reference points on cross section R. They were oriented in directions cor-

responding to seismometers A, B, C, ·and D.
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2. Kinemetrics SC-l Signal Conditioner - Two four-channel signal

conditioner were used to amplify, filter, and simultaneously control the eight

outputs from the seismometers. Each channel of the signal conditioners is

adjustable to provi.de displacement, velocity, or acceleration outputs. During

the tests, all frequencies higher than 3 Hz were filtered out. The two signal

conditioners utilized an AC power source in the tower leg.

3. HP 3960A Instrumentation Tape Recorder - The amplified and fil-

•tered signals were recorded on two four-channel tape recorders.

4. HP 7418A Oscillographic Recorder - The measurements taken during

the tests were monitored on an eight-channel Oscillographic recorder enabling

an immediate visual inspection of the bridge response during each measurement.

5. Kinemetrics DDS-II03 Electronic Ana1og-Digital Converter - In the

dynamic laboratory, the recorded analog signals on the tapes were digitized

for computer processing, using an analog-to-digital converter.

The Measuring Procedures are depicted as follows.

1. Installation - The recording instruments, consisting of the signal

conditioners, the tape recorders, and the oscillographic recorder, were placed

in a traffic lane close to the tower leg. The eight seismometers were first

placed at the reference station for calibration. They were connected to the

recording instruments by means of electrical cables.

2.
"

Operation - Since the natural frequ~ncies of the seismometers a~e

in the range of the measured frequenctes-and since the natural period and

damping are different for each instrument, the' transfer functions of the in-

struments are not identical. Consequently, relative calibration must be made

at all the' frequencies of interest. To achieve this, the instruments were

alined side by side at one location (Station R). Four seismometers (A, S, RA,

and RB) were in the vertical direction and the other four seismometers
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(C, D, RC, and RD) were in the lateral direction.

3. Recording - The recording began after several minutes of visual

monitoring of the vibrations (by the oscillograph recorder), during which fine

adjustments were made. Vertical as well as lateral vibrational motions were

., recorded for about 10 minutes during the first calibration run. Then seismo-

meters A, B, C, and 0 were deployed, each with its reference seismometer, as

in Figure 4.5, where the adjustment and recording repeated. The foregoing pro

cedures were then repeated for stations 2-16 (Figure 4.6). In all tests, the

velocity circuits of· two signal conditioners were used to measure the motion

due to higher modes since these enhance the higher frequencies of the motion.

There was very little wind during the 2 days of tests, so the vibrations of the

bridge were mainly caused by vehicular traffic.

After recording the experimental data, a Fast Fourier Transform was

then ~omputed for each seismometer record. The spectral were next smoothed

with one pass of a Hanning Window (1/4, 1/2 and 1/2 weights). This smoothing

facilitates selection of the natural frequencies and, thus, identification of

associated modes of vibration. Phase spectral wer:e used .to.detennine the sign

(in-phase or 1800 out-of-phase) of the model amplitude~.

To determine the mode shape, the smoothed spectral amplitude of the

response at a given station was divided by the smoothed spectral ampli.tude of

the simultaneously recorded response at the reference station. In this way,

an amplitude was obtained proportional to the mode shape amplitude 'at that

station for a given frequency of vibration; relative calibration was made at

all frequencies of interest. Repeating this procedure for all stations where

measurements were made, the mode shape amplitudes were determined. The phase

of the response was compared to that of the reference instrument to determine
-90-



the sign of the modal amplitude. The frequency resolution was 0.0037 Hz,

which proved to be high resolution.

The mode shapes and natural frequencies determined by the ambient

tests of_ th~ Vinceot-Thomas Suspe~sion Bridge are compared in Figure 4.8, to

those obtairied by finite element analYSis(l,2) . .f1gure _~~8 !5hows only an example

of five types of vibrations which including t~e-symmetric and anti-symmetric

for both of vertical and torsional vibrations, and sYmmetric for lateral

vibration.

Figure 4.9, which summarizes the comparison between the computed and

measured frequencies and modes for vertical, torsional, and lateral vibrations

shows quite good agreement, thus confirming the validity of the method of

dynamic analysis developed for suspension bridges and also the reliability of

the measurements.

Estimated damping values from ambient vibration tests could be obtained

by the method of half-power bandwidth of the Fourier spectrum peaks; but it is

unlikely that an accurate estimate will be obtained. Several factors contri-

bute to errors in the computed damping values: (1) The vibration of the bridge

is nonstationary random process; (2) the presence of adjacent peaks in the

spectrum, either due to closely space model peaks or due to spectral overlap,

can cause difficulty in estimating damping values; and (3) for some of the

modes, it is difficult to find a spectral peak whose width can be properly \

measured.

Finally, this comparison between meaiured and computed natural fre

quencies and mode shapes suggests for future earthquake-resistance analyses

that computed values can, indeed, be representative of the real structure.
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4.3.2 Quick-Release Pullback Technique for Highway Bridges

The body of experimental knowledge regarding the transverse response

of full scale high\'lay bridges from both the static and dynamic point of view
_.

is in its infancy. Most of tests on full scal~ bridges have been performed

to measure only the ve~tical static and dynamic response of highway bridges.

Douglas et al. (17,18) have examined tr.e dynamic behaviors of a concrete ?

bridge subjected to extensive dynamic field tests at Rose Creek. This sym

metrical bridge (Figures 4.10 and 4.11) is a 400-foot long reinforced concrete

box girder bridge supported by four single column piers. The piers and abut-

ments are supported on pile foundations because the soil profile consists, in

general, of a layer of soft clay over a layer of stiff clay on Qense sand and
- -

gravel. The deck is supported on the abutment foundations by five elastomeric

bearing pads. At the abutments, the only mechanism which is effective in trans-

mitting lateral and longitudinal loads from deck to the abutments consists of

the elastomeric pads.

During tests, the experimental dynamic excitations were produced by

pulling on th~ bridges with two 0-8 crawler tractGrs and ~imultaneously quick

releasing the cable tensions. Mechanical quick-relea~e hooks were developed

with electrical solenoid triggers ,to achieve simultaneous quick release of the

cables. Twenty five thousand pound cable tensions were used during t~~ course

of these experiments. Vertical motions were caused by running a loaded sand

truck off small ramps.

Accelerometer vibration data were recorded on FM tape for analysis.

Mode shapes and natural frequencies were obtained by using the Fourier trans

form of the recorded field acceleration data. Damping estimates were calcu-

lated by using a moving window Fourier transform.
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From the quick-release pullback data the first four mode shapes were

identified. These are presented in Figures 4.12 and 4.13. The black dots re-

present the experiment values and the vertical bars represent cases uncertain

ties in the ~easurements. From tbe sand truck vertical motion data the first,

third and fourth mode shapes were identified and first five natural frequencies

were obtained (Table 4.2). Damping estimates in-vertical modes I, 3, 4 and 5

were also listed in Table 4.2. The first five transverse natural frequencies

were also found alon~ with estimates of the modal damping ratios listed in

Table 4.2.

An analytical model was used to confirm the dynamic performance of

the bridge. A lumped mass space frame model was developed by breaking the

bridge deck into elements five feet long and the columns into five elements.

The SAP IV program was used for carrying out dynamic response calculations

for the 106 member space frame. Table 4.2 shows that agreement between the

experimental frequencies and calculated frequencies is excellent considering

the small number of parameters used in the model. In Figures 4.12 and 4.13

the experimental mode shapes are given as the solid black dots. The solid

lines rep~esent the mode shapes obtained from the analytic model. Agreement

is also good.

A remark of conclusion on the field test of quick-release pullback

method was described as follows:

1. The quick-release pul1bac*-dynamic ~ests and vertical motion

tests v/ere very effective for purposes of identifying the significant struc-

tura1 dynamic characteristics of the bridge at Rose Creek.

2; From this study, it is apparent that soil structure interaction

effects can greatly affect the distribution of seismic loads in bridges, and
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3. The experimental techniques were effective in identifying the

structural properties of the reinforced concrete members.

4. The Rose Creek experimental results suggest that these methods

may be useful in indicating whether concrete bridges have been overloaded

during their lifetime.

4.4 Laboratory Testings (Model Test)

4.4.1 Dynamic Model Studies of Bridges

Godden and Aslam(22) have conducted an experimental model test to

examine the dynamic response of the Ruck-A-Chunky Brigge_crossing the Middle

Fork of the American River in Northern California (Figure 4.14).

The purpose of the model study was two fold. Firstly, to verify the

accuracy of the analytical procedure being used to determine the seismic re-

sponse of the bridge. Secondly, to identify behavioral characteristics not

considered in the analysis that might affect the design of the structure.

The model was used to study the global behavior of the bridge within
•

the limits of elastic behavior. The design of the model was based on repro

ducing to scale the following structural quantities: (1) Global geometry:

This included the location of all cable anchorages, the neutral axis of the

girder, and its center of gravity; (2) cable properties~ axial flexibility

and weight per foot; (3) girder properties: Ix' Iy ' J z ' A, weight per foot,

and the appropriate distribution of mass for vertical, horizontal, and tor

sional vibrations; and (4) damping: the damping characteristics of the model

had to be similar to those of the prototype, and neither the design of the

model nor the instrumentation could introduce'excess damping:
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The model and its supporting frame were designed as a system. This

was essential to prevent interaction between the two and to ensure that the

table motions were accurately applied to the model. In this study, the model

sca 1e ofl/ZPO Itia s se1eCt2u ... - The model was construct~d on the shaking

. table \'Jhich contributed a dynamic excitation to the model. Shaking.

table tests on a small-scale model structure haVe certain limitations. The

applied ground motions are essentially rigid-body motions in which all points

on the ground have t~e same displacement time history, and there is no simple

means of studying the effects of differential ground motion.

Instrumentation in a very flexible model has to be carefully designed;

it must not add significant mass, stiffness, or damping to the system, thus it

~s not posSible to use such devices a~ LVOT to measure dynamic displacements.

Eight cable forces were measured by the leaf spring devices. Girder forces

were measured at ~hree cross sections: midspan, quarterspan, and at one abut-

ment. Strain gages mounted at these sections were used to deduce gross section

forces. Miniature accelerometers were used to measure vertical accelerations

of the girder at midspan and at both quarterspans.

In order to establish the accuracy of the model in both static and

basic dynamic behavior, two preseismic tests were conducted in which careful

comparisons were made between test and computer data.

a) Static Live-Load Test - To check that the static behavior of tHe

bridge model matched the static computer--analysi-s, a uniformly distributed

load was applied to the girder to simulate the' effect of the prot6type 1.47

kips/ft. (21.3-kn/m) static live loading. Loading was applied in four equal

increments· up to a total of approximately 1.8 times the required live load in

order to check on the linearity of response. The resulting predicted proto

type data are given in Table 4.3 together wlth the equivalent computed values.
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In comparing these two sets of data it should be remembered that the computer

analysis was based on linear theory using an equivalent straight line approxi

mation for the cable. The two sets of data show very close agreement.

b) Dynamic Test~ - To check that the dynamic behavior of the model

matched the computed v.9lues, natural frequencies and mode shapes were studied.

Natural frequencies were measured in two ways: (1) Multiple impacting, and

(2) forced vibration. Multiple impacting along the girder was done by hand

and the response of the system was studied by a real-time spectra analyzer.

Forced vibration tests were done by using a small electric motor driving an

eccentric mass attached at different points along the girder. Results of the

forced vibration tests, together with the equivalent computed data, are given

in Table 4.4 indicating a high degree of correlation.- Correlation became closer

with high modes that are less cable dependent. Later it was found that the

seismic response of the bridge is dominated by the first few modes, and par

ticular by the first.

c) Damping - System damping in the model was measured by free decay

response in different modes .. Mode 1 damping was ~easureq_a_t_O.095~of critical,

and mode 3 at 0.25%. These are extremely low values and indicate the poten-

tial for low damping in a structure of this kind.

After two preseismic tests, a shaking table test was conducted to

investigate the dynamic response of the model. The shaking table used has
.. .-

two independent components of motion: one horizontal and the vertical. For

one set of tests the bridge was mounted so that it could be shaken in the

horizontal x (or y) direction. In this position it could also be shaken in

the vertical z direction and the x (or y) and z components could be applied

simultaneously. Each motion was ap~lied in incremental intensity so that the
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linearity of dynamic response could be studied both by the form of the time

history response and also by maximum values.

The table motions were derived from an artificial earthquake with

a IS-sec duration motion with horizontal and vertical peak accelerations of

0.12 g and 0.08 g, respectively. All data were recorded at 100 samples/sec.

In ~ddition, a movie was made of the response of. the bridge so that cable vi

brations, girder motions, and the expanslon joint response could be observed.

The intensive study of the model, both with and without a midspan

expansion joint ;-and a compari son of measured· and computed response data for

the continuous bridge led to the following Observations:

1. This particular design is very effective in resisting all hori

.zontal components of ground motion due to its continuity and the horizontal

curvature of the girder. All horizontal motion tests produced very small

response (Figure 4.15).

2. The primary response of the bridge is due to the vertical com

ponent of ground motion (Figure 4. l~, and for the motions applied it was

largely first mode response.

3. A comparison of measured and computed response for identical

ground motions indicates that although the analysis neglects cable vibrations

and is based on linear theory, this is quite accurate enough for design pur

poses (Table 4.5).

4. Cable vibrations, though clearly visible under all conditions of

ground motion, have little effect on the gross behavior of the bridge.

5. The ground motions appl ied in this study were "rigid bodi' table

motions. Differential ground motions were not studied.
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Kuribayashi et a1. (33) have also conducted two vibration tests of

bridge models by using a large shaking table. The purposes of the tests are

to study the dynamic response characteristics of Katashina-gawa Bridge in Kan-

etsu Expressway and of a continuous girder bridge in Metropolitan Expressway

during earthquakes.

Katashina-gawa Bridge is a curved truss bridge supported on high piers

(R = 2200 m, maximum height of pier = 69 m); and the bridge in Metropolitan

Expressway is a 12-span continuous girder bridge with hinged support on each

pier. Several vibration tests of these two bridge models have been conducted

by using a large shaking table (6m x 8m) at Public \·Jorks Research Institute,

Japan.

Based on the results observed from the model tests, Kuribayashi et a1. (33)

made conclusions as follows:

1. Vibration modes of Katashina-gawa Bridge model subject to oblique

direction excitations were same as those subject to longitudinal or transverse

direction excitations. Responses induced by oblique direction excitation were

smaller than that induced by longitudinal or transverse direction excitations .
•

In this respect, it is adequate to only consider the effects on the bridge

structures due to longitudinal and/or transverse excitations.
..

2. There is an appreciable effect on the vibration'modes of Katashina-

gawa Bridge model due to the curvature or bridge girder; but the influence is

sma 11 enough to be neglected in the earthquake-resistant design.

3. As to the model the bridge in Metropolitan Expressway, its dy-

namic responses were larger than those of simple support bridge. But its

Characteristics of dynamic responses were not so complicated as those of the
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other type bridges, and it could be estimated precisely by dynamic analysis of

mathematical model.

4.4.2 Qualificatio.n Test of Communication Equipment

Determining the true earthquake resistance of equipment through cal

culation alone frequently is relatively difficult because of the mechanical

complexity, as well as because of the nonlinear and inelastic response of some

individual components. On the other hand, -testing on a hydraulic shaker pro

grammed to match the seismic motions at the equipment support points evaluates

the design and allows modifications before field use.

A qualification test should be used to prove in equipment. Synthe

sized time -history waveforms can be prepared that closely resemble actual

earthquake motions in a building and match the response spectrum of the various

earthquake zones.-

When testing is performed it is preferrable that the equipment or

component and its supporting medium simulate as closely as possible that actually

used in practice. Tests employed on the hydraulic shaker at the Bell Labora

tories, Whippany employ a large concrete block located directly over the shaker

machine to simulate the actual floor construction. The equipment is connected

to the block in exactly the same fashion as in the field, employing all of the

specified hardware bolts, shims, and other fastener~ to hold the test item i~

place.

FosS(19,20) con_cluded that communications equipment iri-building \'1111

experience earthquake motions that may be considerably different from those

occurring in the ground. In-building equipment response will be dictated by
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the motions of the attachment points to the structure. It is believed that

the attachment point motions are influenced by the following factors such as

soil interaction at the bUilding foundation; building stiffness and mass dis

tribution, and damping characteristi-cs. The amplification of seismic motion

within building is expected during excitation. Note that the average building

acceleration' amplification is decreased with increasing ground motion; and

that the vertical motions in the ground with accerations up to three-quarters

of those in the horizontal direction must be considered .

..
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Table 4.1
Earthquake Vibration of Bridges.

Name

0.110

0.29

Yoshida
Ohashi

25
3S

1.50

I

0.129· ;

Hirai

0.066

i Shin- I
I Katsushika

Ground
Girder
Ratio

i Parallel to
axis

i Parallel to
aXIs.

Vibration Test

Maximum acceleration
(gall

40 100
56 140

1.40 1.40

I
i Perpendicular: Ground I 40 '---65--

to aXIs I' Girder " 50 65
, Ratio! 1.25 1.00

----------'I'-p-ar-a.-.lJ-eJ-t-o--'I'G;;~ unknown 0.70

MaJ'or perl'od aXIs Girder 0.48 0.80-=-- ----:- 1__--

(sec) IP~7pendicular Ground 0.93 0.40
to aXIs Girder 0.21 0.67---------

Natural i 0.36 0.42·
period (sec) -f

.Damping ,
factor

• \"ibration test of Hirai Bridge conducted in condition of girder not loaded on piers.

Table 4.2
FREQUENCIES AND DAMPING RATIOS

Expt. Th. No. of
Direction Mode freq. freq. Damping Avg. Damping

HZ HZ Range Damping Est imates

TRANSVERSE 1 2.7 2.8 1.8 - 2.4 2.1 8
2 3.8 3.7 4 4 2
3 S.S S.7 1.0 - 2.S 1.9 6
4 8.7 8.4 3.4 - 5.0 4.3 4
5 11.5 11.7

VERTICAL 1 2.3-2.9 2.7 4.8 - 9 6.5 12
2 3.5 3.5
3 4 3.9 1. Z - 2.7 1.8 8
4 7.6 7.8 1. 2 . 2.3 1.7 8
5 8.1 8.2 1.0 - 2.3 1.5 8

Table 4.3
M...ur-ed and C<lmput.c! Re.pon.. for SutJe live ~d

Quantity
(1)

Model
prediction

(2)
Computer

(3)

2.75

102
75
11

136
120
37
78

112

Mid.sp.ul deflection, in feet
Cable forcea, in kips

SI: f
7

12
SO: 1

7
12

Nl: 7
NO: 7

Vertie.u moment ill pracr, ill kip-feet
Midspan. _ 7,430
25 ft nonh of qWlJ'tCl"Jp.ul no~ 1.490
6.25 ft from nonh abutment -32,200

2.67

106
81
IS

127
121
.c2
So4

lOS

7,954
6.141

-31,900

'.

Notc: 1 ft. 0.305 m; I kip - 4..c5 kN; J kip-ft - 1:36 kN . m.
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Table 4.¢·
MMounMf lind ~puted Hat'Ural FT-equendM

I
froq_7 (Ill) III 0 d • S I't • IjI II:

'-'"+ _1
.

V..-tlul HoriZontal Tol"1 fONI 1

S,..tr1ul Mt1",..,V'\Cll

'1 • 0.265 0.lS7 I I
o. . - ..

'2 • 0.363 0.3501 I ....... =-- I
'3 ·.0.537 I I -0.523 <=>

" • 0.1ll7 0.1ll1 1----1
'5 • 1.1Xl 1.07 ~
'7·1.16 1.1' r= ..... I
' •• 1.1. I.lI I -e===--- I

' •• 1.51 1.62 r- I
" • 1.7. 1.90 ~

'10· 2.07 2.1'J t - ~

2.12 I ....... 1

• JiIIu 1..-.a at IQ SKtfOflS. stratqfllC·l1,... rMucf'd ~wlws 1:.01. 10'CIf"f,lJ.1Mt1Qft
• ~u l\o111D1lt4 It 26 9'''',. SKtfons {,t C'bl" ConN'Ct1on POintsl. no 'OOI"'OII_t1O" for Clbl, .Ul

Qr $I'

Table 4.5
-M"Mro<! end Compuud R..pon.. for Stt.1dnv Table Tm

Model Prediction Computer

Quantity Maximum Minimum Maximum Minimum
(1) (2) (3) (4) (5)

MKispan deflection. in fcct 3.00 -3.75 ".06 - -,,<4.23.
Cable forCCl. in kipe

51: 1 115 -150 ~ -163
7 n -70 76 -70

12 17 -14 9 -9
SO: I I .... -175 186 -195

7 110 -93 \12 -\04
12 .. 26 -19 21 -21

Vettic:a.l momenta ill prder. in kip feet
Midspan 16.920 -26.580 21.600 -26.120
23 fI north of quartenpan north 13.490 -10."20 6.468 -7.711
6.23 n from north abutment 23.62l) -30.680 2S.II()' -24.620

Note: 1 fl - 0.30S m; I kip ,. .....5 Jr.!'!; I kip-n - 1.J6 kN . m.
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Fig. 4.1 Acceleration of Shinkatsushika Bridge due to earthquake on 1 July 1968.

1 5~C

On th~ Itirdt"r : longltudinan
, .
~-":'\/-r\V'i~'../\r'J.......j-.-v~-I:~

-.l
J~O••J On lh. ~Jtd,r Iv,rti.al)

:..,.,-------~-~----------------

On tht fl:irder (transH'TSt)

~J'/""N~

On 'h, ~round \longlludlna})

~VVv'VVV'J''V-/'~~

On th, gr""nd (v,rti ••I)

On the ground (tr.lns1lerse)

~ ..AM/'tN!'J'-~

Fig. 4.2 Acceleration of Hirai Bridge due to earthquake on 1 July 1968.
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Fig. 4. 3 .Relation between maximum acceler~ltion of the ground and at tbe top of the bridge pier
(after Mr. E. Kuribayashi).

• : In the direction of bridge axis.
0: 1n the direction perpendicular to bridge axis.
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CHAPTER V

Sl:Hilt,1ARY

This report summarizes and discusses the available experimental meth-

ods that are needed to evaluate the performance of above- and below-ground

lifeline systems.

Since both above- and below-ground lifeline systems are affected by .

the ground motions, the studies of ground motion characteristics are discussed

first i~ Chapter II. At the present time, the methods to study the ground

motions are dense lineal, plane and three dimensional strong motion arrays.

LHel ine' systems, either above- or below-ground are generally extended to a

long distance above or slightly below surface of the ground, a dense lineal

array, say less than or up to 50 m apart would be sufficient to define the

ground motion input for any lifeline system.

Chapter II evaluates below ground lifeline systems. Active field

testing methods, passive fie'ld testing methods, laboratory Testing methods, as
•

well as influential parameters are described. Active field testings which

emphasize more on ground motion generation include explosions, moving loads,

vibrators, air-gun anti board striking (shear) 'process, and pile driviAg. Pas-

sive field testings on buried pipelines,_tunnels, comm~nicati9n ljnes, are

introduced. Finally, the influential parameters mostly to buried lifeline

systems, such as lateral and longitudinal soil resistance characteristics and

joint resistant behavior are discussed.

For above-ground lifeline systems shown in Chapter IV, seismic ob

servations, field testings, and laboratory (model) testing ~f bridges, above
-110-



ground pipelines, and communi~atton lifelines are presented, In general, above-

grQund lifeline systems can be evaluated by a multiple system table system,

which is not available at this time in the United States. Very limited data
., -

on above-ground lifeline experiments are available.
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