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CHAPTER 1
INTRODUCTION

1;1 .Preface

Lifeline earthquake engineering is a bfanch of earthguake engineering
that studies the adequacy, safety, analysis and design of lifelines due to
earthquake effects. ?A Tifeline is defined as any structure, facility or system
that extends tc 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
fife]ines, éuch 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 befow-ground 1ifelines, above/on
ground lifelines and concentrated féci]ities;

Because of the importance of Tifelines to the health, supply and
safety of the populace, lifeline earthquake engineering, although its develop-
ment came much Tater than the seismic building design, is now beginning to draw
‘the attention of the engineering professioh. Currently, researchers in the a

United States(47) (28)

, Japan and others around the world are actively engaged
in researchvon Tifelines uﬁdeb 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 impiemented for prac-
tical applicatiens, field and/or laboratory verifications are absolutely nece-
ssary. Other than the seismic input data, several important parameters that
will affect the behavior of buried Tifelines are 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-
Togical environments.

Lacking specific experimental data on these parameters, most“fnvesti~
gators have adopted a parametric study approach in order to compensate for the
absence of specific empirical data. To aid future desfgn of buried pipelines
té resist earthquake ground shaking, these experimental pafameters must be ob-

tained,

1.2 Qbjective and Scope

To aid the future development in the field of iifeiine earthquake en-
gineering, this report is to summarize and synthesize the existing experimental
methods that are suitable for either overall or parametric seismic performance

eva]uafion of Qarious 1ife1ihe systems. .
The discussions will be divided into below-ground and above-ground
Tifelines. However, the most influential parameter of lifeline systems, either
betow-ground or above-ground is the ground motion characteristics: In this
report, Chapter II will discuss the measurements and -investigations of the
characteristics of the ground motion due to earthquakes. The experimental
studies of below-ground 1ifelines will be given in some details in Chapter III;
above-ground lifelines in Chapter IV. Finally, Chapter V gives the summary

and discussions of varicus evaluation methods on the performance of various

1ifeline systems in terms of their operation and cost effectiveness.
.



CHAPTER II
GROUND MCTION CHARACTERISTICS

2.1 Preface

Seismic waves, which are generated when an earthquake occurs, traveI'
in every direction away from the source'and are manifested as ground motions
that may be recorded at a station where an instrument has been placed. The
instruméht'ugﬂéfay has a device that can record the time history of accelera-
tions, velocities or displacements imposed by the passage of the ground waves.
For acce1erographs; typicé1Ty 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 these motions and the identification of key ground motion para-

meters from past”and fufure eartnquakes are very important for engineering ap-__

plicatiens. It is essential in all areas of earthquake engineering, particu-
tarly the 1ifeline earthquake engineering, to familiarize these characteristics
and the factors that affect them.

The ground motion characteristics are affected by many parameters,
These parameters include geclogy, seismology, geotechnical engineering, struc-
tural engineering and others. In general, it is w{deiy recognized that earth-
quake ground motion parame£ers are affeeted by-(1) source factors, (2} travel
path and (3) local geological and topo]ogica1'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 pipe]ihes, Tong suspension
-3-



bridges, submerged tunnels and water supply networks, etc., a11>of which are
extending to Tong distance and/or over a large service area.. For the aseismic
design of 1ifeline network‘faci1ities, it i§ necessary to estimate rational
input of ground motion. }n ordegmtﬁ study the local variations of strong
ground motions induced by earthguakes, the dep1dyment of dense instrument array
at the interested area is required. For examining the seismfc behaviors of

buried pipelines, a Tineal extending array may produce proper observaticn data

of the ground displacement for the seismic analysis.

2.2 Lineal Seismometer Array Observation

Most T1ifeline systams are linearly extended structures along extremely
long lines, and also large facilities are often built at 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 appreciate the influence of the relative displacement betweenlpwdi::_;
__separated points in the free field and traveling Seismic wave, one needs'to

know nect only the maximum displacement at one point but also the wave length

and the wave propagation speed. of the ground.~ff§fifﬁ%~paréééé of obsery- T T
ing these characteristics, Suzuki(45) had conducted a 1ineal seismometer array
observation along a gas pipeline during the Mivagi-Ken-Oki earthquake.

The cbservation 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

“type 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 obseryed earthquake records were taken from the magnetic tape re-

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

tal computer using an on-line A/D converter at reguiar interval of 0.01 sec.

(S8 B AN
R T O

=Y

6)

The observed seismic data are listed below:

i) Location of Epicenter: 142° 24' £, 380 06' N

ii) Richter Scale: 7.4

i11) Epicentral Distance: 340 KM

i{v) Depth of Origin: 30 KM

v)  Maximum Acceleration (at $5X): 29.6 gal.

vi) Date: June 16, 1978

The observation results are described briefly as follows:
Wave length is 7300 m. |
Wave propagation speed is 1465 m/sec.
Trave?ingiﬁave during earthquake seems to be Love wave. _
The maximum amplitudes 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 at the pipeline (S3X) to that of the surrounding ground (S4X). In
this figure, the spectrim ratio is nearly unity except in the low period

region less than 0.2 sec,
-5-



7)  The momentary distribution of displacement during the earthquake at the
points S1, $4 and $5 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,

 tude of dispiacement was smal1f
According to-the results of seismic observations énd analyses, it is
concluded that during the Miyagi-Ken-Oki earthquake, the pibe]ine behaved 1in
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 de§ign 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 secondary objective is te study the effects of varia-
tion of local geological conditicons along the path of wave propagation oﬁ ther
frequency content and amplitude of strong ground motions.

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

(10) 142) " ynited

have been deployed in Taiwan
51)

., Mainland China(ll), Jéhaﬁ

(28)

States( and other countries around the world Among them, only the

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

(48) will be described.

1ine application
The recent Public Works Research Institue {PWRI) dep?oymént 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 ccmponents is larger than 5 gals.

In the recording and processing systems, the computer system has
played an important role for signal transmission and data analysis. A flow-
chart for data processing system is shown in Figure 2.6{(a). For analyzing the
reégrded seismic excitation, a computer system with a core memory of 19? KW
is provided as shown in Figure 2.6(b).'

In applica®tion to 1ifeline system, the free field motion on the sur-
face of'fhé'ééoaﬁd would be sufficient to rebresent the grdund motion input,
because for buried Tifelines, the buried depth in general is rather shallow,

)

say lm to 2m deep as compared to subsurface soil layer. Wang et 61(48 have
conducted a study to investigate ground strains from strong motion array data
for Tifeline application.

Since December 1980, three earthquakes, one in Chiba Prefecture and
the othefﬂin Ibaraki Prefecture, have been recorded at PWRI, denoted as EQ-13,
14, and 15. Due to the fact that the magnﬁtudes of EQ 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 earthguake.

The.determination of ground velocity and ground displacement can be
obtained by integrating the originally recorded acceleration data once and
twice through Fourier traﬁgformations.w~The maximum velocities and displace-
ments are also 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 amblification due to the depth effect in
~7- ’



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

EQ 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 strains can be achieved by using finite element
method. The configurations 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 sfrains are given
in Table Z.4.

The amplification on ground strains can be seen in Table 2.4 and
similar conclusions are observed. To quantify the amplification due to depth
effect, the magnification ratios, which is defined as the maxfmum upper Tlevel
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 littlie amplification. |

In addition, Nang(és) et al. have investigated the ground strain at
Ashitaka area which is only a SimpTé exfended array on the surface of the
ground crossing Ukishimagahara. The strains, which were calculated over a
distance ranged from 400-m to 1275 m, were tooc low to represent the peak
ground strains for 1ifeline application. Furthermore, the simple extended
array could not provide adeguate information to account for the effects of
transverse wave during the examination of ground strain. Thus, to be useful
to 1ifeline application, it is suggested that more strong motion accelerographs

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



Table 2.1
Positions of Sensors

Sensor Position
ST X/Y On the ground surface
52 X/Y GT -26.6m .
$3 X/Y GT -1.5m; fastened to TN
the pipeline ‘ ”;25%%~
"84 X/Y Gr -1.5m, 2m from pipe
center
S5 X/Y Same as S4 X/Y j
»
' Table 2.2

Main Specification of Accelerometer
used by Local Laboratory Array at PWRI

No. of Component 3

Type Velocity Feed Back
Natural Frequency | 5 Hz

Frequency Range 0.1 - 50 Hz; within 1 B8
Maximum Acceleration * £50 gals.

Diameter, Length ¢ 13 cm, 125 cm

Weight ‘ 50 kg




Maximum Accelerations (gal), maximum

and Maximum Displacements {cm) of EQ

Table 2.3

velocities (kine)
13 atf PWRI Site

posnt | compi| W | Ver | sen.
NS 39.47 2.40 | -0.299
1 EW Lo.o8 -2.48 0.342
ub -12.64 -0.79 -0.112
NS 13.05 ~1.19 0.242
2 EW -1k, 94 1.03 0.189
uD -5.Gk 0.54 -0.081
NS 15.20 ~1.22 0.233
3 EW -13.95 1.00 0.180
UD - - -
NS 12.61 -0.99 -0.212
L EW 1L,48 1.29 0.208
uD -5.86 0.56 0.085
NS 11.81 -1.04 -0.206
5 EW 1kL,59 1.32 0.224
UD - - -
NS -1k 51 -1.03 -0.2L3
6 EW -13.58 -1.11 -0.206
uD €.81 0.46 -0.07T4
NS | 53.00 | <2.53 | -0.282 ]
7 Ew | ui1s | 352 | 0.473
uD -11.61 -0.77 0.102
NS 25.29 -1.54 ~0.202
8 EW | 23.76 1.57 0.2L7
UD 7.35 | _~0.k0 0.0861
NS 32.58 2.24 0.328
9 EW 35.49 2.78 0.Lk6
uD - - -
NS -22.51 -1.20 0.152
13 EW 28.00 -1.81 0.2k42
uD ~-6.75 -0.43 -0.052

® No data due to mal-function of instrument
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Maximur Ground Streins [x10

Table 2.4

et PWRI Site for EQ 13

6)

Zone Strain Lower Level Upper Level
Ex 9-h -27.2
cy -1L.5 15.k
€ -12.4 -12.4
1 - § L6,k
ny Tl3o - .
Y&z - -54.2
Yox 59.7 68.2
B B ix 12.17 52.%
ey -1k4.5 15.k
£ -12.4 -12.k
I : 8 66.4
ny 15. .
sz - -54.2
Y,y €0.4 L47.3
Ex 12.1 52.4
Ey 17.3 14.2
. Ez -12.4 =12.4
st
va 20.1 81.k
Y2 - -
Yoy £0.4 7.3
€, g.h -27.2
ey 17.3 1.2
£ -12.4 -12.4
IV z
ny ~19.1 32.2
sz - -
sz $9.7 68.2
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Table 2.5

Magnification Ratio {Max. Upper Level
Strain/Max. Lower Level Strain)

Zcne Strain Magnification
g ‘2.90
oo 1.0
_ Y 7
E 1.00
1 z L
ny 3.47
73; -
Y, 1.1k
€, . .33
£ 1.0
v 7
€, 1.00
I
L.
ny 9
sz -
Yzz__ 0.78
€, k.32
3 0.82
J
I
L,0
ny >
sz -
Yox 9:78 _
Ex 2.90 |
£ 0.82 *
Y
Ez 1.00
v
1.6
ny ” 9
sz -
Y,x 1.1k

12
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CHAPTER III

BELOW GROUND LIFELINE SYSTEMS

3.1l‘Introduction

The seismic behaviors of buried lTifelines during earthquakes may be
achieved by statisttcally analyzing the past damage records and/or by conduct-
ing some experiments for certain specifib purposes.

Through investigation of past damage records, it may be possible to
estabT%sh statistical relationships between various failure mechanisms and
parameters-such as the type and size of pipe, s¢il conditions, and joint de-
tails. But most of the existing literature concerning buried pfpeTine damage
due to earthquake_giye'a qualitative rather than quantitative description of
the damagéé. 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 1ifelines during earthquakes. This chapter is to
synthesize these experiments in terms of experimental procedure, apparatus
and application, etc.

Generalﬁy, experiments currently conducted for studying the behavfbr
of buried pipelines in .an éarthquake 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:

17-



3.2 Active Field Testings -

The seismic effects to lifelines are much different than that of
building structures because of the spatial distribution of the seismic wave.

Building structures require only single poiht source ground motion with only

motion inputs with both temporal and spatial variations. wus, for 1ifeline
investigations, it is necessary to generate the earthouake - like ground

motion for the purpose of studying the seismic effects to lifelines. Several

methods generating earthquake-like qround motion will ke discussed.

3.2.1 Explosion

A small experiment, assigned the test name MINI-SIMQUAKE-by C.d.
higgins et a1.(25’26>, was conducted to verify the teghnical fedsibility of secuen-
tially detonating closely spaced blanar arrays of high explosives for the pur-
pose of simulating earthquake-like ground motions, although trial biasts were
used earTier(lq). 7

Figure 3.1 provides an elevation view of the MINI-SIMQUAKE experi-
ment. The back array was loaded with a total of 347 1bs. of PETN explosive
in 12 holes, 40 inches on center. The explosive was located-between the 5 and
20-foot depths giving an array.height of 15 feet and 3n areal explosive load-
ing density of 0.58 1bs. PETN/ft%. The front array contained 232 lbs. of
PETN explosive in 16 holes, 30 inches on center. The array dimensions were
the same as those of the back array and the areal explosive loading density

was 0.39 1Ibs. PETN/ftZ. 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 a2 total weight of 1218 1bs.
was embedded to 25% of its height at a range of 25 feet from the front array.
The structure walls were 3 inches thick.
uThé appar;tus for instrﬁhentation includes accelerometers, velocity
gagés, 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 follows. 7

1, There are two peak outward acceleration ranging from 3.4g to
10.3g recorded at depth of 2.5 ft. and 12.5 ft. re§pectiveTy.

2. There may exist a near-surface effect on ground velocities and
displacements as indicated that the higher va]ues'appear at near-
surf@ce‘in both of groUnd velocities and dispTécements after
integration of accelerogram.

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

4, The vertical displacement is upward at all times and seems to
contain ]ittle permanent set.

From observation, various phenomena concerning the structural hori-

zontal response can alsc be obtained during testing: | N

1. The peak outwdrd acceleréﬁjpns at ;he structuras 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 at the top of the structure over-
shoot the base respoise throughou§ their {ime histories.

4, The velocity 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 30-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 structdre base is responding
closely with the free-field, |

7. The spectral peak at a pericd 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 0.1l seconds (SHZ) which
does not appear in the base spectrum. The peak ccrresﬁonds well
to the free vibration frequencies evident in th? timg histery

data.

-

In a similar task, Bruce Lindberg et. al at the Stanford Research
(12,13) - '

Institute have_developed a technique to generate earthauake-]ike mo-'";'
tions with contained explosions. The technique preduces earthquake-]i&e ground
motion by simultaneous detonation of a pTanar array of vertical line sources
piaced in the soil near the structure to be tested, as shown in Figure 3.3.
Each 1ine source shown in Figure 3.4 produces ground motion through an ex-

pandable rubber bladder rugged enough to withstand repeated tests with expan-

-20- -



sions as large as twice the initial bladder diameter. The explosive 1is det-
cnated 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
controlied rate. In this way, both amplitude and frequency are controlled at
levels suitable fdr testing with the source arrays close to the test struc-
ture, and the érray sources are re-usable, ThlS opens the possibility of in-
situ testing at strong shock levels to test any structure effectively and
economically.

_The fol]ogwng results for 1/3 scdle array were observed:

1. The ground motion is uniform along the 12 ft. Tength of the
instrumented area.

2. The ground motion attenuates about 30% across the 10 ft. w{dth

7 of the instrumented area.

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

histary.

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 varying the depth of the- 5011
backfill and moving loads has been done by waogw(ag). The test program was
designed to evaluate the deformat1onﬁaga stra1n behavior of 30-inch diameter
Aluminum Bronze piping subjected to backfill, surcharge and Tive loadings.

The apparatus used for instrumentation contains extensometer (1inear

potentiometer), tilt meter {pendulum type, Model No. CP17-0601-1), strain

gage (micro-measurement type), volt meter and a controlling computer,
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The test procedures arz descrihed as follows;

1. The pipe is embedded in granular backfill at depth ranging % to
14 feet. | | |

2. Install the é&tensomé;éf 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 ét twalve positions, at the exterior and
interior surfaces of the pipe at an interval of 30°. Gages are
water proofed as shown in Fiqure 3.7.

5. Lead wirs sets are attached to esach disk following initial
placement,

6. Initial baseline radial measurement is made with an inside pre-
cisionrmicrometer following disc placement and gaging.

7. Potentimeters, tiltmeters and strain gages are run with a 6.0 Df
DOWer source.

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

9. During testing, data is obtained utilizing an automatic scanning

integrating digitél voltmeter and contro}ling computer.

The Toad type and their results 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 pqint Tat
starts toc 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 deflecticn 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.
-77-



3.2.3 Vibrators

Vibrators used to geﬁerate 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 axample of;an indirect vibration test, in which a 320 mm diameter
steel pipe.was buriéd in reclaimed sandy sbiY" The vibrater which had a cap-
acity of 5Q tons was installed in a concrete pit which was 12.5 meters away
from the burieﬁ pipe. The indirect vibration test can approximate incident
‘seismic waves reascnably well, however, the ampiitudes ¢f the pipe motion and

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

than those associated
with earthquakes beéause the vibrator has to be installed far away from the
pipe. Furthermo;é,_the amplitude of the vibrator's motion had to be set at &
low level to avoid liquefaction of the sandy soil around the vibrator's pit.
Finally, an expected slip between the pipe and the surrounding scil did not
oceur., '

In the direct test, the pipe was excited by & small vibrator which is
attached at thé 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 b;
very useful in finding restoring ]argé strains. But it is noted that there is
disagreement whether the input motion reaiistfcal]y approximates that of an

earthquake.

The tests were carried out for a frequency4range of 3.0~12.0 Hz. For
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this range the restoring force properties of -s01] depend not on the frequency
but on the displacement amplitude of the forced vibration. Wheﬁ the displace-
ment amplitude of the test pipe became much more than 0.4-0,6 mm, the slippage
occurred between the pipe aﬁd soil and the displacements were independent of
the frecuency of the forced vibration. Furthermore, at the onset of movement,
the ratio of the maximum shear stress on the pibe surface to the vertical earth
pressure was 0.5-0.7.

From vibration tests on pipe eiementseburied in the field, the fol-

lowing conclusions were cbtained:

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 deformaticn is dominang-for straight pipes,
while the c¢ircumferential strain due to bending deformation is
large in bent pipes. This result suggests that the conventional
beam model is not suitab1e.to analyze the strain of pipes at the
bent pipes and a shell model is necessary.

3. The dynamic prbperties of the restoring forte 0f the surrounding
s0il (such as the coefficient of reactié% force, the friction
coefficient and the ‘relative displacement when slippage begins)
depends 1it£1e on the frequency of the input motion, The coef-
ficient of subgrade reaction largely effected by the relative dis-

placement between the pipe and ground.

3.2,4 Air-gun and Board-striking (Shear) Process

(35

Nasu ) conducted yibration tests on a stright pipe of diameter

1.2 m and Tength of 84,0 m buried in reclaimed silty ground, shown in Figure
20



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, 1.?.,'the shéaf {or boardugtriking) and air-gun. The measuring instru-
ments for vibration measurement consists of (a) transducer (pick-up), (b) amp-
1jfier and (c) recorder. As to the instruments for strain measurement contains
(a) strain gage tragsducer (b) Wheatstone bridge box: 10-channel, DC-current,
gage and three dfms (each of 1 ki?o-bhm), %nput voltage = 24 volt, (c¢) Ampli-
fier, (d) data-récorder, (e) Analog computer and (f) other devices for meas-
uring the input voltage of :heatstens bridae, and for checking the gain. of

-amnlifier.

The test procedures are described as fcllows:

1. Welding of seven segments of the pipes.

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

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

4, Insta11ing the sensors (pick-up and strain gage) in pipé, on

ground surface or in underground.

5. Generating the ground vibration

'3) Shear: ingot (15 tons) struck by metal bob
“b) Air-gun: firing chamber 2000 cc, at 140 atmospheric pressure,
© laid at {-6m) in boring hole (full of Qater) ‘

6. Determining the ve]ocit{e;mof P ggd S waves by recording the

readings of the.trave1-times of the waves at various distances
from the origin of the wave.

7. Recaording the data of strains and displacement in the pipe and ground,
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8. Analyzing the resulting data during tests.

In order to study the vibraticonal characteristics of tﬁe ground and
pipe, the bandpass-filters can be used to pick cut the predominant periods of
waves; and the Fourier ana]&sis can be emp]oyéd to-obtain the kesponse spectra
for vibrations of ground énd pipéj‘uFigure 3.11 shows the Fpurier spectra for
vibrations of ground and pipe.

From the results of tests, it is observed that the‘Qibrations of the
pipe and the ground in the shear test are different to thaf 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 resuits of stress

analysis are shown on Table 3.2.

3.2.5 Pile Driving (Standard Penetration Test)

In the standard penetration test an impacf 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 berehole, ‘Thg weight is 63.5 kg and falls freely 76 cm to the
knocking head. '

The impact at the bottom of the borehole due to dropping generates

39 ) et al. has used this method to measure

several types of waves. -Ohta(
shear wave velocity of soil. A schematic répresentatign 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 ¢ps, was installed on the ground surface at a distance of several
meters from the borehole, Otherwise, a 4-channel magnetic tape recorder 1is
also required. )
NasupBﬁ has conducted a test to determine the pipe stréin‘by using
pi]é driving method. The motion generated by this method seems to be random
in nature as in actual earthquake; howe&er, the frequency is higher and the
duration shorter than earthquakes. The analysis for resulting data of tests
is similir 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 Testings

In order to confirm the current ana1yticai findings, field verifica-
tions or prototype testings on the response behavior of buried lifelines due
to or simuiated é;rtﬁquakes are neaded to be done. The nassive field experimental
method is to install response gages to measure strains and/or displacements, -
etc. of buried 1ifeiines due to actﬁg] 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 States, seismic instrumehtafion for a few selected tﬁn-
nels in California has been proposed(ﬂBTl The ;bjective 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. ' . )

-27-



Generally, in many field observationg, the accelerations and dis-
placéments 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 -simultaneously. The description of those field ob-
servations will be depicted in three categories, (1) buried pinelines,

(2) tunnels and (3) communication lines.

3.3.1 Buried Pipelines

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

38,40) wnich consisted cf measuring strains and displacements of pipelines

1es(
during earthquake were conducted by actually burying ninelines in tne qround.
One experiment Qas 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 manhole 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 earthquakeslﬁith ac-
celeration up to a maximum 120 gal were occurring and the observed resulis were:
1. Resonance vibration of the pipe did not oaccur,
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 st}ain
and seismic ground motion is given by

A 1%; (3.1)

[
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where ¢ strain

constant (nearly unity)

yo=
a = seismic acceleration

_T = period of seismic wave (sec)

C = propagation velocity of seismic wave {cm/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 conﬁection with a manhole

>"}§ ;ot sigﬂfficant?y high.

Another experiment was made on concrete pipe<4e)- The nineline consisted
of four asbestos-cement pipes with inner diameter of 12.5 cm. One end of the
pipeline was connected to the manhole. The connection between_manhoTe and
pipe was made to withstand a considerable amount of bending. The results ob-
tained are given-below.

i, 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-
eration and iarge displacement will result a Jarge strain 1n_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 ﬁhe joint.

5, At joints, bending stress is more significant than the axial
' -29-



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 Timit as the accel-
eration becomes larger.
7. For a strong earthquake with the acceleration up to 120 gal, the
resu]tiné.maximum stress in the concrete pipe was approximately
15 kg/cm? at a joint and 5 kg/em? at middle point of the pipe;
but the maximum stress induced in the steel pipe was aimost 10
times the stress in the concrete pipe.
Based cn these two studies, it can be concluded that the buried pipe-
Tine moves roughly with the surrounding ground during seismic excitation. It
also shows that the axial stress was predeminant 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. B

Nishio et a].(36) conducted field observations of buried pipelines
behavior during earthquakes at three sites in Japan. The first observation
was made at Yékahama, from dctober, 1972 to Deceﬁﬁer,;19§3:"”fhrée pipelines
with diameters of 150 mm were buried in the ground to the depth of 1.2m. The
arrangement of pipelines and sensbrs is as shown in Figure 3.14. Table 3.3
shoﬁs the seismic data and the results observed from dynamic response of bur-
jed 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 April of 1974
till March of 1976, using stee] pipeline of 400mm in diameter which is actually
used for éas transmission. The set-up of sensors and Tayout of pipeline are
shown in Figure 3.16. Table 3.4 is a 1ist of observed earthquake and the re-
sulting data.

The third site of observation was at Omori and the period of obser-
vation was_figm‘pecémber 1976 ti11 December 1978. A steel pipeline of 200mm
diameter was laid in T-shape as shown in Figufe 3.17. The fecordiné data of
earthquakes and seismic 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-
Tine is almost the Same as that of the surrounding ground.

Figure 3.18 shows the re]ationship between the maximum acceleration
of the observed earthquakes and the maximum strain in the pipé&line. 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

e = 1.8%;3
where e i1s the maximum axial strain of pipe and a is the maximum acceleration
(cm/secz) on the ground surface. i N

Authors conclude ;hat the wave-propagation along a buried pipeline
has Tittle 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 so0il layer is important.
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3.3.2 Tunnels

In 1873, Okamoto et a1‘(ﬁo’4l) studied a sub-iquecus tunnel provided
for crossing the Tama River by a railroad near Tokye City as shown in Figure
3.19. The tunnel has 6 submerged tubes each 13m wide, 7,35m high and 80m long,

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

zone between the two. Tubes No, 2 and No. 4 arg'each provided with aéceierograms
and strain gages. The.strain gages are installed at eithe} S?dewaT? of the

cross sections 30m apart and are set to measure strain in the axial direction
(Figure 3.20).

During the period from April to October 1970, saveral 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. - m

Figure 3.21 shows one of porﬁions 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 Mercaili scale.

Study of these records leads to several signjficant conélusions re-
garding the dynamic earthquake respense of the soil-tunnel system, as follows:

(a) The generally ™in phﬁse” nature of the strain readings demon-
strates that the tunnel is subjected primarily to axial gtraining
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 are jarge 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 conducteé a program to measure accelerations and
stféins due to the after shocks of Mivagi earthauake for a railroad tunnel and
thus to investigate the characteristics of wave propagation in bed rock. Fig-
ure 3.22 shows the «general view of the tunne] and the location of instruments.
The tunnel 1§ constructad in bed roék with a length of 4670m. It has a horse-
shoe shaped cross section of 4.8 x 6.1m with a 0.3m thick concrete lininag.

“ The observations from the Miyagi earthquake will be described as

“follows:

1. The accelerations recorded'at the places of Al and A5 in the
rock area are guite s%mi]ar 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 Tining ey is uniform along the axis and displays & reas-
onably good §imi?arity to _the calculated rock strain in the axial
direction. | e, 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
-33-



was constant,

Using the time lag between two observation points (Al 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 velocity of the rock which is about 200 m/sec.

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.

The circumferential strains at two observation points of 57,

S10 as shown in Figure 3.25(b), which are Tocated at 459 of arch,
have a similar wave form but almost opposité phases to each other,
The shear strain Yyz was calculated by the—mu1t1-;éf1ection theory
under the assumption that it was caused by the seismic motion

that vibrated in the y-direction and propagated'in the z-direc- f
tion. Furthermore, the normal strains of the rock €, and ey
were calculated on the assumption that the seismic mofion in
the y and z directions propagated in the y/gnﬁwz‘djrections, re-
spectively. The circumferential strain.at 45 degrees points of
the arch 1is about 60% of the shear strain of the rock.

The apparent wave prapagation velocities, estimated from the
£ime lags between two observation points, were 2900 m/séﬁ and
4500 m/sec in the y and z directions, respectively.

The strain at the arch crown (59) has a good similarity with

the composite strain of the normal strain £, and 2y with the

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

similar to that with thesgate 0.5:0.5.



10. The rate of the strain composition is considered to be infiu-
enced not only by the location of the observation point but also
the stiffness of the tunnel lining and rock.

3.3.3 Communication Lines .

490
During the Matsushiro swarm earthquake in 1957-67, a stud% )

on meas-
uring strains and displacements of buried communication Tines has been made |
at ductways for high-voltage Jines in the downtown districts of Tokyo {See
Figure 3.27). The communication line is a circular steel shieid with an outer
diameté;‘ofrgﬁ cbvered éy soil around 12Zm deép. The naturé of the éoil is

silt and silty soil with a high water table lm under the ground surface. There
are two manholes 78m apart and seismometers have been installed inside the
vduct between the manholes., According to the results obtained from the meas-
urement, the records show the axial and transverse acceleration in the duct

are 1owe(.than that of the ground surface. The acceleration ratio of at the
duct and ground surfacé 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 periocd of
the ground. Axial displacements are measured at cross section C, Q and E.

As shown in Figure 3.27, the point Cris midway between the two manholes,
Section Q is 14m away frdm C, and Section E is lém‘away from Q and 6m to tke
manhole, Based on the records obtained from meéasurement, 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. Agcording to these observations, there is a 1 mm

difference produced every 14 m Tong in the duct, it shows that the average
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4 The accelerations have been observed up to 70 gals., but

strain is 7 x 107 .
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

Yibration tests of scale models of bufied pipe segments have been
conducted for the purpose of obtaining the fundamental characteristics of
pipe-scil interaction phenomena. In most of these vibration tests, the scale
model of a buried pipe with the surrounding $0i17was made of elastic material with
a sTightly viscuous nature, such a silicone rubber (pipe), gelatine gel or
high polymer (soil). Generally, the reduction scale of the model was 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-
ducted in similar way like as that of buried pipes in the Tabofatory.

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

tunnels will be narrated as follows:

3.4.1 Buried Pipelines ‘ - o

Figure 3.28 shows one example of such a scafé model utilized by
Nishio et aT.(36) It is known that the non-uniformity or discontinuity in
soil properties i1s one of the major causes of damage to buried pipelines in
earthquakes. Therefore, the authors made a model of djscontjnuogs 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 dimensional analysis on the relationship be-
tween the model and the prototype is listed in Table 3.7. They were calcu-
Taged 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 rubBer string of 1C0mm diameter in which its elastic modulus
permité”to”kéépﬂthe siﬁ31ar1ty in static balance of the piée—soi] 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 3.238.

The model was placed on a shaking table which vibrated in the hori-
zontal d{}ection in a harmonic motion with varying frequency, as well as in
random motions. The elastic 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 methods such as a high—speed'\
photography. It was rathér difficult to obtain 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 table can be described below: |

1. The pipe vibrates with natural frequency of the surrounding ground
and the resonant freguency of grouﬁd is barely affected by the
existence of the buried pipe.

2. The pipe moves almost the same -as the ground. Figure 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 to thaﬁ of
maximum acceleration at the same locaticn, but always take place
at the portion of discontinuity of the surface layer.

Usualily the straight pipes can be considefed 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 this problem, a mode]l ;est(4q) was carried out. -A model of fhe ground
and pipeline with hent was made with gelatin and a tefTon rod, and the displace-
ment and strain of curved pipe was. measured as applying shear waves from cne
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 similar to that of Nishio's experiment. An Opticzl

method of the high-speed nhotography was used to Wmeasure the displacement 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 the pipeline along a direction perpendicular to application of vibration,
almost no bending moment of axial force,occurs.m When a coupling {Figure
3.20(b)) connected to the joint between a bend and the pipe is allowed to ro-
tate, the axigj'forze, Eroduced in the direction coinciding with that of ap-
plication of vibration, is reduced. Note that bending moment at the
portion o% bend and straight pipe in the direction orthogonal to the direc-
tion of application of vibration is increased, in contrast. Based on the re-
‘su1ts 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 pipes.

3.4.2 Tunnels

Okamoto and Tamura(40’41>

rave carried out an experimental test that a
three-dimensional models of a subaqueous tunnel were built on a shakinag 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 ¢m in height and 8.4 cm in width, and gybmerged in model of soft
ground 2.2 m in length, IQQ m in width and 10.4-17.8 cm in thickness. The )
scale of the model is 1/250. The material Ef the soft ground was gelatin and
that of thé 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 mentioned previcusly. 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 tayer 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 thicknéﬁs of the model of ground layer was 10,4 cm at the
bottom of the water with the thickness graduaITy increased at the slopes until
on land it became 17.8 cm. The modulus of elasticity of the mocel material 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 couid be controlled at any desired
constant amplitude. The excitation waveform was simple harmonic with the
frecuency range teing 0 to 20 Hz,

Measurements of displacement were achieved from the records-of still
photograph and motion picture. Black lines are rubbér 6&nds embedded to de-
termine djsplacements 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‘aboutr £+ C.lmom. - * |

During the vibratien te;ts, a series of resonance vibrations were
arranged to occur in Jand, slopes and bottom of channel respectively. The
conclusion on the observations from the vibration tests were descrﬁbe& as
follows:

1. The resonance phenomena are comparatively localized. For in-

stance, in the case of resonance occurred on the Tand, the
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displacement distribution of the ground aleng 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 tunne] will vibrate at the frequency of the sur-
rounding ground, and deforms correspondingly to the deformation
of the ground.

3. Both of bending and axial deformations are visualized in the

-méuégqueousﬂtunne1 during vibratﬁon tests. Thé deformafions are
much significant in the slope regions.

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

subaqueous tunnel.

3.5 Testings on Influential Parameters

Earthquakeé 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 earthguakes is governed by
factors diffefent from those usually considered in other areas of earthquakq
engineering. In most application of 1ifeline earthquake ehgineerihg techniques,
first, the lengths of the pipes are cgméarab1e_to seismic wave lengﬁhs, and
thus spatial, as well as tempbra], 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 response to earthquakes.
-41-



Thus, pipe conformance to ground-distortion from traveling seismic waves is
more important than the loading of the pipe from its inertia. %urther, it
appears that axial strain in the pipe caused by differential axial displace-
ments and the response near elbows and Gthef discontinuities will be more
critical than responsg»toAtransvéggé 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 flexibility, 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.characteristicg‘p{;ys a very important
role in the design of buried pipelines crossing an active fault. In this re-

spect, Audibert and Nymar$5’6’7}

havé conducted dr experimental test to deal with
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 revealrthe failure mechanisms at-shallow and large
depths of embedment,'(c) t0 determine the 1oad-dﬁsp1aéément (p-v) curves, and

(d) to investigate the influence ef such parameters as depth, embedment ratio,
pipe diameter, and soil density.

A1l model tests were run in a testing box, shown in Figure 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

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

zontal movement was recorded by two dial indicators mounted on the sides of
~42-



the testing box.

The laboratory test{ng 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 l-in. outside diameter (0.D.) model conduit
was tested at cover ratios (deptﬁ of cover/pipe diameter) of 1, 3, 6, 12 and
24;7(b) a 2.45-in. 0.D. model conduit was tested at cover ratios of 1, 3, and
6; and {c) a 4.5-in. 0.D. model conduit-was tested at cover ratios of 1 and 2.

Almost al] tests were run as strain-controlled tests, but at the
beginning of“ihefteéténg.program a few weré run as stress-controlled tesis.
Buring each test the horizontal lecad applied at the ends of the model conduit
and the corresponding horizontal displacement of the conduit were recorded.

Aitheugh 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 uﬁ;fd}m pressure of 3.32(c). The unit pressure, p, is thus

definad as

- P . '
P= 15D (3.3)

where P is total horizontal load on conduit; L is length of conduit; and D is
outside diameter of conduit.

The soil pressure p was plotted versus the horizontal pipe displage-
ment y. The p-y cur?es obtained with the 1-in. model conduit for cover rat;os
varying frem 1D-24D are shown in Figures 3.33(a) and (b) for loose and dense
sand, respéctive1y. It is apparent that the 5011 pressure-displacement re-
lationship is nonlinear, and it could be approximated by a normalized equa-

tion shown as below:
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_ ¥
p = — -
0.145 + 0.855y

where p = p/p, for p < ps ¥ = y/y, fory <y .

Audibert and Ryman have conciuded that the determination of Py from
the experimental p-y curves is retatively simple because in most cases the
p-y curves reach a welj defined plateau. However, Yy is not precisely defined,
and only a range of values can be cbtained from the p-y curvés, By plotting
the ratio of y /He 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 locse sand, the ratio yu/He varies from about 6% faor l-in. pipe to about
3% for the 4.5-1n. pipe, and appears to tand toward an asymptotic value of 2%
for the large diameter pipes. A similar trend is alsc cbserved for dense sand,
yu/He decreasing from 3.5% to an apparent asymptotic valwe of lqé%. These

{i6)

values are in close agreement with the results of Das on vertical anchor
plates for which yu/He varies between 2% and 2.4%.

3.5.2 Soil-Pipe Transverse Interaction {X-ray Technique)

(37)

An X-ray detective techniaue was utilized by N. Mishio et al. andﬁ

(50)

Watzru to clarify the earth pressure around a buried nipe and surrcunding .

' s0i1 behavior due to the settlement of the adjacent soils. The earth settle-
‘ments may be caused by earthauakes.

Due to the extended bur%ed 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 fﬁserted in the 'windows 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. Sevaral 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
1ifting the pipe during test. Note that it is important for strain analysis
to determine the location of Jead shot accurate%y. For this purpose, a
special equipment called "X-ray film reader" has been designed for locating
the images of lead ;hotg on X-ray film. Figure 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
Vdetermined for strain analysis by usingﬂfinite element method. As mentioned
eariier, érplane 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 show;-tﬁe element of constant strain triangie, It is commonly
known that the principal straiﬁ, the volmetric strain and maximum shear strain
can be calculated from these three components of constant strains of <, ¢

X7y
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 3.38. The peak value of eqrth
pressure is quite dependeht upen the initial veid ratio of backfill. In adi
dition, the growth of rubture p]anes_dgé to relative displacements between a
pipe and sénd can be described very clearly ffom 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 researchers have concludad that the method of using X-ray tecn-
nigue is considered to be ayailable in the researches of excavations, tunnel-
ing on geotechnical probTemé besides the soil-structure interactions,

3.5.3 Longitudinal Dynamic Soil-Pipe Axial Interaction

Recently, CoTton et aT.<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 0.0l to 12 Hz. From the
measured steady stdte forces produced on these pipes, the force-time history
can be determined for a similar pipe buried in sard when the surrounding earth

is subjected to an arbitrary displacement time history as in an earthguake.

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
Tinings used in service. The pipe covering is soft and allows sand grains to
become partially embedded in it. Also, the wrapped cover has ridgeé exposed
to the sand. Therefore, fcr large pipe displacements sT?p<§9tua1}y occurs in
the sand near the pipe. The middle bipe is the test pipe. 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 beéween the test pipe and
each of the stationary end pipes to allow for the relative motion of éhe pipes
during testing. As shown in Figure 3.39, the gap is séaled 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 2Z-foot-wide, 30-foot-long trench and back

filled with 0lympia Nao. 2 sand. In the first fest series, the 15-foot-Tong
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nipe 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 s01id 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 osciT?ated by a hydraulic actuator situated in a
pit adjacent to the trench. Confected to the actuator is an aluminum push-rod
atbached to the cross-shaped aluminum Tink. The crosslink is bolted to the
wall of the test pipe. During the tests, the d;splacement was contreolled to

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

*

measured.
Instrumentation consisted of displacement, force, and acceleration
gages. UOne LVDT and one piezoresistive-type lcad cell was factory installed
in the actuater to control or monitor the dﬂsplaﬁement and force exerted by
the actuator piston. A second LVDT 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 LVDT with
its body mounted to the ingide of the test pipe and its armature connected to

a l-inch square aluminum plate % inch thick that acted as a vain which moves
with the sand. An accelerometer was buried in the spil 4 inches above the top
of the pipe to measure soi}'acceleration.

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

tests with displacement less than 0.01% inch were ﬁérformed, In these tesfs,
nc slip or only small s?ip‘were produced between the pipe and the sand because
the force delivered by the actuator and pump system was Timited 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 additicnal small-
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displacement tests could be gerfOfmed. The tests with large displacements are
more typical of those produced in earthquakeguthat damage pipeiines. In ali
tests, the inertia forces of the pipe are small compared to the resistance
forces from the sand.

The force-dispiacement relations measured at different frequencies
in tests of similar small displacements with nd‘slip are shown in Figure 3.40N.
Figure 3.41 shows data for a test at 0.1 Hz with the displacement of the test
pipe still small, but large encugh to produce some slip between the pipe and
the sand. For a Targe displacement test at 1.0 Hz on the 5-foot test pipe,
the farce-displacement curve (Figure 3.42) has a sudden, large change in the
slop when sTip occurs.

From observatibns obﬁained 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-displaceﬁent relation is linear at
smail displacements. At larger displacements, the slip zone
is formed and the slope of the force-disglacement relation
decreases.

4, As the sTip.éone encompasses the pipe, the slope of the force-
displacement relation decreases at increasing displacements
until at large displacements, the force is aimost constant.

5. During unicading, 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(zgj 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‘Okiahoma. The set-up of the test system is shown in
Figure 3.43 and the pipe specimen is embedded in & wooden sand box.

) The steel pipe with diameter of 12" is buried under sand varying from
no cover to an eguivalence of 24" buried éepth. The test freguency is varied
from 0 Hz to 6 Hz. The time history of a test sample with € inch buried depth
ahd frequency of I Hz is shown in Figure 3.44 and the load-displacement curve
is shown in Figure 3.45,

.V The results obtained are quite similar to those obtained by Colten

(15)

et al. with oniy a fraction of the cost. The effectiveness of laboratory
test is recognized.

3.5.4 Resistance Characteristics of Pipe Joints

For segmented Tifelines, 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 a].(44)

at Arizona State University have per-
formed some tests on joint resistance to axial lcad and bending. The objective
of this study was to experimentally determine the structural behavior énd stiff-
ness characteristics of 'push-on rubber gasket' joinfs of ductile iron pipes:
The test fixtures for axial énd bending 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 the 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 reéycled slip loads were determined from axial
pull-out tests and the rate of axial pull-out is load dependent.

(21) has performed

Under the supervision of the senior author, Getaz
tests to determine the force and e{qngétion or shortening resistant character-
Histics for rubber gasket bell and spigot joint o?_concrete pipes as well as
'ducti1e 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 pipe joint is shown in Figure 3.51. In the study, the
following specific parameters were investigated:

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

2.. The uitimate pull-out force,

3. The ultimate pull-out elongation.

4. The ductile stiffness.

(21)

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

will not be repeated.
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Table 3.1
Results of Load Tests

MOVEMENT 1 EXPERIMENTAL  STRESS 2 CALCULATED | CALCULATED DEFLECTION | CALCULATED
o, N . 1
LOAD TYPE Ho g - CROWN v oV g?ggss
Inch H v MAXM. | MIM. | SHEAR |HOOP @ [ Maxmyoop [iPRESSURE3 | EMPIRICAL | ANALYTICAL @ a
. - - a . ! o - Rt
1. No Backfill Lo 0 0 0 ) 0 0 o |* o 0 0
1 R
2. Backfill only | 35 |-.160 | .158 4182  |-9015 | 3737 0 | 6364 0:%9 .03 -001 8z
3. Backfill only } 85 .005 }~005 (5492 |-9292 | 5205 1196 1 5492 a7 .32 0038 896
4. Backfill only -} 104 |.017 |-002 |3717  |-12693 | 5471 1874 | 7474 5.75 .40 011 1207
‘ t :
5. F~9000 Dump Truck! 104 .003 |-.003 [3598  |-12589 | 5406 1837 | 7304 2.76 19 -075 1787
o
6. 350-Payhauler 104 | .008 { -.010 {2988  |-11699 {5111 1345 | 6196 4.40 30 _ 008 2137
7. 4600-54 Crane lod | .067 |-.078 |7146  {-12479 | 3416 1644 | 4982 7.728 .53 .15 2830
8. Backfill ohly 198 | .054 {-.039 }4116 |-6635 {2391 . | 2740 | 5760 13.0 .82 .025 2730
[}
9. F-9000Dump’Truck { 198 | 0.0 |-.002 [6708  |-5598 {439 | -193 | 6812 0.92 .06 002 | 2923
10.350- Payhauler 198 | .01 [-.002 {6501 -5426 (2707 | -87 | 526 | 0.88 .08 002 ) 2915
11. 4600-54 Crane 198 | .007 }-.009 {7156 {-4268 3022 | -667 | 698l 3.22 420 -006 | 3406
Notes: 1. Movement of point *a’' for a loading is due to that loading only.
2. Stresses are Principal stresses acting @ a. These stresses are due
to total load of the equipment and soil,
3. Crown Pressure is due to the particular load onty. y
4,

Hoop stress is calculated by subtracting stress of load type Z'from

other stresses

+

R/2



Table 3.2
ReSU]tS Of St}"ess"ﬂ;na]vs‘[s—--——-~-——--—v.

Dynamite prog, \ Shear proc, I Air-gqun proc.
Dl DO L SE(x) [ sBiy) I AL | AL
Vibration period {sec.} 0.3 0.3 0.5 0.4~0.8 Q0308005008

Max. strain  recorded (x1076) 4.0 3.0 0.2 0.5 0.8 1.2

{ 53 | {(+) 2.8 L2 | 028 | 0.28 | 028 | 063

pol=) 2.5 .0 1 0498 | 0.24 Q.86 Q.80

. Coe) 2,35 L2 | 024 028 | — | —

Max. a:zml} force 536 ! (=) | 65 0.8 I\ 0.18 | 022 ! o .

‘ sa | (1) 273 | g | 928 | 938 025 | O3

- : | O.r9 + 825 | 0.19 | 0.38

53 0.324 0.30 C.014 0.07 0.14 Q.14

Maz. bending 536 0.45 | 0.34 | 0087 | Q.14 | — —

moment . (t,-m) 54 0.37 | 0.50 | 0027 | 0.06 | 0.07 | 0.09
Honz, 2.3 I | 2~4 2 | [

Fas tw vert. L5 ] L2 | 068 | — —

{(+1% Tension {=) " Compression A Axigl stress €m: Bending stress
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Tabte 3.3 List of Earthquakes {YOKOHAMA)
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Table 3.5 List of Earthquakes (DMORI)

Farth- Loestien of Origin Depth Epicentral Intensity Mar. Ace. (gal) Maxn. Strain (%0 ‘1J
* n e 2 1anc Magnitude | a1 Tokyo | - - -7— e e e e S
e e Latitude (N) | Longitade (E)]  iw) i) - umn | X Ty | z Axial
North Guama Pref.
! 1976 Dec9 [o- s hem et 4 146 L 5.8 N 15511591 1.2 63
I T ww w0 W | s : S
Northern Tokyo Bay T
2 1977 Jund v T o 60 29 4.6 m . |iz6|189] 87 3.5
Southwestern lbaragi Pref. | 1‘ R MV\T T '“*T’"”—'”'—*"f'“"‘”“
15 - 66 . 19.8 | 20.5] 8.5 14.7
3 Oc 3&‘03_-“_]—7,% 119 52 60 :4 v :_ o
OH Tharagi Pref. . e
4 — 67 56 1 59| 68 47 1
| Dec 17 w3 ] daes | 0| e pose g se 6 -
Near Lzu Oshima
5 1978 Jandd —ufi-‘:—:g"w--- ervans BCI 100 7.0 W 57.9) 3.3 12.3| 2.1
Middle Izur i’eninﬁuln T ‘N?rﬂ‘ T ) T
. - 20 8 1 17.3] 8.4 3 .
6 Janid 3450 I lwﬂk,r 114 7 57“ k 5.0 )
Middle Tzu Veninxula .
7 - 0 5.4 1 3.6 2.9) 11 2.3
) Jan15 wag [ 2550 10 12 ‘ | o o
Far O Tokaido
i 8 M.r..v ww | e 400 559 7.8 n 234181} 55 8.9 1
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T 3606 139°54 i S e
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Apr.? R T oy 40 129 57 i 3.4 3.0f 13 K
o pr 3512 | 14106 *%i_w\7¥_
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. - . |} . . . 7.0
11 JunIZI 09 [z 30 365 7.4 j'no ZHLHJ 1

.
Tabl e 3.6 Earthquakes recorded at the Tama river tunnel—April to October 1970

Y

: Time Epiccntrg cli?;tﬂ Inten-  Epicentre Max;r‘n:ungaaccelerauon

Record No. ' Date h m (deg) (deg) (km) M  sity location lunnclq(ugcxﬁ;ls
Record | 17 May 1970 23 52 346 1411 — I OF Boso 134
Record 2 27 May 1970 21 06 27-% 1400 Deep n ogsr::;ﬂa 3-0
Record 4 14 Sept. 1970 18 45 189 142:0 40 62 11 Of\i:vg;cnr:iku 26
Record 5§ 30 Sept. 1970 4 26. 356 13197 50 48 11 Dg\(»)/?lss'trcam 121
Record 6 30 Oct. 1970 8 14 360 139-9 60 49 m SOE?IT:CSTV“ 34

Ibaragi

prefecture

Released by the Japanese Meteorological Agency.






Table 3.7 Scale Factors of Model to Prototype

Note ScaleFactors
i Length 1 / =1 e
| Lm/Lp=+ 100
| Time T Tm/Tp=—1“ (EP om 0.389 !
I : A J Em op ) )
Acceler. ] E i
stion 2 jem/ep=a-z02 0065
— ] |
Sirain ¢ lcm/rp 1.000 |
Young's ! 1
modulus  E liE"’/Ep | 7500
Mass  p }pm/pp | 0.606
| !

Table 3.8 Properties of soil layers for dynamic 1unnel model

Channel Land.
Thickness Young's modulus  Thickness Young's modulus
(rmm) (gm/em?) {mm} tgm/cm?)
First layer 24 40 42 240
— Setond layer 40 90 96 90
Third layer 40 230 40 230
Table 3.9
Experiment Conditions
T -mpe ) ” [ ?Ia-t"-aar
diapeter or mﬁ_i 8.9 cm 3.0 ¢m
length D18 ¢cn 18 ¢n
depth - 26.% ¢m 26.5 ¢m
backfill " Toyoura dry sand | Toyoura dry sand
speed-of lifting . 0.5 mn/min 1 0.5 an/ain
, 0.67 j
initial void ratio 0.77 5 0.68
. 0.92 :
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CHAPTER IV
ABOVE-GROUND LIFELINE SYSTEMS

4,1 Introduction

" Considerable earthquake research has been initiated and conducted by
many organizatibns during the past several years in order to refine structural
analyses, response predictions, building codes éﬁd specifications. This has
provided the engineer with some background and capabilities necessary to de-
sign and construct goderp structures to resist force developed during periods
of moderate to strong earthquakes. Most of this research has been primarily
in the field of buiiding construction. However, the fields of bridge, pipe-
line and nuclear power plant construction have recently begun to recefve some
éttention.'

In general, the above-ground 1ifeline system covers the above-ground
pipeline, highway, railway, electrical transmission 1ine and long span bridges,
etc. The seismic responses of above-ground Iife}ine system during earthquake
is gquite 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 Tlaboratory can be applied to obtain
the seismic behaviors of the above-ground Jifeline, Note that in this Chapter

the seismic study on above-ground pipelines is confined to the damages only

because very few data are available,
Various experiments conducted te 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 undersﬁand,the behaviors of bridges during earthguakes,
many seismic observations@' ) havéjb;en conducted by installing seismographs
on bridges and on the ground sites near bridges. Figure 4.I“and 4.2 show the
accelerograms recorded from Shin-Katsushika Bridge and Hirai Bridge respectively
during the Higashi Matsuyama earthquaké (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 underiaid
beneath the site of Shin-Katsushika Bridge, and the Hirai Bridge is suppofted
on the thick layers of fine sand and silt. Some measurement during earthquake
were listed in Table 4.1.

According to the observed records, the natural vibrations were occur-
ring on the bridges during the earthquake. The maximum acceierétidn 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 periods obtained from vibration tests.

From comparison of two accelerograms as showﬁkin Figure 4.1 and 4.2,1t
s observed that the amplitude of vibration recorded from Shin-Katsushika Bridge
is much greater than that>bf Hirai Bridge although their epicentral distances
are almost same. The influences on the amplitudes of vibrations may be due
te 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 previcusly, the Shin-Katsushika Bridge is supported
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on the thick soft layers ofvfine 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-
celerati&ns Qas baséd on the obse;vations recorded from the strong moticn seis-
mogféphs those installed at bridges scattered over entire country of Japan.
Twenty-eight bridges were investigated. ~Among those bridge sites, the soil
conditions are varying from cohesive soil to soft rock. Many types of pier
foundaticns "stUich as fdoting, caisson-and’pile'foundation etc. were chosen
during designing and construction. Except three bridges of them, the heights
of piefé 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 ground
level. The magnification ratio of méximum acceleration of pier top to that
of the ground Tevel was high up to 3 when ground accelerations were small; but
the ratic became smalier if the ground acceleration increased. The ratio was
about 1.5 as maximuh ground acceleration increased to about 100 gal.

Kuribayashi and Iwasaki %) 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 th& characteristics of rela-
tively short period from 0.1 to 0.2 seconds. 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 ground acceleration was shown in Figure 4.4. It is obvious that the
rate of increase of the maximum response acceleration tends to decrease in

accordance with the increase of the absolute maximum value of the ground
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acceleration. Thus 2 regression eguation was used to express the above rela-

tion. The equation is

A = 8.33f_A'; , in gal. . (4.1)

where As represents absolute maximum response accelerations on the suﬁer-
structure, and Ag represents absolute maximum ground accelerations.

It is apparent that the magnificatign of seismic response on super-
structure of bridge is significant during ground excitation induced by earth-
quake.

4,2.2 Above-Ground Pipalines

In examining recent studies(23s24)

on dynamig rgﬁponseS‘of pipeltines
during seismic excitation, it shows that many investigations on buried pipe-
1ines were conducted to observe theit seismic behaviors {including damage) in
the field or in the Taboratory; but very few attentﬁons were paéd to the above-
ground pipelines. Based upon the past damage report§ chserved during earth-
quakes, a description was presented herein to describe the possible failure

modes and seismic responses of above-ground pipelines,

*

The response of a structure or element is dependent on its strength,
damping characteristics, qu the étréss-strain or load-deformation relation-
ship for the structure or element considered. For above-ground pipe]iﬁes the
motion of the ground is imparted to the pipe through the piers. or -supports
under the pipe. The deformation of these supports must be considered to avoid

tipping or tilting. Of course, liquefacticn of the foundation material, or

Tandslide 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-
faction does not result in failure or large relative movement of these supports.
This consideration reguires that the pile suppor%s extend through the 1ique-
faction zone and are founded in competent soil beneath. With properly designed

support structures, abovg ground placement of the pipeline generally represents

a desirable method of c¢rossing liguefaction 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 emp]oyed in.formulating
mathematical or finite element models of structures. It is also the most re-
liable wayhof determining the parameters of major interest in structural dy-
namics problens, su;h as natural frequencies, mode shapes, and damping.

A number of tests on full scale of above-ground 1ifelines, especially
for highway bridges, have been performed to investigate the dynamic behaviers
of above-ground 1ifeline. For instance, for investigating of dynamic responses
of bridges, wind and earthquake were the usual source of excitation; but the
occurrence of wind/earthguake 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(l’z’B)

In this investigation, a structural measuring technique using vehicular
traffic-induced vibrations wé§ developed for full-scale testing of suspension

bridges. The technique incorporates new experimental procedures, improved
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deplecyment and oriéntation 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 dgferming}ngturaT frequencies and mode shapes of ver-
tical, torsional, and jateral vibrations and also to estimate the damping of
the structure, )

The Vincent-Thomas Bridge {(Figures 4.5 and 4.6) was constructed in

the early 19€0's across the Main Channel of Los Angeles Harbor frem San Pedro

to Terminal Island. 1Its superstructure consists of a 1,500 ft. (458 m) center

" span, two 506.5 ft. (155 m) 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 crucifeorm 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 bridgé were
carried out with the following instruments. - T

1. Kinemetrics SS5-1 Ranger Seismometer - Eig%t short-period {(close
to 1 sec), velocity-type transducars were used to measure motions caused main-
1y by traffic. Four of them were used to simultaneously measure vertical
(seismometers A and B) and lateral (seisqdmeters C and ?) motipns‘(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-

respending to seismometers A, B, €, -and D,
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2. Kinemetrics SC-1 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 provide displacement, velocity, or acceleration outputs. During
the tests, a]% frequencies higher than 3 Hz were filtered out. The two signal
conditioners utilized an AC power source’in the tower leg.

3. HP 39604 Instrumentation Tape Recorder - The amplified and fil-
tered signals were recorded on two four-channel tape recorders.

lé.r.ﬁé %418A Ds;iWIOQraphic Recorder-- The measureﬁénts takén 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-1103 Electronic Analog-Digital Converter - In the
dynamic laboratory, the recorded analog signals on the tapes were digitized
for computgr processing, using an analog-to-digital converter,

The Measuring Procedures are depicted as follows.

1. Instaliation - The recording instruments, consisting of the sighal
conditioners, the tape recorders,'and the oscillographic recorder, were placed
in a traffic lane close to the tower lég. 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 - Sipce the natural frequenc;es of the seismometers Sre
in the range of the measured frequencie3 and sirce 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 freguencies of 1h§erest. To achieve this, the instruments were

alined side by side at one location (Station R). Four seismometers (A, B, RA,

and RB) were in the vertical direction and the other four seismometers
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(Q, D, RC, and RD) were in the lateral direction.

3. Recording - The reccrding began after several minutes of visual
monitering of the vibrations (by the osciX?ograph recorder), during which fine
adjustments were made. Vertical &5 well as lateral vibrational motions were
. recorded for about 10 minutes during the first calibration run. Then seismo-
meters A, B, C, and D 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 (Fiqure 4.6). In all tests, the
velocity circuits of- two signal conditicners were used to measure the motion
due to higher modes sjnce these enhance the higher freduencies of the motion.
There was very 1ittle 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 computed 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
facititates selection of the natural frequencies and, thus, identification of
associated modes of vibration. Phase speciral were used to.determine the sign
(in-phase or 180° out-of-phase)'of thé model amplitudes.

To determine the mode shape, the smoothed spectral amplitude of the
response at a given station was divided by the smoothed spectral ampiitude of
the simultanecusiy recorded response at the reference station. In this way,
an amplitude was obﬁained proportional t&hthe mode shapé amp1ifudé‘at that
staticn for a given frequency of vibratien; 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
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the sign of the méda] amplitude. The freguency resolution was 0.003?‘Hz,
which proved to be high resolution.

The mode shapes and natural frequencies determined by the ambient
tests of the Vincent-Thomas Suspension 8ridge are compared in Figure 4.8, to
those obtairied by finite element anaiysis(l’g)-' Figure 4.8 shows only an example
of five types of vibrations which including the 'symmetric and anti-symmetric
for both of vertical and torsional vibrations, and symmetric for lateral
vibration. *

‘Figu;é 1.9, wh{éh summarizes the combarison betweeﬁ the computed and
measured frequencies and modes for vertical, torsional, and Tateral 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 peak;; 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 tp 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 whos; width can be properly "
measured. ‘ -

| Finally, this comparison between measured and computed natural fre-

guencies and mode shapes suggests for futiure earthquake-resistance analyses

that computed values can, indeed, be representative of the real structure.

-91-



4.3.2 Quick-Release Pullback Technique for Highway Bridges

The body of experimental kndw]edge regarding the transverse response
of fulil scale highway bridges from both the static and dynamic point of view
is in its infancy. Most of testswgn_fuTT scale bridges have beeﬁ performed'
to measure only the vertical static and dynamic yesponse of‘highway bridges.

| Douglas et a1.(17’l8) have gxamined_tﬁé_gyﬁamié‘behévid?s of a conctéte_‘
* bridge subjected to extensive dynamic fier‘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 dense sand and
gravel. The deck is supported on the abutment foundations by five elastomeric
bearing pads. At the abutments, the oniy mechanism which is efféctive in trans-
mitting lateral and longitudinal loads from deck to the abutments consists of -
the elastomeric pads.

During tests, the experimental dynamic excitatioﬁs were produced by
pulling on the bridges with two D-8 crawler tractors and .simultaneously guick
releasing the cable tensions, Mechanica] quick-re]ea?@ hooks were developed
with electrical solenoid triggers to achieve simultanebus quick retease of the
cables. Twenty five thousand pound cable tensions were used during the 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 guick-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 measurements. From the sand truck vertical motion data the first,
third and fourth mode shapes were identified and first five natural frequencies
were obtained (fab]e 4.2). Damping estimates in vertical modes 1, 3, 4 and 5
were also listed in Table 4.2ﬁ The first five transverse natural freguencies
were also found a]oné with estimates of the modal damping ratios Tisted in
Table 4.2. “ ' " |

An analytical model was used to confirm the dynamic performance of
the bridge. A Tumpeq 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-spaﬁe frame. Table 4.2 shows that agreement between the
experimentél 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
Tines represent the mode shapes obtained from the analytic model. Agreement
is also good.

A remark of conclusion on the field test of gquick-release pullback
method was described as follows: i

1. The quick-release pullback-dynamic fests and vertical motion
tests were very effective for purposes of identifying the significant struc-
tural 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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the methods described herein are effective in experimentally identifying the
in situ foundation compliances.

3. The experimental techniques were effective in identifying the
structural properties of the reinforced concrete members.

4. The Rosé Creek experimental results suggest that these methods
may be useful in indicating whether concrete bridges have been overloaded

during their 1ifetime.

4.4 Laboratory Testings (Model Test)

4.4.1 Dynamic Model Studies of Bridges
(22)

Godden and Aslam héve conducted an experimental mocdel test to
examine the dynamic response of the Ruck-A-Chunky Bridge 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 fe-
sponse of the bridge, Secondly, to identify behavioral characteristics nct
considered in the analysis that might affect the design of the structure.

‘ The mbdel was used ﬁo study the global béhavior’éf_£he b%idge within
the limits of elastic behavior. The design of the mod;l 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: I, I Jz, A, weight per foot,

X? y’

and the appropriate distribution of mass fer 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 pravent interaction between the two and to ensure that the
table motions were accurately applied to the model. . In this study, the model
scale of 1/200 wvas selected. Tre model was constructed on the shaking
table which contributed a dynamic excitation to the model. Shaking.
tabfe tests on a small-scale model st}ucture have certain limitations. The
applied ground motions are essentially r}gid-body motions in which all points
on the ground have the same displacement time history, and there is no simple
means of>stﬁd§{né‘the ef%ects of differential'ground motion.

7 Instrumentation in a very flexible model has tc be carefully designed;
it must not add significant mass, stiffness, or damping to the system, thus it
is not possible to use such devices as LVDT to measure dynamic dispilacements.
Eight cable forces were measured by the leaf spring devices. Girder forces
were measured at three cross sections: midspan, quarterspan, and at one abut-
ment . Str;in gages mounted at these sections were used to deduce gross section
fdrces. 'Miniatﬁre 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 tfie
bridge model matched the st;tic computer-analysis, a uniformly distributed
load was applied to the girder to simulate the effect of the prototype 1.47-
kips/ft. (21.3-kn/m} static 1ive Joading. Lloading 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 Jinear%%y of respoﬂse. The resulting predicted proto-

type datz are given in Table 4.3 together with 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} DOynamic Tests - To check that the dynamic behavior of the model
matched the computed values, 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 anaiyzer.
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 dgﬁa, are given
in Table 4.4 indicating a high degree of correlation.” CBrrelation 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 féw modes, and par;
ticular by the first.

c¢) Damping - System damping in the model was measured by %ree decay
response in different modes. Mode 1 damping was measured at 0.09% of critical,
and mode 3 at 0.25%. These are'extremely low values and indicate the poten-
tial for Jow damping in a structure of this kind.

After two preseismic tests, a shaking table fest 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 applied 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 15-sec duration motion with horizontal and vertical peak accelerations of
0.12 g ahd 6.08 g, respectively. —ATT data were recarded at 100 samples/sec.
In addition, a movie was made of the response of. the bridge so that cable vi-
brations, girder motions, and the expansion joint response could be observed.

The intens;ve study of the model, both with and without a midspan
expansion joint,”and a cﬁmparison ofimeasured'and computed response data for
the continuous bridge led to the following cbservations:

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. A1l 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 4.16), and for the motions applied it was
targely first mode response.

3. A comparfson of measursd 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 ﬁur-
poses (Table 4.5). .

4, Cable vibrations, though clearly visible under all conditions of
ground motjon, have 1ittle effect on the gross_behavior of the bridge,.
5. The ground motions applied in this study were "rigid body" table

motions. Differential ground metions were not studied.



(33) have also conducted two vibration tests of

Kuribayashi et al.
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 bridée in Metropolitan Expressway
during earthquakes. ]

Katashina-gawa Bridge is a curved truss bridge supported on high piers
(R = 2200 m, maximum height of pier = 639 m); and the bridge in Metropolitan
Expressway is a 1Z2-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 Works Research Institute,

Japan. - _
Based on the results observeq from the model tests, Kuribayashi et aT.(33)
made conclusions as follows:

1. Vibration modes of Katashina-gawa Bridge model subject to obligue
direction excitations were same as those subject to longitudinal or transverse
direction excitations. Responses induced by cbligque direction excitation were
smalle% than that induced by-1ongitudina} ar trané&ersg d;rééﬁion“excitations.
In this respect, it is adequate to only consider the effects on the bridge
structures due to Tongitudinal and?or transverse excitations.

2. There is an appreciable effect on the vibraticon modes of Katashina-
gawa Bridge model due to the curvature of bridge girder: but the influence is
small 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
-G8 -



other type bridges, and it could be estimated precisely by dynamic analysis of
mathematical model.

4.4,2 Qualification Test of Communication Equipment

i Determining the true earthquake resistance of equipment through cal-
culation alone frequently is relatively difficult because of the mechanical
compiexity, as well as because of the nonlinear and inelastic response of scme
individual components. On the other hand, testing on a hydraulic shaker pro-
grammed ﬁb ﬁégchw%he sei;mic motions at the eqﬁipment supporf points‘eva]uates
the de;ign and allows modifications before field use.

A qualification test should be used to prove in eguipment. 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 %ts Sypporting 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 cver 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 fasteners to hoid the test item in

place.

(19,20)

Foss concluded that communications eguipment in building will

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 éfructure. 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 characteristics. 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 mgtions in the ground with accerations up to three-guarters

of those in the horizontal direction must be considered,
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Table 4.1
Earthquake Vibration of Bridges.

- : | Name
! i
J I Shin- | Hirai | Yoshida-
§ Katsushika : | Ohashi_
i Parallei 10 | Ground 4 | 100 23
Laxis ., i Girder 56 J 140 18
i : i ' - .50
Maximum acceleration ¢ _Ratio 1.40 ‘; 1.40 !
(gal) Perpendicular | Ground ! 40 65 |
1o axis Girder l 50 65 j
Ratio i 1.25 1.00 !
| Paraliel to | Ground , upkpown 070
Major period axis ‘ Girder : 0.48 ; 0.80 i
(sec) ‘Perpendicular | Ground 1 093 040 ‘
10 axis | Girder o R
Vibration Test {Paralicito | Nawral | 036 042 . 029
. axis { period {sec) {
,Damping 1 0.066 0.129* 0.110
| factor '

*  Vibration test of Hirai Bridge conducted in condition of girder not loaded on piers.

a
Table 4.2
FREQUENCIES AND DAMPING RATIOS
Expt. Th. No. of
Direction Mode freg. Freg. Damping Avg. Damping
HZ HZ Range Damping Estimates
TRANSVERSE 1 2.7 2.8 1.8 - 2.4 2.1 8
2 3.8 3.7 4 L 2
3 5.5 8,7 1.0 - 2.5 1.9 6
4 8.7 8.4 3.4 - 5.0 4.3 4
5 1.5 - 11,7 - - -
VERT1CAL 1 2.3-2.9 2.7 4.8 -9 6.5 12
2 3.5 3.5 - - -
3 4 3.9 1.2 - 2.7 1.8 8
4 7.6 7.8 1.2 - 2.3 1.7 8
S 8.1 8.2 1.0 - 2.3 1.5 8
Table 4.3
Keesured and Computed Reaponss for Static Live Losd
Model
Quantity pradiction Computer
(1) (2] (3
Widspan deflecuon, b feet 2.75 2.67
Cable forces, in kips
SI: 1 2 106
7 - 75 B!
12 i 13
SO} j36 127
7 120 120
12 37 £2
NI 7 78 84
NO: 7 112 105
Vertical moment in girder, in kip-feet
Midspen. . ~ 7,430 7,954
25 fi north of quarterspan porth 8,450 5,141
6.25 ft from nonb abutment -32,200 =31,%00

Note: | ft « 0305 m; | kip = 4.45 kN; I kip-fl =« 136 KN - m,
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Table 4.4
Moaoursd and Computed Matural Frequencisa

Froquency (M3) Kode Shapa
Computed” | mogel” vartica) woritoatsl Tortiona!
Syeamtrical Antiyymmptrics) .
fyo 0288 [ 0287 | e
fyro | oy | T et
100897 | 0523 | et )
ty s 0.0 o0 A e
o+ 1.00 !.'07 Y )
fy e 104 1.9 A g
sl 1.38 B
fg = 1.8 1.82 R e —
fy s 17 1.9 e S
fag® 2.07 10 R o o 3
2.2 A~

« Mgy Tumowe 4t BQ recttoms, 3irsignt-)line resuced aodulys cable approxzimstion
* Bess Twoed &t 216 giroer sections (34 cable conmection Dointi}. A0 aporostmstion for cabie mass

r 389

Table 4.5
Measured and Computsd Response for Shaking Table Test
Model Pradiction Computer
Quantity Maximum | Minimum [Maximum | Minimum
n (2} {3) (4) (5)
Midspen deflection, in feet | 100 -3.75 ] 406 =423
Cabie forces, in kips
S 1 15 - {50 L6 - 163
7 k2l -70 76 -70
12 i7 —~14 9 -9
S0: | 144 -178 186 -195
7 ' tio -9 12 ~ 104
12 - 26 -19 21 -2
Vertical moments in girder, in kip feet
Midapan 16,920 ~26,5%0 22,600 -26,120
25 ft north of quarterapan sonh §3,490 ~ 10,420 6,468 -7.711
6.25 1 from north sbutment 23,626 -30,680 28,110 | —24.620

Note: 1 it = 0.305 m; | kip = 4.45 kM; | kip-ft = |36 kN - m.
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CHAPTER V

SUMMARY

This report summarizes and discusses.the available experimenta] 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 in Chapter II, At the present time, the methods to study the ground
motions are dense lineal, plane and three dimensional strong motion arrays.
Lifeline 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 léss than or up to 50 m apart would be sufficient tordefine the
ground motion'input for any 1ffe1ine system,

Chapter II evaluates below ground 1ifeline systems. Active field
testing methods, passive field testing methods, laboratory testing methods, as
well as infjuential parameters are described, Activeﬁfield testings which
emphasize more on ground motion generation include explosions, moving loads,
vibrators, air-gun ang bo;rd striking (shear) process, and pile driviag. Pas-
sive field testings on buried pipelines,_ tunnels, communication lines, are
introduced. Finally, the influential parameters mostly to buried lifeline
systems, such as Tateral and longitudinal soil resistance characteristics and
joint resistant behavior are discussed.

For above-ground lifeiine systems shown in Chapter IV, seismic ob-

servations, field testings, and laboratory (model) testing of bridges, above-
-110-



ground pipelines, and communicaticn lifelines are presented. In general, above-
ground lifeline systems can be evaluated by a muitiple system table system,
which is not available at this time in the United States. Very 1imited data

on above-ground lifeline experiments are available.
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