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SYNOPSIS

The observed seismic strains of several types of underground
structures were quantitatively analyzed. A total of 123 seismic
records obtained during 91 earthquakes in seven buried pipelines,
three submerged tunnels, two embedded tanks and a rock tunnel were
analyzed. The general levels of seismic strains were found to dif-
fer according to the types of underground structures. On average,
by assuming the seismic strain of buried pipelines to be unity,
those of submerged tunnels and embedded tanks were found to be
about 0.39 and 0.14, respectively. The seismic strain of buried
pipelines was found more strongly correlated with the peak ground
velocity than with the ground acceleration. The measured strains
were then compared with the calculated strains obtained by the Tech-
nical Guidance for Petroleum Pipeline. The calculated strains were
found to generally give much higher values than the measured strains,
indicating that the present Technical Guidance may be too conserva-
tive to estimate the seismic pipe strains.

INTRODUCTION

In recent years, the roles of underground structures, such as
buried pipelines, submerged tunnels, embedded tanks and rock tun-
nels, are becoming increasingly more important in the civil engi-
neering construction. Past studies have shown that the dynamic
responses of these structures during earthquakes are greatly influ-
enced by the behavior of the surrounding soil[1l-3]. By reflecting
the abovementioned finding, the response—displacement method is
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widely used in Japan for the earthquake resistant design of these
structures[4-6]. However, the distribution of ground displacement
during an earthquake, namely the seismic strain in the ground, has
not been well understood today. Therefore, observed data of ground
strain during earthquakes supply very important information for the
design of underground structures. Although the direct measurement
of the seismic ground strain is generally difficult, it has been
conclusively shown that the buried pipe strains may in most cases
be considered to represent the soil strains during an earthquake{1l].

In this paper, the seismic strains produced in underground
structures are quantitatively investigated by using the 123 data
recorded in Japan. They include the data in seven buried pipelines
[7-16], three submerged tunnels[2,17-21], two embedded tanks([3,22,
23] and one rock tunnel[24]. 1In the latter part of the paper, the
strains calculated by the method specified in the Technical Guid-
ance for Petroleum Pipeline[4], which is frequently used for the
earthquake resistant design of buried pipelines in Japan, are com-
pared with the observed data.

OBSERVED SEISMIC STRAINS IN UNDERGROUND STRUCTURES

OBSERVATION SITES AND EARTHQUAKFE RECORDS: The records of the 91
earthquake events from 1970 to 1980 observed at 13 sites for the
four types of underground structures were investigated in this study.
Table 1 shows the list of the observation sites, types of struc-
tures and their relevant properties. The epicenters, depths and
magnitudes of the 91 earthquakes are summarized in Table 2. The
first columns of Tables 1 and 2 assign reference numbers for all

the observation sites and earthquakes, respectively. By using these
reference numbers, the complete information of the 123 data are
summarized in Table 3. There are 60, 48, 9 and 6 observations for
buried pipelines, submerged tunnels, embedded tanks and a rock tun-
nel, respectively. The x and y axes were taken in the horizontal
plane. The x axis was taken along the longitudinal direction of a
structure for pipes and tunnels and the y axis perpendicular to the
£ axis. The 3 axis was taken along the vertical direction. STRAIN
1 in Table 3 indicates the longitudinal axial strain e; for linear
structures and the horizontal circumferential strain for embedded
tanks. STRAIN 2 indicates the circumferential strain for buried
pipelines, the bending strain for submerged tunnels and the verti-
cal axial strain for embedded tanks.

CHARACTERISTICS OF OBSERVED SEISMIC STRAINS: Figure 1 shows the
cumulative frequency distributions of observed strains e for the
four different types of structures. It is clearly seen that the
observed strains are the smallest for the rock tunnel and the largest
for the buried pipelines.

To examine the effect of acceleration level, the cumulative



frequency distributions of ¢/a are plotted in Fig. 2, where a is

the measured peak acceleration. When the strains are normalized by
the peak accelerations, the curves of buried pipelines and submerged
tunnels are found to exhibit almost similar tendencies.

Figure 3 is shown to illustrate the effect of ground conditions
on seismic strains. For this purpose, the measured strain was nor-
malized by the product of the peak acceleration a and the natural
period of the ground T in the form of ¢/(a:T/2w). Since the quanti-
ty a*7/27 in the denominator has the dimension of velocity, the
ratio ¢/(a-T/2n) may be considered as the strain per unit ground
velocity. The information contained in Fig. 3 is considered more
general than those in Figs. 1 and 2 because the strain is normalized
by the site factor T as well as by the ground shaking intensity a.
The seismic strain generally increases in the following order: em-
bedded tanks, rock tunnels, submerged tunnels and buried pipelines.
While the rock tunnel gave the smallest strain in Fig. 1, the small-
est strain in Fig. 3 corresponds to the embedded tank. This change
has probably resulted from the fact that, while the strain in the
rock tunnel is almost the same as that in the surrounding rock, the
strain in the embedded tank is considerably smaller than that in the
surrounding ground[3]. At the 50%-level of the cumulative frequen-—
cy distribution, the ratios among the strains per unit velocity of
pipeline, submerged tunnel and embedded tank are 1:0.39:0.14. Al-
though both pipelines and submerged tunnels are linear structures,
the strain levels produced during earthquakes are quite different.
This is probably due to the difference between their cross-sectional
areas.

In Fig. 4, the buried pipelines are divided into two groups
according to their diameters, namely D<1000 mm and D>1000 mm. How-
ever, the two curves corresponding to these two groups do not show
any significant difference. This seems to indicate that the effect
of pipe size is not significant within the diameter range between
160 mm and 1800 mm. Note, however, that this statement cannot be
conclusive because of the insufficient number of data available at
present.

Measured "axial" strains e; of pipes and tunnels are shown in
Fig. 5 for the four different groups of earthquake magnitudes M7,
7>M>6, 6>M>5 and 5>M) plotted against the epicentral distance. It
is interesting to notice that the slope of the regression line for
M>7 is smaller than those for 7>M>6 and 6>M>5. This seems to indi-
cate that the strains caused by large earthquakes do not decrease
rapidly with the increase in epicentral distance. The regression
equations and some relevant quantities are also shown in Fig. 5.
Since the effect of ground condition is not considered, the coeffi-
cients of correlation are not high. )

All the regression equations obtained in this study are sum-
marized in Table 4.
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SEISMIC STRAINS IN BURIED PIPELINES

In most cases it is difficult to directly measure the strains
in the ground caused by an earthquake. However, past studies have
conclusively shown that the strains produced in pipelines during an
earthquake are almost the same as those of the surrounding ground[1l].
In fact, it is always more practical to estimate the approximate
soil strains in the surrounding ground from the measured pipe strains.
In this section the observed strains in the buried pipelines during
earthquakes are investigated in detail.

The observed "axial" pipe strains e; are plotted in Fig. 6
against the epicentral distance for the earthquakes with magnitudes
equal to or greater than 7. Since the effect of ground condition
is not considered, the coefficient of correlation is low (y=-0.474).
Generally, the observed pipe strains in the soft ground with a longer
natural period is much higher than those in a harder ground with a
shorter natural period. Hence, the pipe strain was normalized by
the corresponding natural period of ground. The results are shown
in Fig. 7, which shows a considerably higher value of the coefficient
of correlation (y=-0.679).

The axial pipe strains ¢; are plotted against the peak accelera-
tions ayx, ay and ay in Figs. 8, 9 and 10, respectively. The correla-
tions between accelerations and axial strains in these figures are
relatively high with the coefficients of correlation y being 0.756,
0.716 and 0.791 for ax, ay and az, respectively. The correlation
between €7, and ay is again examined in Fig. 11 for the two groups of
data classified according to the epicentral distance A. The observed
data were divided into two groups with A<150 km and A>150 km. It
can be easily seen from Fig. 11 that the earthquakes with longer
epicentral distances tend to produce higher axial pipe strains for
the same acceleration level than those with shorter distances do.
This tendency is also apparent in Figs. 9 and 10.

The axial pipe strains are plotted again in Fig. 12 against
ax*T/2n in order to approximately take into account the effect of
ground condition. The coefficients of correlation y are found to
be much higher than those obtained in Fig. 8, indicating that the
axial pipe strains are more strongly correlated to the ground veloc-
ity than to the ground acceleration. The coefficient of correlation
Y is as high as 0.944 for M>7. As can be seen from Table 3, there
are 17 observed strain data for which the ground velccities were
also measured. Figure 13 shows the plot of these 17 data against the
measured longitudinal peak velocity vy. The high value of y=0.898
clearly indicates the strong correlation between the axial pipe
strain and the velocity.

DATA FROM THE 1978 MIYAGI-KEN-OKI EARTHQUAKE

During the 1978 Miyagi-ken~oki earthquake (M=7.4), records were



obtained at 8 sites out of the 13 listed in Table 1. At one site,
the maximum recorded pipe strain reached 299 x 1076,

The measured axial strains of linear structures (buried pipe-
lines and submerged tunnels) are shown in Fig. 14 plotted against
the measured peak acceleration ay. The regression line in Fig. 14
is that obtained from the previous analysis (¥>7 in Fig. 8). The
regression line obtained by using the peak acceleration as the
variable is found to fail to explain the two points at the higher
acceleration level.

In Fig. 15, the axial strain ej is plotted against the parameter
(a,*T/2m) as was done in Fig. 12. The regression line previously
obtained in Fig. 12 for M>7 earthquakes now shows a much better
agreement with the data especially at the higher strain levels. As
can be seen from Tables 1 and 3, the largest observed strain of 299
x 10~% was obtained for a,=125 gal at the site with T=1.3 sec. The
calculated strain for these ay and T values is 180 x 10~® which is
about 60% of the observed value. Although the calculated strain is
still small, the agreement in Fig. 15 is considered reasonable.

Figure 16 shows the relations between ey and T by using the
regression line for M>7 obtained in Fig. 12 for several different
values of the peak acceleration. By using this figure, for ayx=500
gal and T=2 sec, for example, e; may be easily estimated to be about
1100 x 106, Note, however, that the lines in Fig. 16 are still
very tentative because of the lack of observed data.

SEISMIC PIPE STRAINS CALCULATED BY THE TECHNICAL GUIDANCE FOR PETRO-
LEUM PIPELINE

In Japan, the earthquake resistant design of buried pipelines
is often performed according to the Technical Guidance for Petroleum
Pipeline[4,25,26]. A buried pipeline in the x direction as shown
in Fig. 17 is considered. A shear wave with a wave length I and
a displacement amplitude U is assumed to propagate in the direction
of the x' axis, which makes an angle of ¢ with the pipe axis. The
amplitude U is decomposed into two components Uy and Ug, where Ug,
is the component in the pipe direction (x-axis) and Ug is the compo-
nent perpendicular to the pipe direction.

UL = U-sin¢-sin[—gl;%2§$-x] (L)
Uy = U-cos¢-sin[—gﬂ;%259-x] (2)

The longitudinal axial strain e; and the transverse bending
strain ep of the virtual soil pipeline are obtained by

U 27e .
e, ='§FL = z Usinqb-coscb-cos[-zlr-—-‘%-(?--s-?L ] (3)
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where D is the pipe diameter, and the radius of curvature p of pipe
is obtained from

12U 5
p dac2 (5)
By putting cos[;%llzﬁiﬂ 27 cosd

x] and sin|
Eqs. (3) and (4), réspectively, it is found

x)} equal to unity in

25U |,
eL = T sin¢e+cos¢ (6)
_2m2.D.y 3
ey = 77 cos’¢ (7)

The maximum values of e; and ey denoted by er,., and egp.y,, respec-
tively, become

_mu =

€ ax = T (¢ 4) (8)
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eBmaX - L2 (¢ = 0) (9

The factors of transmission to convert these ground strains to the
pipeline strains are determined by considering the physical proper-
ties of the pipeline, the surrounding soil and the propagating wave.
The factors o; and oy for the longitudinal axial and the transverse
bending strain, respectively, are

RN P Y (10)
T
_ 1

% = 167" B+l (11)

1+ T .Kz
where

E = Young's modulus of pipe

S = Cross-sectional area of pipe

I = Moment of inertia of pipe



K, = Force per unit surface area of pipe that produces
a unit of relative axial displacement between pipe
and soil

K, = Force per unit surface area of pipe that produces
a unit of relative lateral displacement between pipe
and soil

Generally speaking, the values of o; and aj are almost equal to 1
for most practical cases. Therefore, the strains produced in a
buried pipeline may be assumed to be approximately equal to the
strains of the ground.

According to the Technical Guidance, the design strain egp is
obtained by

- 2 2 . 2 . 2
e, =202 +0.75D) (agre, D% + (e )

= . 2 . 2 12
J31200ge, )2+ (agre, ) (12)

where the pipe is assumed to be simultaneously subjected to five
incident shear waves.

The displacement amplitude U appearing in the previous equa-
tions is calculated by

U ='%§-T-SV-KOh (13)
where
T = Natural period of ground
Koh = Seismic coefficient to be assumed at the base ground
SV = Velocity response spectral amplitude of the ground

motion with a peak acceleration of 1g (g=accelera-
tion of gravity)

The natural period of ground T is caiculated by

Hi
T =4 Z_V_. 14)
si
where
Hi = Thickness of the i-th layer
Véi = Shear wave velocity of the i-th layer

The velocity response spectum (Sy) to be used in Eq.(13) is shown
in Fig. 18.



COMPARISONS OF CALCULATED STRAINS AND OBSERVED STRAINS

According to the flow chart shown in Fig. 19, the strains
calculated by the Technical Guidance were compared with the observed
buried pipe strains €. Since the strains are first calculated by
assuming an input acceleration of A=U(2n/T)2, the values ermax and
er must be multiplied by a factor (C=ayx/A before they are compared
with the observed strains. The symbols eqqs ecr, and epp used in
the following part are C+erpax, C*0i*@rmax and C+e,, respectively.

The cumulative frequency distributions of ep./er, ecr/er and
ecr/er, are shown in Fig. 20. TFor the 50%-level on the vertical
scale the values of ecr/er, ecg/er and epp/er are 2.5, 2.7 and 4.3,
respectively. It is interesting to note that e, obtained from the
Technical Guidance is 4.3 times larger than observed value.

Figure 20 also shows the cumulative frequency distribution
curve eP/eL, in which the calculated strain ep was obtained by the
method proposed by the authors[27,28,29]. The value of ep/er at
the 50%-level is approximately 1.5, indicating that the calculated
strain ep is much closer to the observed value than the strains by
the Technical Guidance are.

The greatest pipe strain (299x107°) during the Miyagi-ken-oki
earthquake was observed at the Shimonaga site as shown in Table 1.
The strains calculated by the method of the Technical Guidance (ecp,,
ecq and eqp) and the authors' method (ep) as well as observed data
during several earthquakes are shown in Fig. 21. The Shimonaga
site is covered with a 40 m soft surface layer with an average N-
value of 7[11]. This surface layer is composed of peat, soft sandy
and silty soils.

All the calculated strains are larger than the observed ones.
Moreover, the values erp calculated by the method of the Technical
Guidance show the greatest difference, while the values e¢p calculated
by the authors' method show the smallest difference. The observed
data (earthquake magnitudes, pipe strains and peak accelerations)
and the ratios ep/er, ecr/er, ecg/er and ecp/er, are shown in Table
5. It seems interesting to note that as the magnitudes of earth-
quakes increase the ratios between the calculated and the measured
strain decrease. For example, the ratios ecp/er, for M=5.8 and 7.4
are 22.8 and 3, respectively. In any case, it is important to accu-
mulate more observed data, especially those produced by large mag-
nitude earthquakes in order to make a more reliable estimate of the
seismic strains of buried pipelines.

CONCLUSIONS
In this paper, seismic strains observed in several kinds of
underground structures (buried pipelines, submerged tunnels, embedded

tanks and a rock tunnel) were investigated, and the strains calcu-
lated by the Technical Guidance for Petroleum Pipeline in Japan



were compared with the observed strains. Major points of interest
found from the study reported in this paper are summarized below.

(1) The level of the normalized seismic strains e/(a+T/2m) generally
differ according to the different types of underground struc-—
tures. Supposing that the strain in a buried pipeline is 1,
the strains in a submerged tunnel and an embedded tank are 0.39
and 0.14, respectively.

(2) The decrease of the seismic strain of buried structures with
distance is slower for large magnitude earthquakes than for
smaller earthquakes.

(3) For the same level of the peak acceleration (or velocity), the
seismic strain increases with the earthquake magnitude and the
epicentral distance.

(4) The axial strain e; in a buried pipeline is more strongly cor-
related with the peak ground velocity vy or (a,*T/2m) than with
the peak ground acceleration a,. The regression line obtained
for M>7 earthquakes was

axT
2T

log e; = 1.02-10g + 0.804

with a surprisingly high value of the coefficient of correlation
of 0.94.

(5) The compound axial strain e p calculated by the Technical Guid-
ance for Petroleum Pipeline is, on average, 4 times greater
than the observed strain.
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NOTATION

A H

a 5

Acceleration amplitude used in the Technical Guidance for
Petroleum Pipeline (cm/sec?)
Measured peak ground acceleration (cm/sec?)

axsAy,az ; Measured peak acceleration of a pipeline in the x, y and

c H
D ;
E H
e o
€B H
€Bmax s
ecc -3
ecr,
ecr
ey, H
€Lmax’
€p

enp H
Hi 3
I H
Ky 3
Ky H
Kon
L H
M H
IV H
S H
Sy :
T H
U H
Up
U
Vsi 3
VysVys
x 5
x' 5
Y H
g H
ol

Qo 3

% direction, respectively (cm/secz)
ayx/A
Pipe diameter (cm)
Young's modulus of pipe (kg/em?)
Calculated strain
Ground strain corresponding to K up=1 that causes bending strain
in pipe
Maximum of ep (¢=0)
Axial strain Ceeppmgx of ground calculated by the Technical
Guidance

; Axial strain Ceaj*e@rmax of pipe calculated by the Technical

Guidance

Compound strain C+ep of pipe calculated by the Technical
Guidance

Ground strain in axial direction of pipeline

; Maximum of ej (¢=m/4)
; Ground strain calculated by the authors' method

Compound strain of pipe calculated by the Technical Guidance
Thickness of the i-th layer (cm)
Moment of inertia of pipe (cm")

; Force per unit surface area of pipe that produces a unit of

relative axial displacement between pipe and soil (kg/cmz)
Force per unit surface area of pipe that produces a unit of
relative lateral displacement between pipe and soil (kg/cm?)
Seismic coefficient at the design foundation

Wave length (cm)

Earthquake magnitude

Number of data

Cross—-sectional area of pipe (cm?)

Response velocity at the ground surface for Kop=1 (cm/sec)
Natural period of ground (sec)

Horizontal displacement amplitude at ground surface (cm)
Displacement amplitude of ground in y-direction (cm)
Displacement amplitude of ground in x-direction (cm)

Shear wave velocity of the i-th layer (cm/sec)

Peak velocities of pipeline in « and y direction, respectively
(cm/sec)

3 Axis along buried pipeline
3 Direction of wave propagation
; Axis perpendicular to X axis

Vertical axis

3 Factor of transmission of axial strain from soil to pipe

Factor of transmission of bending strain from soil to pipe
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© Q °

we

We we we We Vs we

Coefficient of correlation

Epicentral distance (km)

Measured strain

Measured axial strain

Radius of curwvature of pipe (cm)

Standard deviation about regression line

Angle between the pipeline axis and the direction of earth-
quake wave propagation (radian)
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Table 1. Observation Sites and Types of
Underground Structures
ND. SITE STRUCTURE T | DIAMETER | THICKNESS
(SEC) | (M) (i)
1 | YOROHAMA PIFE 0.914 |  165.2 5.0
2 | S00KA PIPE 0.644 |  404.4 7.9
3 | ooMORI PIFE 0.632 | 216.3 5.8
4 | HANSEN PIFE 0.437 | 1354.0 18.0
5 | SHIMONAGA FIPE 1.210 | 1041.0 13.0
& | HACHINOHE PIPE 0.504 | 1219.2 16.0
7 | MINAMIWATARIDA | PIPE 0.878 | 1838.0 19.0
8 | HANEDA TUNNEL 1.600 -- -
9 | KINUURA TUNNEL 0.969 -- -
10 | QUGISHIMA TUNNEL .220 - -
11 | NEGISHI TANK 0.294 - -
12 | SHINIZU TANK 1.020 - -
13 | ISHIZUKAYAMA ROCK TUNNEL | 0.229 -- -

5000
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500

100

50

er, and e

10

5 1 1 1 1
5 10 50 100 500 1000

a, (gal)

Fig.21l. Various Calculated Strains and Observed
Strains for the Data Recorded at the
Shimonaga Site



1List of Earthquakes

Table 2.
NO. DATE EPICENTER DEPTH | MAGNITUDE
N E (KN)
1 1920 9 14 38.48 142,33 40, 6.2
2 1970 9 3 35.48 139.463 40, 4.8
3 1972 1 4 35.87 140.53 40, 5.0
4 1922 127 35.48 139.12 40, 4.8
S 1972 8 35.88 136,77 10. .0
¢ |97 9 25| 8.3 142.07 s0.] 5.5
7 1972 10 b 34,40 138.352 30. 5.5
8 1972 11 S — —_— S0. 3.5
9 1e22 1 é 38,20 139.80 40, 5.1
10 1972 12 4 33.20 141.08 0. 7.3
1" 19722 12 8 35.58 140.00 90. 4,8
12 1973 T 1?7 —— — é0. 4.1
13 19723 121 36.05 139.87 0. 4.8
14 1973 2 10 33.33 140.72 30. 5.1
15 1973 3 o7 35,95 141.68 50. 5.3
14 1923 3 27 35,592 139.93 60, 4.9
? 1973 4 25 33.53 140.87 S50. 5.5
18 1923 8 24 36.52 139.725 110, S.0
19 1973 9 30 35,65 140.67 0. 9.9
20 1973 10 1 35.62 140.80 40, 5.8
21 1973 11 19 38.88 142,13 50, é.4
2 1973 1125 33.85 135.42 &0. 5.9
2 1973 1t 25 33.88 135.38 60. 5.8
2% 1973 12 22 35.22 140,22 70. 5.0
25 [1974 2 10| 35.03  136.93 20.1 5.3
26 1974 2 22 33.13 132,12 400, 6.9
27 1974 3 3 35.08 14015 10. 4.0
28 1974 S S 37.75 141,85 40, 5.3
29 [1974 5 9| 3a.57 13880 10.] 6.9
30 1974 & 27 33.7 139.20 10. é.1
k3| 1974 7 8 316,42 141,20 40. 6.3
32 1974 8 4 36,02 139.92 90. 9.8
33 1974 B 14 35.25 136.18 S0. 4.9
34 1974 9 7 313.72 141,59 60, 6.4
35 1974 10 9 34,05 137.92 40. 4.8
34 1974 10 29 35.60 140,33 0. 4.9
37 1974 10 N 34,10 1319.99 40. 4.6
38 19724 11 1 35.60 140,33 40. 4.3
19 19724 11 16 35.60 140,33 40, 6.1
40 1974 110N 35,62 140,33 &0, 4,7
41 1974 11 30 30,60 138.27 420. 7.6
42 1973 114 35.25 141,22 30. S.1
43 (1975 1 21 | 34.98 141,35 3.1 5.9
44 1975 2 8 35.82 1490.12 460, 5.4
435 1975 I n 33.52 139.72 130. 5.1
43 1975 3 14 35.30 136.83 0. 5.3

NO. DATE EPICENTER DEPTH | MAGNITUDE
N E (KM)
47 197% 4 12 34,17 140.02 30, 4.0
48 [1975 4 18 | 36,13 139.85 0.1 s.0
49 1925 & 16 40,13 142,25 30. 4.9
so {1975 & 18 | 40016 142,43 0. s.0
st |197s & 13| 40.87 143.25 30.] 5.5
2 |ers 8 12| 3170 138.30 360. ] 6.9
53 |1ers 9 20 — — 50.| 5.9
s4 {1975 10 30 | 41.95 142,78 60. | 6.9
55 J197s 12 15| 35.50  140.20 80. ] 4.6
56 1974 3 13 40,97 141,97 60, 4,3
57 |192e 5 13| 35.20 139,80 40.] 4.2
58 |1976 & 2| a1.45 142,03 60.] 5.0
59 |1972s6 & 16 | 35.52  139.00 20.| a7
60 {1976 6 16 | 35.50 139.00 20.| 5.5
61 [1976 7 8| 40.23 142.43 0.1 5.9
62 (1976 8 18 | 3a.77  138.93 0. s.5
63 |1976 12 29 | 36,80 139.20 1a0.| 5.8
64 (1977 2 4 | 35.08 138.28 10.] 4.2
65 |1927 2 18 | 41,45 141,97 60. | 5.4
66 [1977 4 25 | 40,08 142.68 30.| 5.0
67 l1977 & 4| 35.52 140.05 80. | 4.6
68 [1977 9 2| — — 40.1 4.8
69 1977 10 5| 3613 139.87 60. | 5.4
70 J1977 92 12 | 36,58 141,08 50. | 5.6
7t e v wa | 3427 139025 10.] 7.0
2 Jte78 1 15 | 34,83 138.88 20. | 5.8
73 1978 1 15 | 34080  138.83 10.] 5.4
74 1978 2 20 | 38.20 142.70 50. | 6.7
75 1978 3 7 | 3t.e0  137.80 190, | 7.8
76 11978 3 20 | 36,10 139.90 60.1 5.5
77 11978 3 25 | 44033 1av.2 a0.] 7.3
78 |1978 4 7 | 35.20 141.10 0. | s.7
79 [1978 5 15 | 40.20 142.50 4. | s.0
80 [1978 5 16 | 40.95 141.47 10.] s.8
81 (1978 5 16 [ 40.93  141.45 10. | 5.8
82 1978 & 12 | 3815 142,22 30. | 7.1
B3 [1978 & 12 | 38.20 142.30 40. 1 5.8
g4 1978 6 12| — — —_1 —
85 |1978 & 14 | 38.35 142.48 0.} 8.3
86 1978 & 21 | 38.25  142.00 s0. | s.8
87 19728 12 5 | — — 100. | 7.7
88 |1980 & 29 | 34.92  139.23 10. | 6.7
89 {1980 9 24 { 34,10 139.79 s0. | 6.0
90 [1980 9 25 | 35.50 140.20 70. | &
91 {1978 4« 7 | 35.00 141,05 0. | —




Table 3. Summary of Observed Data
DATA | SITE | EARTHQUAKE | HAGNI TURE | EFICENTRAL ACCELERATION WELUCTTY SIKAIN
NO. | HO. NO. pIstance (GAL) (KINE) (MICKO)
(KH) X Y z X Y STRAINT  STRAIN2
1 1 8 3.9 50. 1.9 2.3 1.5 tsesns wrates 4,00 tieisey
2 1 ? 5.1 85. 17,5 10.0 Goh[ersrre wereae 17,00 teaties
3 1 10 7.3 270. 26.0 26.0 11, 9440000 tasas 28.40 reivrer
4 1 12 4.t 60, SHEAEF JeatIe theran{attene avsrsy 12.30 4avtaes
3 1 13 4.8 65, 3.3 6.8 1.5( s 0080 daaeae 6.70 teraasa
[ 1 16 4.9 26, 73.7 38.8 16,5t r1ers dietae 10.30 dtesisr
7 2 37 4.6 35. 32.9  41.5 .6 Hrasae virrex 12.30 0.70
8 2 39 b.t 130. 29.5  29.0 4,5[sreesa qurane 11.00 3.80
] 2 LR 7.6 $88. 33.8  19.0 S.6[dtride dtsaea 18.70 4.20
10 2 44 5.4 28. 43.8  16.4 10.2]100808 si1aen 13.460 3.90
" 2 47 4.0 44, 36.7 39.0 B.B|¢tsbee qersas 12.50 4.50
12 2 18 5.0 36, 37.0 47,5 14,3 ersind peeres 7.30 2.80
13 2 32 6.9 460, 6.3 9.7 G.O|HE 1t treaey 6.80 2.30
14 3 63 5.8 144, 15.5  15.9 72|48k 8 vrisas 6,30 dreriee
13 3 67 4.6 29. 12.6 18.9 V2R ERESEIRE L2 9.50 ArsasEx
16 3 69 9.4 b6, 19.8 20.5 8.5 %1 ¢80 etan 14,70 tiitisx
17 3 7 S.6 167. 5.9 6.8 A, 7|10 008 shsasn 6.10 tttktsd
18 3 71 7.0 100. $7.9 35,3 12.3[mrterr drads 26,10 #iedeas
19 3 72 5.8 114, 17.3 8.4 T3 ket sk 5.00 e stdex
20 3 23 5.4 120. 3.6 2.9 1,1 hetks erpkee 2.30 kerbesx
2% 3 75 7.8 55%. 23.4  18.1 S.3|Hrette Kbk B.90 tiaswtss
22 3 76 5.5 43, 8.8 8.2 S | shrrae trEten 5.30 dsvreen
23 3 78 5.7 129. 34 3.0 1.A a0 ed4 g taer 3.00 dsderex
24 3 N [722) 140, 2.6 2.5 1.2] 0108608 aseass 2.50 tkstens
25 3 82 7.4 345, 22.0  21.7 7.5t rea ke wresss 17.00 #s4tss
26 4 49 4.9 89. 9.9 12,1 tstasxp 0.53 0.73 310 dE1br4s
27 4 50 S.0 99. 15.6 20,6 #adekd ) 0,94 t.10 770 dttsresk
2 q 51 5.9 148, 8.5 10.5 txer¥ii 0,70 0.58 2,70 drsrrsE
2 4 54 6.0 184. 21.4 24,8 waus 1.66  1.61 10.00 #rasvss
30 4 Sé 4.3 56. 8.8 10,7 wteexef 0,24 0.27 1.60 #1red sk
3 4 38 $.0 105. 8.0 10.4 evriew} 0,44 0.82 0.96 #tterar
32 4 &l 5.9 85. 20.3 19,3 #hswes 1.41 1.2 2.70 s#3Hdie
33 4 65 5.4 114, 15.7 16,2 #+aek2| 0,83 0.7 2,80 #H#isnet
34 4 68 5.0 108. 1.1 8.8 trrrrx| (.44 0.53 J.20 asdeder
35 4 82 7.4 265. 137.5 120.9 ?.70 7.7 48.90 tt1exirs
36 3 73 7.8 992. 7.2 3.9 1.18  0.78 13.90 skeass
37 b 77 7.3 805. 8.3 9.8 tatedw | 0.90 1.06 12,20 dreisss
38 b 80 5.8 45. 52,8 54,7 trears .22 3.95 16,50 #assste
39 N 81 5.8 a4, 48.6  36.5 teiwix 2.84 2.80 19.40 tedstex
40 H] 82 7.4 272. 125.1 178.8 te4ek] 15,00 12.00 | 299.20 1s4ae12
41 N 85 6.3 2688, 14.8  20.5 wdsae] 2,33 3,24 24,80 srtiaee
42 b 86 5.8 258. 3.9 5.9 rrxsks | 0.53 0,71 6,10 dstriek
43 6 49 4,9 87. 2.4 BVEERE A RRbEE (S0 dRasER 2,90 dritens
44 & a1 9.5 150, 0.6 A4 [$040bs kP bHES 1.80 1tesass
45 é $3 9.9 176, 3. AR (R RSNt SEekEr 3.80 tHtress
44 & 54 6.0 190. 9.2 4 fEhEATE [ ewn gedes 3.80 sktEshe
47 & o8 5.0 1%, 1.3 EEk K EEEE [$Beran dsEee 2,00 dvrtiex
48 é 81 5.9 84, 4,2 $ESEE S rd bk [t sRr ek 5,00 dstresk
49 b 65 9.4 109, G,2 Felt et SERAEE [FFekn by Eke 2.00 #rtees
S0 é 68 4.8 91. 0.9 trvkek 1hEsde |21 E2R2ETY 2.00 dsiers
31 é 7 6.7 205, 7.8 tre1tr tbasd b tene preden 2,90 As0Eeed
92 6 80 5.8 48, 8.3 AtEEEs SR EsE [H O RS S dbRE 2.40 #d3tsie
53 & 81 5.8 46. 7.4 ARtk A3 1ELS [REEERE ASkdER 2.90 dtexeek
54 é 82 7. 2649. 23,4 ERAEE SV LEEE [SHEERS b6k 10.70 Hsress
55 6 87 7.7 846, 11,5 464 CIEres [T9 1898 2asd &k 8.40 Hikitses
96 7 74 4,7 404, 5.2 .4 tHEtItfeatiegy taRtrd 4,35 dtvisan
57 7 82 7.4 379. 21,4 28,0 6.8 t1sts rrtisa 21,80 tsteisd
5 ? 88 6.7 78. 25.0 28,7 1G.T e dits 22.00 tstesey
59 7 89 6.0 2. ]4,4 19,5 1440 [$42PES S rstas 4,00 [ERERE & J
60 ? 90 b.1 44, 90.0  71.0 vitrer[readne q1stet 31.00 ttsatas
*
PIPE TUNNEL TANK ROCK TUNNEL
LONGITUDINAL LONGITUDINAL HORIZONTAL LONGITUDINAL
STRAINL AXIAL STRAIN AXIAL STRAIN CIRCUMFERENTIAL AXTAL STRAIN
€ € STRAIN
L L
STRAIN2 CIRCUMFERENTIAL BENDING VERTICAL AXIAL
STRAIN STRAIN STRAIN




Table 3. Summary of Observed Data (Continued)

pata | SITE | EAKTHQUAKE | HAGHT TUBE | EFICENTRAL ACCELERATION VELOCITY SIRAIN

NO. Ho. NO. BISTARCE (GAL) {KINE) (HICKO)
{KH) X Y 1 X Y STRAINt STRAINZ
61 8 1 6.2 420. 206 Ht0dis t1HIt e tisaed 1.70 tise44s
82 8 2 4,8 2, 12,1 bedddd Abtadd[dratee 154808 1.20 #1tases
63 8 3 5.0 80, 1.8 sesas At rs|[Freaas 1erter 1,00 teteses
64 8 4 4.8 60, 6.8 #i4418 S a0l Ht1048 1208 0.80 tisieas
65 8 S 4.0 220, V.3 bttt vk vrftisere avadtd 2,60 Fiddias
&6 8 3 3.5 3Bo. 1.6 $4404 AL EtAd et inr Fhtiss 1,70 +itetsn
67 8 7 5.5 160. 10.9 #4406 $ €1k |a0004s 1008k 3.50 Atresss
68 8 10 7.3 280, 14,7 #tdate tasdd[hresds dasies 20,90 savivis
69 B 1" 4.8 20. 15.0 st trrsdslerennr 1avane 1.20 d¥dees
70 8 13 4.8 59. 2.7 #4304 SRRt G e 1,60 dtieses
21 8 14 5.1 260, 0.9 #hste dtersn| tdders a1dies 0.50 +isrs4s
22 B 15 9.3 240, 0.6 #9140 vErsrs]sarrs) tred 1.20 t1seaen
73 8 16 4.9 17. 13.6 stdtsd trgrsk]|staeas e 2,00 dtiswed
74 8 17 5.5 250, 1.2 448448 tIerbkrerste srasn 1.60 #tstsde
79 8 18 9.0 110, 1.9 trsdte T8k s | st w4 b dad 1.10 1eseked
76 8 19 5.9 80. 4.5 BEtaat AlhtTE[sasads R 4,00 1iwtrex
77 8 2 5.8 100. 4.5 sttt SEEIGk Bt vEe STer e 2,40 tHsedas
78 8T 21 6.4 430. 1.8 4ttt Lesinldrandr ittt 2.00 tiskeas
79 8 2% 9.0 60. 6.9 $AEEdE t #lEadrts Frta 4,20 dtietes
80 8 26 6.9 340. 3.8 Ftasae s {dREE AR E 1.80 tessses
81 B 27 6.0 135. Gel HEREE Rt rhbk| St st de kb Es 4,2 VITEEES
82 8 2 5.5 310, 0.9 * RS ETTIRETEY : 1.30 atastex
83 8 29 6.9 180. 9.3 ¢ Tit ; 11.60 wdssers
B4 8 30 6.1 200, 2.9 # IR FTIST I 5.20 $rEsras
B3 8 31 6.3 140. 3.8 : 21 6.10 rErexss
84 8 32 5.8 5%. 11.0 #+¢:6k4 tEREE 5,00 dtEdssn
87 8 34 6.4 270. 7.8 dvkEEs [22EZT) 4,80 sesrens
89 8 335 4.8 60. 2.0 sHEEEE EEEEET 0.90 dAtktaes
89 8 36 4.9 50. 2.4 $atEsH [Eye Y 1.00 #2ts4€t
90 8 i8 4.3 0. 2.1 FHEHEE 0.60 sHswtre
91 8 39 6.1 149, 9.0 # & (e T 6.10 #sstrsx
92 8 40 4.7 90, 2.0 4 HEESEE 4 0.90 #stetes
93 8 42 5.1 135. 1.0 # A et 0.90 stiiers
74 8 43 5.9 1460, 2.8 HEEbrs AEEEE Rt 2,40 Heneds
95 8 44 5.4 60, 8.8 stk dbbELk|Frsads A 2,7 (REREIS4
96 8 45 9.1 110. 2,0 tdktks rreek|denets &8 * 0.80 Fitrtis
97 8 46 §5.3 260. 0.4 #+ FEE R thedan A raies 0,60 1¥nsas
98 9 22 5.7 185. 10.3 4 7.Blasd s prtadE 5,00 dtkeied
99 9 23 9.8 185. 26.9 1 13144 ea% eredss 5.00 Eitnesk
100 ? 23 5.3 30. 71.2 #% 3.8 uskin preee 4,00 tsesss
101 9 33 4.9 50. 24.0 27,843 bt Asrsns 6.80 stitaes
102 9 YAl 7.0 2135, 22 19,61 s688 Abste 21,50 #vistes
103 9 82 2.4 455, B.7 #hEEed A, 715 0Es vEsA T 8,00 Feresex
104 10 52 6.9 430. G4 AH4E LItERELELA RS G¥idEe 0.40 0.25
105 10 59 4.6 25. b A HHELEE BEES V| Ra 208 A%itee 0.38 0.57
106 10 57 4.2 22, 1.6 sasdvt et vaneas anaes 0.07 dskedes
107 10 60 5.5 10, 19,2 dedtes tadidr[Haasas Sidiss 3.20 1.60
108 10 82 7.4 100. 24,7 uRidde HBEeE s dadd 14 15.900 %5.00
109 11 71 7.0 70. 45.5 thea ik 22,2[%0suas besres 10.60 4.60
10 T 82 7.4 370. 16.2 4trids Q.8[4sas0t t1r e 7.00 3.30
m 12 39 6.1 260. 3.0 A44tdE At Eiek] 0,49 Attt 0.60 trsdsan
112 12 41 7.8 540, 1,9 dasadr vdbas] 0,65 1eaive 0.44 tdeen
13 12 57 4.7 70. 1.7 tietae vieesd] 0,23 vrrisn 0.21 A1ty
114 12 60 5.5 70. b7 AH1E1s tIArey 0.08 tittad 0.91 sis4aae
113 12 62 5.9 50. SEERESENEZEENNE ZIRE ] 0.68 teties 0.62 #1isas
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Table 4. Summary of Regression Lines (Y=RX+a)

Fig. |Condition| ¥ Y ¥ b 8 a o, | 1%
5 w7 |16 | -0.465 log ¢, 4 -0.000721 | 1.61 | 0.325 | 2.11
s | w6 21 | -0.620 log ¢, A -0.00207 1.20 | 0.336 | 2.17
s | esmes |47 | -0.a7 log ¢, 8 -0.00230 0.790 | 0.328 | 2.13
6 _ 12 | -0.474 log ¢, 8 -0.000767 | 1.69 | 0.357 | 2.28
7 _ 12 | -0.679 log (¢,/7) s -0.00105 194 | 0.283 | 1.92
8 _ 59 0.756 log e, loga 0.661 0.139 | o0.287 | 1.94
8 w1 |12 0.774 log ¢, loga 0.808 0.171 | o.257 | 1.81
8 M6 |10 0.782 log ¢, loga, 0.756 0.0554 | 0.222 | 1.67
8 e>m>s |26 0.680 log ¢, loga 0.500 0.177 | 0.248 | 1.77
8 | v |1 0.754 log ¢, loga 0.403 0.349 | 0.204 | 1.60
9 _ 46 0.716 log ¢, loga, 0.771 0.0147 | 0.305 | 2.02
10 _ 26 0.791 log ¢, loga, 0.689 0.459 | 0.185 | 1.53
11 | axs0 |21 0.862 log ¢, loga, 0.796 0.171 | 0.240 | 1.74
1 | saso |38 0.745 log ¢, loga, 0.570 0.137 | 0.253 | 1.79
12 _ 59 0.830 log ¢, log (a 7/2m)|  0.652 0.789 | 0.245 | 1.76
12 M1 |12 0.944 log ¢, log (a qT/2m)| 1.02 0.804 | 0.13 | 1.36
12 | w6 |10 0.847 log ¢, log (a, -T/20)| 0.706 0.780 | 0.189 | 1.55
12 | ems |26 0.776 log ¢, log (a-T/2m)|  0.49 0.685 | 0.213 | 1.63
12 | sy |u 0.813 log €, log (a +T/20)| 0.412 0.753 | 0.181 | 1.52
13 _ 17 0.898 log €, logv, 1.16 0.791 | 0.259 | 1.82

Table 5. Comparison of Observed Strains
and Various Calculated Strains

( Shimonaga Site )

M EL(xlo—G) a (gal) | e /e |e. /e, | ecc/e ecr/€;
7.4 299 125 1.0 1.7 2.2 3.0
M>7 13.9 7.2 1.3 2.1 2.7 3.7
7.3 12.2 8.3 1.7 2.8 3.6 4.9
6.3 24,8 14.8 1.5 2.4 3.1 4.3
5.8 6.1 5.9 2.4 4.0 5.1 7.0
5.8 19.4 48.6 6.1 10.2 13.2 17.9
5.8 16.5 52.8 7.8 13.0 16.8 22.8




	Quantitative Analysis of Obserbed Seismic Strains in Underground Structures

