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ARRAY OBSERVATION OF GROUND STRAINS INDUCED BY EARTHQUAKES
Shigeaki MORICHI', Yoshinori IMAMURA? And Masakazu TACHIBANA®

SUMMARY

Observation of ground strains is quite important from viewpoint of rational seismic design of
underground structures. Furthermore, ground strain seismograms seem helpful in examining the
dynamic properties of the ground. With this in mind, array earthquake observations on the ground
surface have been conducted. Four observation stations were used. And on each station, three
components of the normal strains at the ground surface were observed during earthquakes. One of
the stations is at ground water level. The following conclusions are reached by examining the
observed results. (1)On each station, an almost pure shear strain condition seems to be produced
(2)The directions of the principal strains predominate close to the specified direction and are
independent of the earthquakes. (3)Further examination of the influences of ground water upon
ground strains is needed. (4)The phases of maximum strain amplitude seem to be dependent on
stations within 17m of each other. However, such a tendency is hardly found between stations
100m apart from each other.

INTRODUCTION

It is fundamental to research ground motion during earthquakes when examining the seismic resistance of
structures. Observation of ground acceleration and velocities have been conducted and the accumulation of
seismograms showing powerful forces has played a very important part in the rational design of structures.

Seismograms of large strains induced in such structures are quite fundamental for the rational seismic design of
underground structures. Under such considerations, strains produced in underground structures such as
subaqueous and subway tunnels, have been observed during earthquakes[Tamura,1975].

Deformation of underground structures may be caused by deformation of the surrounding ground. Then,
observation of ground strains is quite important from the viewpoint of rational seismic design of underground
structures. Furthermore, ground strain seismograms seem helpful in examining the dynamic properties of ground
motion. With this in mind, the authors have tried to directly observe ground strains during earthquakes
[Morichi, 1996] [Morichi, 1997].

Strains produced at any one point in the ground have 6 components, or 3 components at the ground surface. In
this report, the 3 normal strains induced at the ground surface were to be observed. Steel piles were driven into
three points which correspond to vertices of a triangle with sides 1m in length. Relative displacements between
the piles were directly observed by use of displacement transducers during earthquakes. Incidentally, gauge
length of 1m is too short to examine seismic behavior of the ground. Then, the same typed of measurement
system was installed on an observation site 17m apart from the previous one, to research the ground strain
variation.
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The following conclusions were obtained from that analysis. The maximum shear strain is a few times to sum of
principal strains, therefore, an almost pure shear strain condition was considered to have been produced. The
principal strain was predominantly in a specific direction.

Two more observation stations were placed in addition to the above-mentioned sites, and array observation of
the ground strains was conducted for because information was wanted on ground strains over a wider area.
Furthermore, the influence of the mechanical properties of soil on ground strains is to be inspected. In this study,
the influence of soil saturated by ground water on strain conditions were researched.

2. OBSERVATION

2.1 Observation site

The observation site is located in the campus of Science University of Tokyo

(Noda-shi,Chiba). It is situated at a latitude of 35°55<03 «and a longitude DEPTH SOIL TYPE|  N-VALUE
of 139°54 57« The topographical condition of the site is generally simple (o) h 1w g o e o
with the ground surface being almost flat. Typical soil properties obtained 150 FIL RERE
from a representative borehole are shown in Fig.1. The site consists of TUFFACEOUY !
ground with stratum were about 30m thick in which there are sandy layers. 3B Sy |
 ag] SILT WITH !
FINE SAND
2.2 Observation method I

Three components of the normal strains induced at the ground surface were
observed. Steel piles (Outer diameter:75mm, Thickness:4mm) were driven SILT WITH

into three points which correspond to the vertices of a triangle with sides of sap
Im in length. The depth to which the piles were driven was about 70cm. 1370

Relative dis-placements between the piles were directly observed by use of a MEDIUM
displacement transducer (DS-100: Tokyo Sokushin Co.Ltd., Weight:2.4Kgf) 16 10 Wit SHELY
during earthquakes. The observed results were divided by the original length a0 SILTY ERY
(1m) in order to calculate the normal strains. 15,50 SANDY SILT

The distance between piles corresponds to the gauge length, which is one of 19 7Q/SILT WITH San)
the most important elements to be considered for strain measurement. It
must be determined by taking account of various factors. In this paper, the

gauge length was determined only from a practical viewpoint such as SANDY SILT
maintenance of the apparatus, the mechanism of the transducer and so on. 50

Fig.2 shows a schematic layout of the measurement apparatus. Furthermore, SILTY
in some observation sites, a three-component servo-accelerometer or (2650 FINE SAMD
velocity seismograph was installed. Triggering of signals is performed when 27.80! WITH SILT
ground velocities exceed a present threshold (in this paper 0.03 kine). The ST
signals from the transducers are transmitted to the observation room, where 30 45

they are automatically digitalized with a sampling interval of 1/100 sec by an  Fig.1 The result of SPT at the site
A/D converter. The data logger has a digital card with a recording capacity

of more than 0.5 hr. Timing information is internally generated, and in addition, the absolute time is corrected by
utilizing Global Positioning System (GPS).

As shown in Fig.3, Strainl,2,3 and 4 indicate observation stations mentioned in the proceeding paragraphs. The
numbers indicate the order of installation. Strainl was installed in April 1988, at the same site as the
accelerogram was first installed. Recently, in its place, a velocity seismograph has been used to measure ground
motion. In order to ascertain the direction of the principal strain, as shown by the dotted line, the direction setting
of the transducer was recently changed. Strain2 was used to examine the results observed in Strainl and was
installed in June 1994. In order to inspect the rationality of the setting method of using piles in parallel to the
displacement transducer, one transducer was installed by use of the anchor different to the pile. Strain3 was
installed in November 1996. A shallow well of about 2m depth was excavated. The level of the well bottom
corresponds nearly to the surface of the ground water. A thin cylindrical shell was used to prevent the collapse of
the surrounding soil. Strain3 was installed at the ground surface of the well bottom. A time record of the water
surface level is shown in Fig.4. The three observation stations mentioned so far are located within a distance of
17m from each other.
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In this paper, strain variations over more than 17m were inspected. For such object, Strain4 was installed and
located 100m from Strainl. An accelerograph is installed at the Strain4 station.

Fig.5 shows the aspect of the array observation system. Strainl, 2and 3 are located within 17m of each other, and
their signals are recorded by a digital data logger (Samtac-600: Tokyo Sokushin Co. Ltd.) R-1. Strain4 is located
about 100m from Strainl and their signals as well as the accelerograph signals are recorded by R-2 the same type
of data logger as R-1. R-1 and R-2 are synchronized via an underground cable. This array observation system is
triggered, whenever the output of the velocity seismograph (channelll or 12 or 13) exceeds 0.03 kine. A GPS
antenna is connected to R-1. The topographical conditions of Strain1,2,3 and 4 are almost the same.

3.0BSERVED RESULTS AND EXAMINATIONS
The seismograms which contained the largest acceleration among earthquakes recorded perfectly in all stations

(Strainl,2,3 and 4) were due to an earthquake of magnitude 5.4 which occurred in Tokyo Bay on August

29,1998. The distance from the epicenter was about 35km. Research on these array observation results was
conducted as shown in the following.
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3.1 Comparison of the strain amplitudes and phases

The invariants of the strain state are the maximum
shear strain and the sum of the principal strains. Fig.6
shows a maximum shear strain, *max, and the sum of
the principal strains, e, recorded at Strainl between 20s
and 23s after the start of observations.

At a glance, the amplitudes of the former are found to
be several times that of the latter. The amplitudes for
*max are nearly the same or in an inverse phase to the
ones for ¢ in this time interval. Fig.7 shows the time
record of ¢ max and ® between 20s and 23s for all
stations. The strain amplitudes observed at Strain3
located at ground water level are larger than the others.
While the other obser-vation stations are on the ground
surface, the ground around Strain3 was saturated with
water. Such a condition seems to be the reason why
amplitudes induced in Strain3 are larger than the
others. As the solid line indicates, the phases for the
peaks of emax recorded at Strainl,2 and 3 are almost
the same. However, they are not in the same phase as
results obtained from Strain4.
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Fig.6 Time histories of y max and A for Strainl
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Cross correlation functions for each time record of the
results were calculated to examine the phase shifting.
Fig.8 shows the cross-correlation function of the
maximum shear strain and the sum of the principal
strains. As shown in the figures, the following revealed
that results from Strainl, 2 and 3 depend on each other,
while results from Strain4 are independent of the
others.

3.2 Directions of the principal strains
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Examinations of the direction of the principal strains was conducted. Fig.9 shows the probability density of the
direction of principal strains obtained in Strainl during the period in question in time intervals of 1/100s. Similar
results were obtained for other stations. The vertical lines indicate the variation width of the direction of the
principal strains obtained from all earthquakes recorded up to now. That means, the directions of the principal
strains are independentof the earthquakes and are specific. Fig.10 shows the variation of Mohr’s strain circles
with time intervals of 1/100s between 20.00s and 20.19s after starting the system. The X-axis coincides with the
north. The direction of the Y-axis is obtained by counterclockwise rotation 90°from the X-axis. Let us assume
thateindicates the normal strain and eindicates the shear strain. Then, the coordinates of the black circle point are
(*x,%2). As shown in Fig.10, the directions of the principal strains are almost the same and the variation states of
Mohr’s circles are similar for Strainl,2 and 3. However, circle variations for the results of Strain4 are not the
same to the others. This trend is reasonable from the viewpoint of the maximum strain variations mentioned in

the previous section.
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Fig.8 Cross-correlation functions for v maxand A

3.3 On all observed results

Array observations of strains induced on the ground
surface during earthquakes have been conducted.
Observations were conducted at four stations, of
which three are about 17m apart from each other and
the fourth is 100m from the others. Three
components of normal strains were observed in each
station, and ground motion was observed in the same
stations. Examining the results, the followings were
concluded. The directions of the principal strains
obtained from each station were predominantly in the
same direction. The amplitudes of the maximum
shear strains are several times to the sum of the
principal strains. For this reason, nearly pure shear
conditions seem to be produced. The results observed
from the three stations within 17m of each other
show fairly dependant behavior. Such a tendency is
hardly found with the results obtained from the
station 100m apart from the others.

Probability Density (%)

samples 6009
4.0
32 -
24+
16 |
" \/\Av‘v*/\
0.0 b . L . s N h

0.0 60,0 1200 180.0
Principal Strain Direction (Deg.)

DATA : 98,8,29-1 STRAIN 1 TIME from .01 ta 60,00 (sec)
Fig.9 Probability density for Strain]

The maximum values for the maximum shear strain, maximum absolute values for the principal strains, and the
maximum values of velocity and acceleration of more than 10gal in the time record were listed in Tablel.
Acceleration and velocity are the resultant components calculated from the horizontal and vertical components.
Event numbers with an attached (*) indicate earthquakes in which the strain amplitude observed on Strain3 was
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larger than the others. However, for the same earthquakes, such a trend was not found. In these cases, the
amplitudes of the strain obtained from each station do not seem to differ much.
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Fig. 10 Mohr’s strain circles (Date: 1998,8,29 Data: 20.00~20.19sec)
4. CONCLUSIONS ‘
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We conducted array earthquake observations on the ground surface using four observation stations. Three
normal strain components were observed on the ground surface during earthquakes. The gauge length was 1m.
One station is at ground water level which is 2m below ground level. Examining the observed results leads to the
following conclusions. *On each station, the amplitudes of the maximum shear strain was several times that of
the sum of the principal strains. Thus, an almost pure shear strain condition seems to be produced. ¢The
directions of the principal strains are predominantly in an almost specific direction and are independent of the
earthquakes. *Further examinations of the influence of ground water on ground strains is needed . ¢The phases of
the maximum strain amplitude of stations 17m apart from each other seem to be dependent. However, such a
tendency is hardly found in the station 100m apart from others.
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Table.1 Observation earthquakes

DATE 7 TINE RPTCENTER YAYTHUR
N0t 1IN TIYPOCENTER DISTANCHDEPTH M | ACC. | VEL. STRAIN
TATITUDE | LONGITUDE | (km) | (kw (al) | kine) BTTE G 7 ()
vsl1996/12/21] 10:98:56 South Ibaraki 33.33(1.358| 1 | 8.042[11.489
128 . e s o rq e 21 | 53 {5.4 2 13.763 | 6. 664
367 06.0° ¥ 138° 52.0" & L|3.1691 6 668
% D B South Tbaraki 18,24 1.077| 1 [5.258| 7. 664
59 . e o ne s 17 bals o |2.412] 4516
35° 58.0° N 140° 06.0" E B|2.411) 4516
3+l 1997/8/5 | 5:35:0 South Saitama 20,271 1.376] 1 | 7.702]11.885
t 35:00 | are 1o nr x cmge an s 39 | 67 |4.7 o | 27371 4. 886
35° 49.0° N 139" 30.0° E 21301 4880
T Tokyo Bay 10.92]0.708| 1 [ 2.1843.574
I 140156 | yeo wg ns S, a1 | 108 |51 2| 174 | 3178
35° 33.0° N 140° 00.0° E Y PR R
South Ibaraki master| high | 1]1.054]|1.622
. N 12. 14/ 0.277| 2 { 0,531 0. 989
O 139B/1/2 | 6:AT02 | age 9 or N y39° 55.0° | 13 | 48 {3 SrsTavel Tow 13 0.76 | 1.263
14.87] 0.274] 4 | 0.39 | 0,637
South Ibaraki master| high | 1 | 1.598] 2. 209
. 13.127(0.366] 2 | 1.201] 2. 218
% .
6#| 1998/3/8 [13:47:00] 960 06 0- n 139° 480" B| 22 | %0 {4 sTavel Tow | 3| 1.862| 3. 511
- o364l 4] - -
Ofl Fukushima masterf high { I ]1.8793}2. 9503
s 12.81110.4431] 2 1. 4507|2. 6321
T#| 1998479 [ITA6: 158 ae o4 0 141 00,07 B| M8 | 90 |5-4f5Tavel Tow | 3 |2.6341]4 3407
- o437 4| - _
East off the lzu Penisular master| high | 1 {0.1697|0. 3111
e 1.0442]0.0575| 2 | 0.197 0. 3653
B¢ 199874726 | T:38:18 | 5o 00 00 & 1390 06,07 B 128 | 10 | 9Tavel Tov ] 3 |0.4168]0. 7129
= lo.os7al 4| - -
Sonth Ibaraki masler| high | 1 {1.3B16|1. 9848
. 15.049]0.2927] 2 1. 1699 2.13
¢| 1998/6/8 | 8:02:48 | 40e 06 vy 139° 5407 £| 20 | 50 {44 sTavel Tow | 3 |1.6087|2.7125
94 243(0. 2871] 4 [0, 8666| 1. 587
Tokyo Bay master] high |  [3.0927f 5.017
e 96.326] 1. 2305] 2 |2.4277]4. 3644
104 1998/8/29 ) 8:46:35 | 50 95 0- N 140° 00.0” B| 35 | 7O |5-4FSTavel Tow ] 3 |5.9821]11. 209
29.568]1.3002| 4 |2. 30434 4711
Tokyo Bay masler] high [ 1 [2.0675[3. 7423
. i5.803]0. 6008| 2 [1.8176]3.2978
LR 1998/11/812141:03) gee ae 0ok 140 0o.0r gl 36 | 80 [1.9piS-B08.0.6008) E 1. BLI8YE. 2008
1.18510.5064] 4| - -
North Tbaraki master{ high | 1 [3.7667|8. 0087
. 19, 624{0.7196] 2 |1.4675/3. 0683
V2| 1999737260 83035 | ye o 0 k1407 96,07 | 5% | 90 [ lsTavel Tow ] 3| 3.6 |7. 2503
35.84010. 7216} 4 |1.7164]2. 9284
North Ibaraki master| high { 1 |2.9049} 4. 288
o 11. 204|0. 5543] 2 |1. 1873[2. 5849
139 1999/4/250 2121220 e 90 0o N 140° 30.0° B| 33 | %0 |5-2tavel Tow | 3 |20 8376(4 9964
1

14. 874}0. 5568 1. 2983 1. 9384
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