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SYNOPSIS

To apprehend actually the dynamic behaviour of a rather longer period
structure supported on piles and its surrounding soft subsoil and the
interaction between them as well as the dynamic characteristics of a
combined footing, authors has been continuing measurement of earthquake
motion in and around a petrochemical plant towers built on the reclaimed
ground since Dec. 1974, The measurement system, dynamic behaviour of
structure and soil and analytical results are mentioned in this report.

STRUCTURE AND SOIL

The measured structures are three steel tubular towers 50m, 30m, 15m
in height. They were built on a common concrete base mat .supported through
steel piles driven into a dense sandy layer 45m below the ground surface,
They are shown in Fig.l, The weight of each towers are 130, 140 and 40 tomn
in the order of height and that of base mat is 690 ton.

The composition and N~value distribution of subsoil is shown in Fig.2.
The soil profile is divided into four parts, the very soft reclaimed layer
from GL to GL-6m, silty sand from GL-6m to GL-50m, clay from GL-50 to
GL-75m and thick layer of dense sand below GL~75m.

MEASUREMENT SYSTEM

Pick-ups with two horizontal components are placed at 8 points as
shown in Fig.l, top of the 30m and 50m tower, diagonal edges of base mat,
' GL-10m, GL-45m (pile bottom), GL-85m just below the structure and ground
surface about 25m distant from the structure. Two vertical pick—-ups are
also placed at the same points of base mat where horizontal ones are placed.
The natural period of the pick-ups is 0.2 sec and the sensitivity curve of
them is flat between 0.03 sec and 3.0 sec., Though these pick-ups can be
used as velocity-type, they have been working as accelero-type till now.
18 components of accelerograms for an earthquake are recorded by the
measurement system consisting of the data recorder, automatic starter,
automatic attenuator, filtering and delaying apparatus, and non stop power

supply.

OBSERVED EARTHQUAKES

Since the measurement was begun in Dec. 1974, more than 40 earthquakes
have been observed during 15 months. Their horizontal maximum amplitudes
were 1-30 gal at the ground surface and all of them belong to small or
middle class of intensity. Most of their epicenters were within 80 km in
the distance from the observating point and focal depths wer=40 km. Fig.3
shows the example of horizontal component of observed records. It occured
400 km distant, 530 km deep on Aug. 12 in 1975, and the magnitude was 6.9.
This earthquake is coded as G32 in the figures of this report. It should
be .noted that the amplitude of the base mat was smaller than that of the
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ground surface and that the earthquake motion of the 30m tower shows beats
and .its amplitude was larger than 50m tower.

EIGENVALUE ANALYSIS OF STRUCTURE AND SOIL

As a simple approach of analysing the observed records, the eigenvalues
of structure and soil are calculated., The natural periods and modes of
lumped mass models in the fixed base condition for 30m and 50m towers are
shown in Fig.4. As for the soil, two models with different thickness 45m
and 85m.were analysed. Their results are shown in.Fig.5. The whiplash-
like amplification in the reclaimeed layer is remarkable,

ANALYSIS OF OBSERVED RECORDS

Amplitude characteristics : The amplitude ratio of maximum ac-
celeration in the horizontal direction are shown in Fig.6. They are
averages of 40 earthquake records and regulated FHIX or FH1Y to unity.

The pattern of the amplitude ratio are almost same in two direction X and Y
except that of 30m tower, and the large amplification of soil near ground
surface shoud be noted. The average magnification factor of acceleration
was 2.9 from GL-85m to the base mat, 5.9 or 15 from base mat to the tower
top, therefore the underground magnification was quite effective for the
overall system of structure and soil. Magnification “actor from GL-85m

to the ground surface and to the base mat were 3.4 and 2.6 on an average,
and the amplitude ratio of the base mat to the ground surface was always

as small as 0.76. Vertical component of base mat motion was smaller than
the horizontal one and its ratio was about 0.4 on an average. Fig.7 shows
the time historical mode of the soil and structure motion in the horizontal
direction Y. The overall system of structure and soil seems to move in the
higher mode shape as that of 2nd or 3rd order.

Period characteristics : The common predominant periods of structure
in the Fourier spectral ratios of the observed accelerograms are shown in
"Tab.l and 2, comparing with the natural periods of analytical model. The
Fourier spectra and their ratios of an earthquake G32 are shown in Fig.8
and 9. The predominant periods of soil above GL-85m were judged to be 1.2 -
1.3, 0.5 and 0.3 sec. Though the longest period of them corresponds to the
primary period of analytical model, its peak height is lower than that of
shorter period part. It indicates that the shorter period components were
"amplified very largely in upper layer. As a matter of fact, the growth of
the shorter period components can be seen in the Fourier spectra of GL-85m,
GL-45m and ground surface. The spectrum ratio of the base mat to the
ground surface shows that the amplitude of them are almost same in the
longer period part than about 0.5 sec and the amplitude of base mat is
smaller than that of ground surface in the shorter period. The first
periods of the spectral ratios between tower top and base mat were 0.46 sec
and 1.0 sec each for 30m and 50m towers, and those of the ratios between
the tower top and GL-45m(pile bottom) or GL-85m were just slightly longer.
Hence it can be concluded that the interaction effects were not so
significant to cdause period elongation of structure in this case.

Two dimensional behavior of structure and soil : Fig.ll shows so
called Lissajou's figures, which were obtained from the composition of a
pair of the arthogonal components in the horizontal vibration as shown in
Fig.10. These figures are drawn dividing the 10 sec data into 3 parts.
The direction of motion at GL-85m coincides that of epcenter at first but
makes right angle later. This tendency is same at the base mat. The
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motion of the 30m tower is different from that of base mat or GL-85m, and
the later part of them forms simple elliptical shapes. That of 50m tower
~ is rather complicated and it seems that the ratio of periods between the
orthogonal components equals3 : 1. Anyhow from these Lissajou's figures
vibrational motion of structure and soil could be clearly recognized in
more realistic manner, and it would be better to consider two dimensional
coupled oscilation in more rigorous analysis.

Rotational motion of base mat : Two rotational motions in the
horizontal and vertical plane, torsion and rocking are calculated as the
difference between a pair of parallel acceleration components. Their trace
and Fourier spectra are shown in Fig.1l2 and 13. Predominant periods of
torsional motion are 0.9, 0.5, 0.4 and 0.3 sec, and those of rocking are
0.45 sec, 0.4, 0.34 and -.‘0.3 sec,

Modal damping factor of soil : The modal damping factors of soil for
‘the lumped mass models mentioned previously were obtained through the
spectrum fitting procedure, In this procedure, the response analysis of
the theoretical model are done first, assuming the damping ratio. Then
spectrum ratio of the model top response to the model bottom input is
compared with that of observed ‘data. Till the analysed result fits to the
__observed one, this procedure are repeated varying the damping ratio.
Fig.l4 show the last results of the spectrum fitting. Fig.l5 show the
relation between the natural period and its modal damping factor for two
types of soil model GL-85m, GL-45m calculated for 3 earthquakes. However
they were in the range of 5-17% for the lst mode, 2-4% for the 2nd mode
and 0,7-2% for the 3rd mode, the decreasing tendency in the higher mode
was very clear,

CONCLUSIONS

The actual dynamic behavior of rather longer period structure and its
surrounding subsoil under earthquake motion, however it was limitted in the
small strain level, were investigated and some facts were pointed out based
upon the observed records,

1. There is a difference between the motions of ground surface and
the base mat, and the latter is always smaller in the shorter period part
_than about 0.5sec.

2. The effects of soil deformation to the structure is slight as for
the period characteristics, but significant as for the magnification factor
of acceleration, which depends on the large amplification of upper layer in
the short period part.

3. The modal damping factors for the lumped mass model of soil have
interesting and clear tendency of decreasing in the higher mode. This fact
. is different from the conventional tendency of the damping factor so called
frequency-proportional or constant.

As the purpose of this study, the behavior of the structure and its
surrounding subsoil under strong earthquake as used in the ascismic design
of structure should be clarified. But the chance to catch such a strong
earthquake motion is very few, So, it would be desirous to continue the
measurement to affirm the actual dynamic character. even in the small strain

~ level and to progress their result to the studies in the large strain level.

1524



(sA158
A9

V2
¥'so0 FH2
s109
§
“e ;..7:‘*
] | -
i%r
.
L1
Pl
plan . f
. . . | |
Fig.1 Pick~up Location - ! ; i
[ : - |
N-VALUE L Lsm |
Soil Composition 10 20 30 40 s ':'(,':% | l i e - ]
p 3.0 elevation
Reclaime 2:5
M as |
Sand |10 7 [ % 1u§ GAL SEe
— [3.0] S8sY 0 - oo 22 ~
jr 3.5 -mi
Sandy Silt | 20 +
3 3.0 105 BAL SEC
Sand 3.0 ; 30
Clay 3.0 S45Y
=< Gravel =1 | 5.0
< 4.0
Clay Sand L et | =] s10Y
] 40 4 | 5.0
——J | —
4.5
Sand .
o 4.5 sooy
} 5.0
50 i 5.0
l& — FH1Y
A 5.0
Gy ] 5.5
Sandy silt 4.0 FH2Y
o 45
Sand 5.0
== T30Y

Fig.2 Soil Profile

—
Y
4
.3
b
! '\ 6L+80:
TN -
bl
x|} a
\ [ w r_/
\\ ; [ Y 6L +30m
) . J ™
¢ X, \'f P
1/ R, ~
!/°"°1v-uas.-e i/ﬂl.- QB23sec ;;: ala;;: Ti= Q4Olsec
e Ti= 047200 1 1= Q3080 = .z
o -88a —— 1:-32‘:...: oL o45m ;FW o T noTo.-e « / ;l‘nus-
- o -l 08 I B T T 0 05 11 15 -18 —a8 o o5 13 15
GL-85m GL-45m 50m tower 30m tower
Fig.5 Natural Moe of Soil Fig.4 Natural Mode of Structure

1525



T49Y { 5|
T30Y [ 3
FH1Y, /
8107 6L
-10

843Y

L -48|
888Y

° 40550 42 a4 _
overall system

01

¢ +0 . ~a +0
—_— = S04m foel
1 7 7
f { /// 4 =
| I o e
T 1 —
N |
i astandard deviatio imslanIurd viatiof
= S85445 51 45 —
IFH1, 130
~—-<lFN2,T49 | J { —
a S00 a
-8
05 5 0 5D‘I 05 1 5 10

AVERAGE of ACC. AMPLIFICATION RATIO X
( standard =FHT |

AVERAGE of ACC. AMPLIFICATION n,;mu Y

( standard =FH1
Fig.6 Maximum Acceleration Mode

fi :
LA RN ZE A S N
" T T T
L sty §3z_LHLY]
S43Y - R gg_g! ASIJOY
[
10 1 | Vi
| —
8887 g el a4
soil system 5 5 i
Fig.7 Time Historical Mode lL /\A l
{
0; 03, VV[
0 0 | 0
PERIOD |sec) PERIOD {sec)
" : su eyl g 632_sasy| N 20
| I | HJ
89 oo 0¥ 832 Fiigy
[\ " Y|
o a 50 20
N \/ L_\-/\ \.\ 40L
A . |
0 0 \ 10
Qs 2 1 2 R
0 62 PERIOD (sec) PEoﬁslﬂD(socx 20) /\ '\/\‘/’A
10, |
0.7, 01 M 01 0!
D"L J 2 pefion (hec) PERTOD (hec)
8 | 08 2 ,
0
05 05 532 F _‘ _[ [ Il
. ~ 80 i 60| —l 749y
K] a7 Jaay
o I 0 5 S%Sey| 45Y
o1l . 5 /
02 Y 02 ﬂ/\l [
AN \ S 0 T
01 —H o 0 . R "
o o 02 05 1 2 e o 051 1 10 l L
PERIOD (s0c ) PERIOD (s0c) \J/
AV L T
PERIOD (sec) 2 PERIOD ( sec )
" 300 T
1 ' , I 70,
[l T30Y i
sTar] ° 632 Sgsy | 6 L, Saar
637 TAgY
10 5 20 50 \
4 ] 40}— \
3 30
‘ } 100 7 \
Z il . TN
1 - 10
A . Lt I VN \W k /H v
o1 02 08 v 1 0 (VT
o 02 00 (e PERIOD (8¢ )

; 5 1
""" PERIOD (s8c)

PERIOD (sec}

‘ ?ig;s Fourjer Spectra

1526

Fig.9 Spectral Ratio



GAL

GAL

4-7 s

AL

0
Basemat

7

SEC

1-10
0 [

EPICENTER

o
50m tower

4

Fig.11 Lissajou’s Figure

T T10
L
TORSION L | ROCKING
02)
]
i
7
] ] h
[ L
. . 3]
Fig.12 Rotational Motion ]
o L o——
205 02
15 PERIOD (sec) PERIOD { sec)
Fig.13 Fourier Spectra of Rotational Motion
2 .
; ’ I Tab.1 Period of Structure (sec)
X
5134392
X Ko
10 l 0.1 r Tower 30m Tower 50m
|| observed | |
---—— theoretical 0.05 Mode Analytical| Observed |Analytical| Observed
A * 1 st 0401 |045~047| 108 11~12
. ' 4 R LK 2 nd 0085 a11 0227 226
Bl [ 1 :
T 1 oo . soox Tab.2 Period of Soil (sec)
} il ANV ’ ) s00X GL/~85m GL/-45m
v‘ g | NS x
0.005 —L Analytical Observed Analytical Observed
0 0.1 0.5 1 2
0.1 0.2 0.5 1.0 2.0 5.0 1 1.23 1.2~1.3 0823 0.7~0.8
PERIOD (sec) . NATURAL PERIOD (sec) 2 0471 050 0.306 032
Fig.14 Spectrum Fitting Fig.15 Damping Factor| 0204 030 %200 022023

1527




DISCUSSION

B. Sarkar (U.S.A.

The authors found out significant interaction effect in
the response of the individual towers and difference in campo-
site response from the response of a single tower. If the
towers were not attached by a common base mat but their dis-
tances from each other were of the same magnitude, would the
authors comment on whether the structure to structure interac-
tion effect would be of such a significant nature ?

Author's Closure

Not rec eived.
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