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SUMMARY

Forced vibration test (FVT) and earthquake observation of a large structure were
performed which is deeply embedded in quaternary ground. Dynamic behavior of
'JOYO' under FVT showed some characteristics due to deep embedment. Dynamic stiff—
nesses and dampings of base and side grounds were obtained using FVT data, which
were used in earthquake response analysis. FVT simulation by ' half~space theory
with some modifications brought sufficient result. Earthquake response analysis
using mass-spring system revealed the followings, that is, the calculated responses
mostly agreed with observed ones, provided that the recorded motion at the under-
ground which has the same depth as the foundation was used as an input wave.
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FORCED VIBRATION TEST AND ITS ANALYSIS

Outline of FVT The site ground mainly e &3 )
consists of sand and sandy gravel up to T

the depth of ll4m, underlain by sandy L I
mudstone (Fig.l). The oscillated struc-
ture is 50mx55m in plane, 58.5m in height,
about 170 kilotons in weight and is em-
bedded more than 50% of total height in sandy ground (Fig.2). It mainly consists of
accessory building, reactor bldg. and containment vessel. So, design model consists
of 3 sticks and the foundation (Fig.3). The exciter was installed on the roof of
accessory bldg. and the structure was oscillated both horizontally and vertically

Fig.2 Arrangement of Eqk. Observation
Points
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Table 1 From Various FVIs on R/B Containment Vessel Accessory Bldg.

Varieties EmbedmentDepth | 1st Natural Values | Displacement Ratio of 1st Mode ((Bldg. K)) ((Bldg. A))
" Dimensionof | Total ear Wave — o8
of Excited i i Vel Natural | Modal Buildiny - z
RIB Foundation Height Emg:gaam Percentage elocity P anue oy | Daeee Sway | Rotation | (ermzu‘en Reactor Bldg a8
A 70mx70m | 807m| 252m 31% 470m/s | 28H2 | 15% | 12% | 60% 28% ((Bldg. B)) 3
B [75.5mx755m|753m | 17.5m 23% 410mfs | 27Hz | 29% | 13% | 66% 2% a7 @) txes
523mxS0m ] ? 2 15% 9%
c e | 628m | 160m 25% Fzzo mis || S6Hz % % \ J
[ $20m 406m | 165m % sQ0m/s | 67Hz | 25% | 8% | 62% 30%
dogoy | 9mxsem [s8sm | 318m [ s ]| gssmis | 43m [[se% J[2em ]| esm [ = |

with the exciting eccentric moment varied several
steps from 2.9 to 154kgem.

Measured points were arranged so as to be able to y
get horizontal and rotational behaviours of all grids %
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in design model. The total number of measured points Foundation Tf P
came up to 120 components in each of horizontal and o §m
vertical FVT. Reappearance of the phenomena in the S R ™
different trial of FVT was certified with standard point Fig.3 Design Model

measured at every trial. In addition, it was made clear 40 ‘
that phenomenon was linear within the above mentioned 32
exciting force.
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Dynamic Characteristics of Deeply Embedded Structure under ol

FVT Horizontal and rotational displacement response 08

curves of each grid in horizontal FVT and vertical ° £ 2
displacement response curves of each grid in vertical (% 4 8 12 16 20
FVT were successfully got, including both amplitude and FREQUENCY(Hz)
phase lag (Fig.4). It is usually more difficult to 01234,5678
get response curves of good quality in vertical FVT than _ 180 D

in horizontal FVT from viewpoint of grasping SSI char- ) ;g%%
acteristics, as structural rocking and floor deformation e \%
are apt to occur, both of which often play interfering % ° be A
role to get good response curves in vertical FVT, but -90

here in JOYO, also vertical FVT was successful. After

-180 -
Fig.4 Response Curves
from Horizontal FVT

applying data reduction method, the following may be
pointed out as dynamic characteristics of deeply embed-
ded structure under FVI. (1).In horizontal FVT, the

-3 oy TEexe : O
lst mode was predominant, which showed coupled sway- E ‘:wi LML{Z:E;::
rotational mode with the responses of all grids almost E‘ % e —
the same phase (Fig.4), and rotation was the main in the 53 i —
lst mode shape. When compared with other excited build- § :L of“
ings, modal damping of JOYO is the largest, and bldg. 2 N
deformation ratio is the smallest (Table 1), both of T, .
which are the dynamic characteristics of deeply ? s
embedded structure in quaternmary ground. (2).In x 0 s 6 10
vertical FVT, the structure also behaved rigidly, 3 ;———4ﬁﬂlg°n 5y
and the lst natural frequency was 3.2Hz, which was § ;7
lower than that from horizontal FVT, which is worthy = @
of note as the characteristics of deeply embedded g a2 f
structure. The lst modal damping was also very large g ol
(74%), and the lst mode was definitely predominant. O s e 2t g
Evaluation of Complex Dynamic Reactive Coefficients in ‘i‘ 'f,g; 3%9
Case of Embedded Structure The method to calculate g 074xn S I A
dynamic reactive coefficients of the ground from ® CREQ * 0
response curves obtained from FVT, with mass, rota- Fig.5 Reactive Coefficients
tional moment of inertia and height of each floor known, Kgg - Exp. & Cal.

and ‘without using element stiffness of the structure, is,
for example, written in Ref.5), in case of surface foundation. On the other hand,
when embedded deeply, 4 unknown reactive coefficients exist, that is, Kyp, KRB,

Kgs and KrRg»> (Subscripts mean the followings. H:Sway, R:Rotation, B:Base, S:Side)
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So, solutions couldn't be obtained only from two equilibrium equations relating to
sway and rotation of total system. The method was devised!’ to calculate 4 re-
active coefficients directly from FVI response curves in case of embedded structure,
introducing the following assumption, that is, the complex ratios of KHB’KHS’ Kpp:
Kpg are assumed after theory. Owing to these assumptions, 4 unknown reactove co-
efficients can be directly calculated out from horizontal FVT response curves (Fig.
5). Recalculation of response curves was performed with obtained reactive coeffi-
cients given to the structure model. Experimental response curves were well simu-
lated covering principal frequency range of excitation (Fig.6). Thus the "above-
mentioned method to evaluate reactive coefficients directly from FVT response
curves was proved to be valid enough. The same method was applied to vertical FVT,
and better result was obtained.

Application of Theoretical Methods to Simulate 080 o
Structural Behavior under FVT  The method 3 :Z;
developed by M. Novak ') and elastic half-space T o 5 1
theory by H. Tajimi®) (VAT for short, hereafter) E 036 i (FORT)
with necessary modification!) were applied to 5 N
simulate dynamic behavior of the structure under L 024
FVI. 1In both applications, the analysed system 4 ) x4
was transposed to the structure and a uniform §,0.12 A&’:f f"un
side layer both underlain by elastic half-space. g : @gé
Tajimi's stratification correction method®) was <03 20
used in this transposition. In applying modi- & p
fied VAT, contact pressure distribution and 1 78
contribution coefficient from both sides @ N X
were tried parametrically. Thus, applying 90 Kt ¥W
theoretical methods, reactive coefficients of i
both base and side grounds were obtained (Fig.5), § 0 B
. . . M
which agreed approximately with those from ex- S 5 ‘ s
periments especially when contact pressure dis- e Q%#
tribution was assumed rigid and @=2. Response 180 Rl
analysis during ?VT with theoretically obtained Fig.6 Recalculated Response
reactive coefficients given brought approximate Curves - Exp. & Cal
agreement with experiment from the viewpoint of : *
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Fig.8 FVT Simulation with

Fig.7 FVT Simulation by Modified Half-space Theory Design Condition
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Table 2 List of Observed Earthquakes

. Focal Epicentral [Hypocentral]
s Epicenter P y tra. . Acc. on
resonant frequency and amplitude s | Tise ccorred | Location [tatitwde | Longitude | Deooh, 1"“&."3’ Pistares) | Seraes Ca) [Resars
(Fig. 7(1)). The situation was 01 | 85/07/29 03:06:05 nnslm:-l’ 3 3.9 [ us 52 |47 107.9 118.5 5.10
Y . 02 | 85/07/729 04:33:42 | rustineex 37 18.5° | 140° 41§ 90 Als.5 116.6 146.9 7. 7 Anal
similar also for vertical FVT 03| #os0e oioms z e -
:09:36 | runGTREN 0K | 36° 22 % 140° S8.7° [ 3719 39.6 [Ex3] 5.65
case (Fig. 7(2) ) . Thus theo- 04 | 85/10/04 21:26:04 | IMRIGINEN Ny | 35° 52.1° | 140° 9.5 7 _- 6.7 6.1 (3408 | Anal.
X . 05 | #5/1013 02:22:07 | roamsommen 1| 36° 40.7° | ML 19.1° 4|50 %] 92.6 13.95 .
retical methods based on elastic 06 | 85/10/17 22:06:M | surmowmey 0oy _| 35" 5217 | 138" 52.5° el
: 06: 57 4.5 75.6 100. 6 6. 88
half-—space theory were proved to 07 | 85/10726 15:14:48 | pupGnex nomu | 36" 10.7° | 140° 23.1° 69 |43 [son) 7.3 5.18
- L 08 | 85/11/19 01:09:05 | MmicIen o1 | 36° 38.7° | 140" S9.§° s |42 51.5 5.3 713 Anal.
have good applicability. 09 | #5/11/22 13:17:09 jouniGiie NesEIN] 36" OL&" | 139" Sa§° | 52 |49 58.3 7.9 .60 |[Anal.
A . A 3 . 10 85/12/21  20:21:34 | IMRIGIKEN HOUR | 367 30.4° 140° 32.0* 56 3.69) .1 622 5.10
Consuleratlon on DeS]_gn COndlthn 11 | 86/01/11 02:52:19 | IMRIGIEN OKT | 36" 41.9° | 141° 13.6° 46 4.3 6.9 2.5 8.27 Anal.
Applying design condition, struc— 12 | 86/02/12 11:59:40 [ IsuRacIREY oxI | 36° 25.0° | 141° 05.0° . [ED 50.1 6.5 Anal.
- ’ - 13 | 86/00/12 12:47:18 | IMRIGIN O [ 36° 23.3 | MI° 02.2° W[4 45.1 63.0 5.55
ture responses during excitation 14 | 86/02/14 10:25:56 | mwenerou |36 237 | WL 10.3° 2 14s 5.0 1 4 d
. 15 | 86/03/02 16:10:10 | NIAGIKEN OKI - | 38° 28.2° | 142" 18.9" 33 20.2 &) 2913 2
were calculated and compared With |z Troces s e -
C :29: ? 36 9.0 | 140" 300 FIED 25.8 611 9.30
experimental responses (Fig.8) . 17 | 86/05/05 22:27:37 | FURSINKEN ORI [ 36° $5.2° | 141" 314 7 [4.9 113.0 136.9 1148
. . 18 | 86/0515 02:11:59 | FUUSIWEN Ty 37° 319 | 140° 43.4 85 [49 1415 163.5 10.63
In design, ground stiffnesses had [ Tiwwn s | mwdm [ ar (1w o | 7 160.4 175.2 15.53
value ranges, so both cases were 20 [ 86707710 11:00:47 | s clay | 36° 12.9° | 140° 35.9° 81 |42 [%) 81.3

tried where all coefficients take maximum values,
and where all are minimum. Damping constants in (Ew)
design were 5% for concrete structure, 1% for

steel structure and 10% for SSI. As is shown in (2394367
Fig.8, lst natural frequencies from experiment and -10 64
from design may be looked upon as equivalent, -20 —G3
but maximum amplitude from design condition was -0 )
far larger than that from exp., indicating that -4
damping constant for SSI in design (=10%) was -Enj'
fairly conservative. -130 —GI
(o PERA L

EARTHQUAKE OBSERVATION AND ITS ANALYSIS 0 _F8
OQutline of Observation As is shown in Fig.2, 0 ’234'557.?4 0
observed points were arranged both in/on the -10 -10
ground and in the structure. Observed points -2 -20 —F1
in/on the ground were about 84m off from the Y -0
structure wall, and 4 points G;~Gy, were set up -40 40
(G.L.-130m, -32m, -18m, -lm each). G, is in the ‘Evj y -Enj
bedrock consisting of sandy mudstone, Gz is as -0 16/ ~130 —ar
deep as foundation bottom and Gy is almost on — Ground— — Structure —

the ground surface. Those in the structure

were Fi on the foundation (-19.45m), F3(-7.3m),
Fs(0.2m), F,(8.5m) and Fg on the roof (13.7m).
Vertical components at the corner of the foun- Lo ®
dation were also observed to detect foundation e ® .
rotation. Total observed components were 24. o o o F5/64
Observation started Jul. '85 and about 20 = o* o Fi/62
seismic records were got during about a year. %

Table.2 shows list of observed earthquakes,
magnitudes of which are mostly 4~5 which often
have their epicenters off the coast of Ibaraki- Le,
Pref. 4 of them have larger magnitude than 6. L ° %’@Q

Maximum acceleration on the ground surface was 0 fm it . e —
5lgals. at Egk. No.l2, and 2nd largest was FREQUENCY
34gals at Eqk. No.4. Others are not so large
but dynamic range of measurement system is

100dB, so records are accurate enough as a whole.

Fig.9 Max.Acc. Distribution
(Normalized at Gl)

RATI0

Fig.l0 Max.Acc. Ratio between
Str./Gr. (Same Level)

Some Characteristics from Observation Fig. 9 shows distribution of amplification
factor when maximum acceleration at bedrock (G;) is set 1. Maximum acceleration
of horizontal component in ground was amplified mainly at the shallower region
than -18m, and on the ground surface, amplification ratio was about 2~3 against
bedrock. On the contrary in the structure, only a bit of amplification was recog-—
nized above the ground, but almost no amplification was observed under the ground.
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Also in vertical component, there was some amplification in ground, but almost no
in the structure. Fig.l0 shows maximum acceleration ratio between structure and

ground (horizontal component). The ratio is all less than 1.0, and it decreases
as frequency increases, which is so-called 'low-pass filtering effect', Similar

pllllenome;a w§§§,) obser]\feg alt; other large st;u;turssz)s). The studies in the past by
the authors revealed that it was caused by the |

impedance ratio between the ground and the ]50 FOUR]ER SPECTRAL RATIO
foundation. The 7 earthquakes were selected in : —Fl/Gli
which maximum ground surface accelerations were 120 - - i

large enough, Fourier spectra of them were got —m———— ------ _::'_G.;‘.Z.V_G_4-_
and transfer functions between observed points 090 f‘ ‘,,," ':
were got as the average of Fourier spectral ratio. 0 ‘(\'\ M'A' i
Transfer function between roof and foundation 06 \"\ A i \
(F8/Fl) had its spectral peaks around 4, 8, lOHz, 030 LY Aaan | ,/\/\ \
which are well coincident with those from FVT. i "\‘M;M

Fig.1ll shows 2 transfer functions F1/G4 and G2/ (00

G4, where G4 is ground surface, Fl1 is foundation 000 500 1000 1500 2000
and G2 is in the ground which is as deep as

foundation bottom. Both have similar tenden-— Fig.11 T FRfEQENCY (CPS) .
cies against frequency except the range higher g.& 0 ;ans er Funct}ons: Foundation
than 10 and a few Hz, starting around 1.0 at nderground against Grd.Surface

low frequency range, decreasing quickly as Mod e 1-1: Side stiffgesses and ground
frequency increases, and remaining around some ?:gg::;::::ﬂa:: both taken
constant value far less than 1.0. This similarity CInput Vaved @ 1-2, 1-3
suggests that the behaviours of embedded foun- £

dation during earthquakes could be estimated
approximately from the underground motion which is
as deep as the foundation.

———

Earthquake Response Analysis Simulation analyses Model-2: Side stiffnesses are taken

for dynamic behavior during earthquakes were per- into consideration, but ground
formed using mass-spring system in order to examine g‘fﬁg:?ﬁzsg’ e nf’fltaklef_’zi"?;?’
what is the effect of input and model variation — ! ’
paying attention to embedment effect. Eqk. No.2,4, [

12 in Table.2 were used for the analysis. As model
variation, 3 types of models were tried (Fig.l2).
In Model-1l, embedment side stiffnesses and ground
amplification were both taken into account. In

Model-2, side stiffnesses were taken into account Mode 1-3: Side stiffnesses are “"“gllf‘z’tedf_s
but ground amplification was not, that is, input CInput Vaved = 1-1, ’
waves from the side stiffnesses were the same as

that from the base. In Model-3, side stiffnesses

were neglected. As to not only embedment side

stiffnesses and dampings but base stiffnesses and ——
dampings both for sway and rotation, the evaluated

values directly from FVT response curves were Fig.l2 Three Kinds of S-R Models
used. Then as input waves, also 3 kinds were

tried. As I-1 input, the wave recorded on the EQ4, £W

ground surface (G4) was used. As I-2, the wave o £ m A& A 2 @

recorded at G2 was used which was as deep as the ::}WWMWW

foundation. As the last one, I-3 was the calcu- 0ol & A s B

lated wave at the foundation bottom level which QH;KMWWWW
~400

was looked upon as open to the air. So 8 sorts of

. . X 200 £ @ B B2 A B 5 @
simulations were performed with models and input a2 e
s Py . s nput.
waves variation combined, except the combination 200

of Model-l and I-1, as the case is not realistic. e S R
Nodal data and member properties of the structure input I"’MMWW“" P
model were taken from design model with slight :

modification, so that the structure behaviors Fig.l3 Waves at Roof(M-3, EQ.4,
under FVT may be simulated well by it. EW) - Obs. & Cal.
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Result from Earthquake Response Analysis Fig.l3 shows an example of calculated
waves (at the Roof(F8))with Model-3 and input wave varied, in which the result
from I-2 input was the best as far as maximum acceleration is concerned. Wave

forms look more or less similar with observed
wave., Fig.l4 shows the results from all the
cases, with the calculated max.acc.at the roof
divided by observed one in the y-axis and with
input wave variation in x-axis. It shows that
roof response with I-1 input > that with I-3
input > that with I-2 input = observation
irrespective of models and earthquakes. Fig.
15 shows difference of calculated responses
due to model variation in the case of I-2 in-
put, in which clear distinction due to model
variation could not be recognized. So, from
the investigation performed here, the follow-
ing may be concluded, that is, what should be
taken as an input wave is more influential on
the estimation of responses of deeply embedded
structure during earthquakes than what should
be taken or not as side gound stiffnesses, and
that the recorded motion in the underground
which is as deep as structure foundation may
be the most suitable as an input wave in the
cases where the structure is embedded and the
structural mass-stick model is such as that

in this paper. And it is useful for design
purposes to know that even a simple mass-spring
system might roughly estimate dynamic behaviors
of embedded structures during earthquakes so
long as recorded motion in the underground as
deep as structure foundation is used as an in-
put wave.
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