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Centrifuge Test for Earthquake Response of Structures with Basements

a8+ - stmat

- Park, Hong Gun?

yse’ - wea? -

Kim, Dong Kwan"

- Kim, Dong Soo”

- Ha, Jeong Gon***

PHIRGTLA, AR, Y MgEtm, aéqmS@Emansﬂ,agesﬁagam“@amaﬂaﬂ,agegﬂggaq
R&D team, SEN Structural Engineers Co, Department of Architecture and Architectural Engineering, Seoul National University, 9Civil and
Environmental Engineering, Korea Advanced Institute of Science and Technology, 4)Civil and Environmental Engineering, Korea Advanced

Institute of Science and Technology

/] ABSTRACT /

To investigate earthquake responses of structures with basements affected by soil deposits, centrifuge tests were performed using an
in-flight earthquake simulator. The test specimen was composed of a single-degree-of-freedom structure model, a basement and sub-soil
deposits in a centrifuge container. The test parameters were the dynamic period of the structure model, boundary conditions of the
basement, existence of soil deposits, centrifugal acceleration level, and type and level of input earthquake accelerations. When soil
deposits did not exist, the earthquake responses of the structures with fixed basement were significantly greater than those of the structure
without basement. Also, the earthquake responses of the structures with the fixed basement surrounded by soil deposits were amplified,
but the amplifications were smaller than those of the structures without basement. The earthquake responses of the structures with the
half-embedded basement in the soil deposits were greater than those estimated by the fixed base model using the measured free-field
ground motion. The test showed that the basement and the soil deposit should be simultaneously considered in the numerical analysis

model, and the stiffness of the half-embedded was not effective.
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(b) Soil raining

(c) SDOF structure with basement

300

(e) Fixed basement model

(f) Half-embedded basement model

Fig. 1. Construction and dimension of test specimen (unit: mm)
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Table 1. Scaling laws[6]

Parameter small nﬁg?ilelzrlig/ I;:(\;totype
Length 1IN
Mass N’
Stress 1
Strain 1
Force N
Bending moment 1N’
Time (dynamic) 1IN
Frequency N
Displacement 1IN
Velocity 1
Acceleration N

1.55 t/m*o]t}. Lee et al. [9] 2] ITLojlA] K% u}e} o] Yal2o] 7}4)
Z Aol 4] bender element arrays 25-E] Z|510] Attt 5 225}
AT20 geoll A= 194 m/s, 40 geol| AE=234 m/s Q] Hob AT Er =
E Ak o] =FE A (1)& AR5 20 geoflAl=0.26%, 40 geollAl=
0.41 28 A==71( 7,) 7 F A= ATk

%
T S

soil m (1)

oJ7]A, V= AR Bt ATk &, d = AP A|R(prototype soil) ] 2}
o] oltt.



2 Aol AR R[51F0] AR BFLS Fig. 1(d)~(H) 2 LTk 2|5k

T AR RO 2 240 mm, A|X1E-0] A ZPEEC 2 90 mm 2 ¢
1260 geol ] AR 20E A7) 28 TER isie e
F14.4m x 5.4 m 50] 2]5k30] Hk 75 AJskae g o
01521, 35 mme}t 20 mm F719] o & oo J/JE]al, 10 mm
o) o] 402 ehlo] AT ofghe ek 2 e BER A
L= ATk Fig. 1(e)+=60 cm =2 ol Z|s}50] A 2HTH Ex U7}
A qlem, 2Jslg AHS Ex PHol| EER 14w o] gl doltt
(Fixed basement model with soil deposits). X|5}50] Q= FLZ2EQ] A
Agsiol Agho] AL Qe sfefsp] Sistol, Alste) i s
7} Eo] Fig. 1(e)olA J-AHEe] gl 739 (Fixed basement model
without soil deposits) &= A& o] =8 =]QIT}. 2|3} Fig. 1(f)+=Fig. 1(e)2}
I 7o) Asio] AmAOZIE KA} Zolo] AT 23] Sl
732-0] tfst A g(Half-embedded basement with soil deposits)& LE}
Wiek, 4 Ajel mRe] $AR 28.1 kgO2 FUe Haje] Mgk
of 1,260l EA} Zdole] ulul 2e) 2513 1] BA 144 kg o2
SUTH 0] o) AuEEA 0] 1.294He]ck QIR AEo] gl 1 A|55
Ug S A0 BiE AjslEe 14 1ERT|E T 4 Sk AlekE
220, 40, 60 gcol|l A Z+21+0.15,0.27, 0.3522] A7 1) 2 13 =
o] Fe = AF3IGITk A (1)} o] et Aute] 12} e 25579

2oox o o
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Table 2. Properties of structure models

A1) 12} R g7 v), Z12)a1 ARk A|315-2] e 2450E
A} ()2 o] 174} B=of gt Ak 2J55-2] ZdulE 48 4= ek
webA, 2[515-2] 12} =] et 7-8:220, 40, 60 geofl A 22t A]utef 1
A mLof| tfgh 7492] 3.8, 2.9, 2.98| & T = Lo, o= A[ite]
Blsf A o2 2 2] AJstsol Aol A= la-e WEhict.

m

7711 27 % Tnb/kb kb _ ( my, )X ( Ts'()il
j;oil 2m \ mSOil/kSO’il ’ ksoil

soil

71, my/ 2 U] 0] 2]t et A|slge] W), ky/k,,,
= AREY 12} m& 73 of] i3t X|513-9 12} & 73/dH] o]tk

A8lEo] = ARTEEY AX-SHE Wl flste] ARttE
O A7 | = AFHSRE AASH R E2E-2 AR ekl o
9% (Single-Degree-of-Freedom) LR EEA] & 7]9] Zhstka} AR
A Ao g = Slct T 719] o] 259 shiwal AR
BAE o] AR Q) A5E oh, FEEQ| ST X|515-9] A5
N EEZ JAAESI) Kim and Yoon[10] 2} Lee et al.[11] 5 X]5tef 9
2 X252 $sto] thgh 2§l A Aol k=, ARk 250 3
Zlof| ofaf| L2520 -SHo] IA| FEE o] Bl Qlrk. i 2 ¢t

e AEE71E 7|08 7o) dojeh Aeks 2dsto] 7o &7

Structure models SDOF-1 SDOF-2 SDOF-3 SDOF-4
\ il !
0
o
50 1
e
50 _
| 2
S ] I
Dimension (mm)
[\
<
o\l
e © ﬁ
— —
m}
0
effective mass (kg) 0.229 0.270 0.800 1.313
effective stiffness(kN/m) 461.6 60.45 60.45 22.86
natural frequency (Hz) 226 76 44 20
natural period (sec) 0.0044 0.0132 0.0227 0.0500
Thin 20 gc* (sec) 0.09 0.26 0.45 1.00
Thin 40 gc (sec) 0.18 0.52 0.90 2.00
Tn in 60 gc (sec) 0.27 0.78 1.35 3.00
damping ratio 0.009 0.022 0.014 0.021

gc*: centrifugal acceleration
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| =27 | 20# 45 (E# HM110%) | July 2016

TZE(SDOF-1, 2)7} 5 7§ o] A527] -2E(SDOF-3, 4)& Al 2ts}e] 41
S =e53rk1 g oA Impact hammer AE © 2 HE] 1252 155
S 819, S0 PR E SHY AR 2B 7RHIE 2
ZJ3LoTt[12]. Table 2+= 1 gollA] 2E2] fadeat fa744d 2 74
IS LR, 20, 40, 60 ge o] Y B AT Fhake L2 EL g7

HHEZAIF7]0A B dof| A3 AFthzRE XxFo] de
ok dtollAl= PEEROIA Algshs dibiefrola SAE 1994
Northridge A %17} 1984 Morgan Hill XX AR5} 13]. T3, sine
e sweephE Qlelalo] Al FzEe] NHUERE Bslec
AT AEY) S8FTEE WEA)7] Slst] melEoR
40~300 Hz = Band-pass E| o] Y= 30w, X5 Zch7|<
=(peak acceleration)-2-0.03 g ~ 0.60 g= 2% o & 7519k E A
FolA Aele] 55, F2EO) 718 Werw S AU
Table 3of Hej)3ick

Fig. 21 QRIER AR 14E 274 Asle ehic

52 QJelshe 490l YARAA] el 24 o] 9L, 4712 4
B A5} o] BISIE ARl S S4sk17} ol web, W)
2 Z5he oAl Fig. 201 o] 47k ZgEI9lom, 248 T
= Table 19] AP o] we} 919 20 oiel 7hw 2 skl gl

rE T

3He] 7} %= high-pass filtere} o]F-2E 02
Fig. 2(a):= Qg A]to] glo] B2 sjito]| 11
w/o soil)o]] that Ael o2 ESB box Z|5}cto]
(U pput)s AEEE] A o) BF TEB 00 NS 71
=7} SA 1T Fig. 2(b)i= Q1 AJHlo] Qlar B2 31o]l A H #3515
(©]3} Basement-w/ soil) o] T3+ A3 2 4] ESB box X|a1gke] ZHo|| 4] ¢
SRR 4,,,0), AIEANA ] AHG 25t ), T2 T AB1E2] ]
ARy o) TEB i) OIAS) 7H5E7E 29I Fig.
2(c)= X|5}2( 0|5} Basement-Half) o] EA} Z10] 9] Hhgh 25 Q)= A 052
Fig 2(b)9} 2Fo], ESB box ZJajete] ZoflA ez uk u ), X E
RO AR (1 ), TN ASS IRy ) 2 P22

Table 3. Total numbers and peak acceleration levels of earthquake events for testing

Structure models SDOF—1 SDOF-2 SDOF-3 SDOF—4
20gc 28 32 26 26
. . . . 40gc 27 25 29 26
Fixed Basement without soil deposits
60 gc 19 34 27 32
sub-total 74 91 82 84
20gc 15 15 15 16
40gc 16 16 17 17
Fixed basement with soil deposits
60 gc 16 16 16 19
sub-total 47 47 48 52
20gc 11 16 12 12
Half-embedded basement with sail 40 gc 12 10 12 12
deposits 60 gc 11 11 11 11
sub-total 34 37 35 35
Total events 155 175 165 171
_ _ Min. 0.035 0.037 0.033 0.030
Peak input acceleration (g)
Max. 0.512 0.521 0.538 0.589
i t,w /o soil ii t,w/ soil i t, Half i, =i +iig
u B,w/o soil u FFM M B,w/ soil u FFM u B, Half
] ] = = [ R
L L L L L L >
| | | | | | l;ig = u Input
] ] ] ] ] L =il gy
] | u Input [~ | u Input = | u Input
e

(a) Fixed basement with out soil
deposits

(b)

deposits

Fixed basement with soil

Half-embedded basement with
soil deposits

© (d) Fixed base model

Fig. 2. Measurement of accelerations
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c} EX0] Wy} x]6]& Ao A HQ|(Fig. 3(b) 2] Relative displacement)
= 2] 2.78 mmo]c}.

Fig. 3(b)= QI AHto] 9lat, 37} 124 % Basement-w/ soil 2] A%
SR UEIC, A5kl Ao} Ao SR /M Aol Ee
0.22%9] 593} A=37|2 A%3}1, Basement-w/ soil @] o7&
1028 g2 H7IEE7H0.38 g0l A FHH 7145 STFo] 0F 73940 2=

0 & 7)%3}al, Basement-w/o soil &] Z|t]7}<:5(0.41 g) 2] 68%°]|th. ]
=Fig. 3(a) 2] Basement-w/o soil & A5} 11-0-9] I5F7]0.15 22 A]
sio] 75 s 2m ere] QUAlIo] Sl 7, Aslzel vla) 2 o)
Z]Hke] I of| ]3] Basement-w/ soil = A|HH} -2 =2 EAJ o 2 7
FRHE AL & 4 Sk e, AJaiEe] 740] Auke] 7t 27 o)
ol 515 £50] 1EE A4k §510) Ewrh 2tk Fig. 30-2)9) £
) Wl 2|3} A ) A 3Ewo] Al Sl Fig. 30-1)9) At 2
o] AHk} A3l F YT X571 2 A F3Ht Basement-w/ soil 2] ]
971 4.45 mm=Z Basement-w/o soil 2] 2|t 2] 2.78 mm2] 1.68]|=
UERtom, Z4te] 2t $ 5.31 mme] 83%0]t) o= A<4:gt viel 7
ol, QIR Ao} EAf5to] 2|8l5 #5252 5/ o] Detlef wt AHke]
Zse7100l ofel A|5kg-20] 2lEa=717 Aof A1, I ARte] gl X|5ke:
o 1]3 Q1A ] I AJ51E2] Z AT THEL Aol A, E B
ofe] s Qo] Gl A5t Rt 27K o 2 9lck
Fig. 3(c)= EA} Z10]9] Hhit E5] Basement-Halfo]) tfgt X 482
UFERdic) 2Ja12at A Edol A 2AE 71w} 2|ur] 8T} 710272
2 2 7je] Alglolelo] REE 2] Belab| ABat}, ol a0l At

7.2 ‘
E — Basement-w/o soil
g
g
£
(7%
2
&
a
2 < max :-2.78 mm
2 -3.6r ]
=
&
79 ‘ (a-2) Fixed basement without soil
o 4 8 12 16
Time (s)

(a) Fixed basement without soil

7.2 !
o — Free-field motion
g i —— Basement-w/ soil
% 3.6r (] b
&
T O b i (h | Y yHY
i) R (1L '
% f \
2 3.6 ! )
kS max :-4.45 mm — Q
;_52 max :-5.31 mm — o
- o ‘ _ (b-2) Fixed basement with soil
)} 4 8 12 16
Time (s)

(b) Fixed basement with soil

0.5 T
- 0.15s ‘)‘ r— Basement-w/o soil
z Input motion
§ 025t g
5
3
L
53 0
<
=
g max:-0.16 g—
§ -0.25¢ B
=
os max :-0.41 g - (a-1) Fixed basement without soil
ha 4 8 12 16
Time (s)
0.5 T T
% max : 0.38 g — ? —>‘ ’(— 022s — Free-field motion
z o | | — Basement-w/ soil
S 0.25r B
g \ I (il T
- I L TRy i
53 0 i | I i AL
< [THT i | ‘ ‘\ “\
=1 il I (| L i
o} I I ‘ ‘
§ 0.251 ‘ B
g max:—0.28g—>
=
05 ‘ ‘ (b-1) Fixed bagement with soil
o 4 8 12 16
Time (s)
0.5 T :
= 027s —>| ’<— — Free-field motion
z — Basement-Half
§ 025t g
=
5
o
S 0
<
=
2
=
éﬁ -0.25 max:-0.29 g » © < max:-0.28 g
05 ‘ (c-1) H:?lf-embedded bas‘ement with soil
o 4 8 12 16
Time (s)

7.2 T
— Free-field motion

— Basement-Half
3.61 I ‘ il

Relative Displacement (mm)
[=]

- max : -5.60 mm‘ -0<h (c- 2) Half embedded basement with soil
o

4 8 12 16
Time (s)

(c) Half—-embedded basement with soil

Fig. 3. Time history responses of basements, Northridge earthquake (Input PGA=0.16 g), Soil depth : 12 m in 20 gc
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0 0.8 0.8
— O Basement—w/ soil (mean : 0.22s) — O Basement-w/ soil (mean : 0.39s) —_ (¢) Soil depth : 36m in 60gc
\Ef O Basement-Half (mean : 0.28s) :—f/ O Basement—Half (mean : 0.45s) :—f/
5 0.6 . . g 5 0.6
g (a) Soil depth : 12m in 20gc g g
L - . o 15}
] Elastic site period : 0.26 s 4 4
© o © 04
- o o=
°© °© °©
= = I = B t period : 0.35
g ;9_ 0.2 Elastic site period : 0.41 s ;9_ 0.2 asement perio s
L T 2 Basement period : 0.27 s 2 O Basement—w/ soil (mean : 0.56s)

Basement period : 0.15 s (b) Soil depth : 24m in 40gc O Basement—Half (mean : 0.61s)
0 0 0
0 0.2 0.4 0.6 0 0.2 0.4 0.6 0 0.2 0.4 0.6

Peak acc. of input motion (g)

(a) 20 g centrifugal acceleration

Peak acc. of input motion (g)

(b) 40 g centrifugal acceleration

Peak acc. of input motion (g)

(c) 60 g centrifugal acceleration

Fig. 4. Dynamic periods of basements
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Fig. 50li= R 7ate] Z[h71 (08} Inpu PGA) | thgh Ayttt
AJ515-2] 2|7 5= Rl it Fig. S(a)w= QIEAINT] §li= Basement-
w/o soil @] Z|t|71& = 2 4] Input PGA 9] 9F 2.9~3. 74l ZZ5) %]t} Fig.
5(b)= skl QIFAIREe] Q= A=A, AHHe] Xt ke= Input
PGA 2] 2F2.0~2.28] 22|t} Basement-w/ soil 9] H|7lEE= 11
A 2|512-0] 714 0 2 <l5}o] Input PGA 2] OF 1.5~1. 74} ZZE|9] o,
o= A|Hke] A7 0] oF 74~78% A =o|th Basement-Half2] A3
A= Fig. S(e)oll Yehioh 25k 2|75 Input PGA 9 oF
1.5~2.08) SZ%| itk Basement-Half2] Z|t|71<: == Input PGA 2] oF
13-1.9) ZEE9) 00, o= Auke] 7] OF-T-95% A A4
shujel o] EALZlo] 2] vt 26 9)=Basement-Half+= B sj4of 1

7% Basement-w/ soil || B]al] Z3/do] A WHES & 4= 9lck

4, 5t871 1™E X[6IE0| Uz HEEESQ|
X|ESE

Aol STt R K50l Qi AR R0 A4S T
ot QL] e TS| $I5te] Fig. 2(a)e}Fig. 2(b)2 o] <)

3
AR FUTE stk E3 Fig Ab)olHd QURFUEA S48
PRI it )9 AEHA ZHE A L5 M )
S A FEB A S EEFHL, ol uE Alo] ofgh 7k
B399 3E2 AN 5 ek, A5150] G BAGE FRBY A3

o Fig. 2(0)2} 20| 28 5457} 14 so] gl T Bel(Fixed
base model)& ARG, o] T 25 AL 4| (3) 7 ek

msus + csds +kau, = —nzsdg(t) 3)

o47) 4, u, = AT 2E 545 0] 2| RE-0 2 A, Fig. 2(0) ) t 4,0 S A
G3to] o] 7SS ARSI u, = SRR O] 2)yhe]
of - ASIOl L, m, ¢, k, &= TARRE o) Wag 7afu], 744
© 2] Table 1] Fe]=]o] 9lck

kA 0 & 4] (3)0)A] AE TE] ALY (u,) Z5E 4] (4)2}
20| ARBA] e 0] 2|51 AP I (pseudo-acceleration,



Peak acc. of input motion (g)

(a) Fixed basement without soil deposits

Peak acc. of input motion (g)

(b) Fixed basement with soil deposits

1.2 1.2 — 1.2 —
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Table 4. Amplification factors and basement effect factor

S M1105) | July 2016

Centrifugal AF—-w/o Basement* AF—w/ Basement™* Basement Effect™**
uo SDOF structure po—
acceleration min. max. mean min. max.  mean min. max,  mean
SDOF-1 T,=0.09s 1.47 2.75 1.72 0.35 1.04 0.54 0.20 0.57 0.32 0.42
20.90 SDOF-2 T,=0.26s 2.11 4.06 3.20 0.77 2.98 1.97 0.36 0.85 0.58 0.71
Soil depth : 12 m -
Site period : 0.26 s SDOF-3 T,=045s 1.47 2.66 2.00 1.10 1.67 1.27 0.54 0.85 0.65 0.75
SDOF-4 T.=1.00s 1.07 1.53 1.37 0.66 1.30 0.97 0.29 0.61 0.41 0.51
SDOF-1 T,=0.18s 1.18 1.70 1.47 0.31 0.88 0.51 0.22 0.52 0.35 0.45
40gc SDOF2 T,=052s| 234 331 293 | 057 268 160 | 020 087 054 075
Soil depth : 24 m =
Site period : 0.415 SDOF-3 T,=090s| 153 211 184 | 059 164 095 | 020 078 052 067
SDOF-4 T,=2.00s 1.07 1.34 1.24 0.51 1.15 0.83 0.19 0.54 0.38 0.46
SDOF-1 T,=0.27s 1.07 1.51 1.36 0.24 0.82 0.43 0.17 0.35 0.28 0.34
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Soil depth : 36 m -
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- hn=3. S X . . . . X 3 X . .
SDOF-4 T,=3.00 0.65 1.30 1.18 0.23 1.78 0.61 0.17 0.63 0.28 0.45

AF-wlo Basement*: Amplification factor for structure without basement (t, /%, 00
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