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An Equivalent Multi-Phase Similitude Law for Pseudodynamic Test
on Small-scale RC Models : Verification Tests
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ABSTRACT

Small-scale models have been frequently used for seismic performance tests because of limited testing facilities and economic reasons. However, there are not enough
studies on similitude law for analogizing prototype structures accurately with small-scale models, although conventional simiiitude law based on geometry is not well
consistent in the inelastic seismic behavior. When fabricating prototype and small-scale model of reinforced concrete structures by using the same material, added mass
is demanded from a volumetric change and scale factor could be limited due to aggregate size. Therefore, it is desirable that different material is used for small-scale
models. Thus, a modified similitude law could be derived depending on geometric scale factor, equivalent modulus ratic and ultimate strain ratio. In this study, compressive
strength tests are conducted to analyze the equivalent modulus ratio of micro-concrete to normal-concrete, Then, equivalent modulus ratios are divided into multi-phase
damage levels, which are basically dependent on ultimate strain level. Therefore, an algorithm adaptable to the pseudodynamic test, considering equivalent multi-phase
similitude taw based on seismic damage levels, is developed. Test specimens, consisted of prototype structures and 1/5 scaled models as a reinforced concrete column,
were designed and fabricated based on the equivalent modul_us ratios already defined. Finally quasistatic and pseudodynamic tests on the specimens are carried out using
constant and variable modulus ratios, and correlation between prototype and small-scale model is investigated based on their test results. It is confirmed that the equivalent
multi-phase similitude law proposed in this study could be suitable for seismic performance tests on small-scale models.
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F# 1 Similitude laws derived

Hatolo] Al %o niet FUY oW E e

2.1 Acceleration-based Similitude Law

Ago] oz AL HEEQAANANE 240l
NsaAn A tEEE d9dow 23 £ Gk 4
omz TzE $9% BAPe A% AP 7}
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2.2 Equivalent Multi-phase Similitude Law

NHEE 7R “}‘ﬂ’d‘jifﬂ FEHE o A
2420 ALEHE ABI 4YFREA AEHE AR
ol t27) Yo FAS= SIIAASH E(e)d S
59 ¥ g, 5 nEElA FAHEA S FrESA HOh
Aol 47 wek dyste A5 HAFEES AR
NEA AT STl AL E 2Eiste AR R o b
Q3 o71N, S/lAARElE F ALY udg4E
A £ EE A5 AFFHE F7HY 9RAE U
o] 7z} F7ol| s %at= secant modulus) HIE 3T
S/HAASGE 1820 4 8 AR A, 388 4
zyo BrAd% 9 Ak A% 99 Ar7t 4Ee] A
ol 7] W&o FAEYE o] 43 A uwl¢ fIsTh

3. MBAIE

HI22ES 93 normal-concreted] 37FA g9}

Scale Factor
Quantity Dimensions Acceleration based Equivalent multi-phase Equivalent multi-phase
EAE=1, Ei=1 EAE)=1, &1 EL =1, &=1
Length L S s S
Mass M s s° - EAE) R = (R
Time T s s s*°
Stress MLT? 1 EL® EAE) - &ur
Velocity L7 s°° P 5%
Acceleration LT 1 1 1
Force MLT? s s° - EAO) s EAD - &
Stiffness M7 s s+ EAE) s ELE) -+ &
Damping M7 s s ELO s B8 - &
Natural frequency 7! 1/g%° 1/g%° 1/s°*
Added Mass - % Mp—Mmo §° - EAO) + Mo—Mumo S+ EL8) - &+ Mo Mimo
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micro-concrete®] 571 i gulof] tjato]
AEFEAEE ST N1, N2, N3t M1, M2, M3,
M4, M5+ normal-concrete$} micro-concrete 242+e] j
oo @2 FAAY BAE e o714 M3E 45
%7} 3MPa |32 AEZAY JA-& zFA X3 A9
AH

# 20 ZAJEY WG E BASAL, 218 19 =-A
HER(w/c)dl & ZIYEY A2 =AY 4345 e
Wl

E 2 Mixture ratios of normal-concrete & micro-concrete
—
Type Mixture Ratio (C:W:S:G)
N1 1:048 1194 : 279
Normal-concrete
N2 1:042 166 : 238
N3 1:051:207 1299
Type Mixture Ratio (C:W:S)
M1 1:080 : 350
M2 1:0.96 : 550
Micro—concrete
M3 1:124:730
M4 1:1.00 : 4,00
M5 1:070 : 321
45 4
40j —O— T7days strength
] —e&— 28days strength
35+ —&— design strength
30
= 25
< 20
E. | Normalconcrete
w154 Microconcrete
10 +
5_
o
40 50 60 70 80 90 100 110 120 130

w/c [%]

8 1 Ultimate stresses depending on w/c

F 2014 HEutkgt o] micro-concreted] # SFAE
AL A] o9k normal-concreted] HlE| E-A|WERES
A st HA2RFY Anrt ¥ FEEN ALHE AR
o} JoiFos e A4S AEE . I8 194
E-AWMENZL AZd we 24ES $EAEIF A

= A%s #EY F Ao

%%701 NEo2HE dojzl FHAYEH ASAE 4
A2 % 39 AlElY oM, normal-concrete’}t micro-con-
creted] B3| i o E & 4EHPE9 AL FIHUYES
Ze AREAS A3

a9 2¢ 7 il o4& E-d
A normal-concrete’} micro- concreteit} HAAHU
JEAS BHAL & 4 Aotk o|H& F A8 gy
apolz st AFY &4AE wE SrreAASHL
Wests Ade 24 "o

—

€ FAlolH, o7

O

E 3 Cylinder test results after 28days

Specimens Ultimate Strain Ultimate Stress
P [Microstrain] [MPal
N1 2100 40.8
N2 2290 414
N3 1960 26.7
M1 2650 203
M2 2100 95
M4 2340 13.1
M5 2960 253
50+ N1 —N2 ---N3
----- M1 ===- M2 —-=- M4 ------ M5
40
© 304
= 7T T T I
% 7’ ’ . : .- \ -------- e
2 204 s . . .
I Y
104 J ol LT
0 T T T T T T T T T 1
0 1000 2000 3000 4000 5000

Strain [Microstrain]

18 2 Stress-strain curves

AsADAHZRE HYE I8 A5 7 (secant
modulus) M3}F43 F7HEAAH Y =S 18
3(@)¢t 28 3(b)ell 247t et ok 7)Mo T
HEES 7|08 105822 £33 7oA 24 Ba+
A2 AP ES JE L, g FIHYES r gt
S7 e A sHlE ZF F2oll A micro-concrete?t normal-
concrete?] ¥ A 4(secant modulus)9] B2, 19 3(b)
9} o] Mg B U F5E AL 5 o HYE| F
7ol et Aap gaste S Rdd.
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(b) Equivalent modulus ratio

a7 3 Material properties of normal-concrete & micro—-concrete depending on strain level

4. STIEMAITHIE 128 RAISHAE 212IF

A52| HAHF o] 313 H equivalent multi-phase similitude
lawe AAHET S7HRA AT 2 SAH Y E vloff o &3}
A dth. W2t 28 3(b)% 2ol AEANEEAARZRY 73
S7HAA AT H(E (o) FRHRE EX(e)E AHREIH F4
23 AAE A% 3Y¥(e), FHE), AFHWM,), Fot
A m) S 247 2 (D)AlA A @& 2ol 238 4 gt

6 = E(&) * &ur @
F, = s~ EA&) - &ur 2)
M, = s~ EJ6) * &ur ©)
My = 8" EA€) * € * My — Mo (4)

o714 s= scale factor, m,= ZA£EF 78X B
M, me= QEFZEY FF, ma= AZE F4HEY
A o] Aol

A @A BRo] FARF AEHE A5 MH
wel RrlAFE FE 29 F Ao 3 dEAN FE
AATFEZE 0.1~044010) EAFE N1 M2E AHE3t
H 1/10 FA228E ARYE A5 HEFE 70% o
d 4 Ut 53 AU BorEFEY 7))
ARy AFY Mg A3 A7 @7 9E
o] A5E AL 9 dFFEEY AREG
< A4E Za F7teAASuL HElst A ge A5E
of adde FPsE B A& ANSEEAE
d& & Ak 1™ 4% equivalent multi-phase sim-
ilitude law& 737 98] F7HEAATHE 88 &
AR dagEE Kol gtk V&Y fAE A4
oA 2 FREY 240A FHNA strain level
& A% AEANFLEZRYH AR FARAASHE
Belsta, SrreAASH ] o) Adkd FRES) A m)

¢

o

H42E
3

o

W o2 v i

PR

S AY Fol ANLHOE upPo] FLEA AR HLFY S
1,

Input Ground Motion u,;
0.8 ’
52!
A !
4R
-0.8
0 10 Time [sec] 20 30

v

Define Mass m; = m, - s« Eet) - &
and Calculate Displacement u;

v

Impose Displacement (u:) R
on Test Specimen &

v

Measure Restoring Force (R;)
& Strain Level (&) at Hinge Point

v

| Define Equivalent Modulus Ratio E{s) |

\

Calculate Velocity & Acceleration
m i, +eu, +R =-m i,

v
Seti=i+1

2 4 Numerical integration procedure for pseudodynamic test

5. DEMA

5.1 S7IEtgAIHI(Er(E))9 SetdEd|(Cur) & 128t &
A

WANYL 98 24570 44 Ao ()0 1

3B HRXFBeAL =27
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4. ole ZIEY A FItEAAASHI g
£ H7} 27 gioltt. &, AL d¥T7E
Rgo $UF ASE ALSIER E(g)=1, =1
ZAYET E(6) ¥, 6, 10| BE F7IEA A 5H]
HPER7 th27]) dEdd A7le Aolg 9, B
AP EHE TEste FY dHAY RWE &
(moment arm)E ZAFOZH B Folof i}
U %9, 2WES SGHFEHE FA BEATE
B7bssty] Wil £RWE] AYsEE v T
ol 7 A2 & vAe FH g3 A
271311 RHES HYEo g JAEE 2FT 59
o g FAE T dHHE ¢ELEY Aole
5~10% AolZ2 H4aRge 7S HEg W & expvh
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7ledHAA Y Y U HPE U3 diagramE YEF
W I% 59 93} scaled modeldlA Ao JHE A
A Uk 4 5 FHEPEY A, A (6) o
FTZEY FAZWEM,,)Y F4HEY FATWE
(M)l OIS ERE JABAE BAFAL 974 &
o] MY E, ¢, normal-concrete?] STFHHE,
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&l 5 Stress & strain diagrams in a RC column section
M, =085 [oiba(y =)+ 4, [;(5~d')~ A, f(d ~5) (5)

3
My =5"E, &, -My, (6)

AANDY RATHEE 2t 2.0m £09 AZEAYE o
74g d¥F2EE ARG o, £HIF U3ld HH
J(flexural failure)7} AWAHQ THE HAHAL 4
2o HA Ao EIYEGHL FAE(s)o 93t 3l
A3, A AR )= FIEYEN ] st HA|
52 A7 du(A, AT AR F uiA g G
3o} gAgHo R HASIHOEE A=A/, d=h-d'°] ¥o]
2 (6)°] HFHEE 4 (5)o sl FH FALRYS A/
< AXE £ Atk A (6)o AEF FIIEAA T E

0.4562.2 ©}+= micro-concrete®} normal-concrete® &

A4 (tangential modulus)ol] 23t A4S T
By ZAs HAR dYF2EH 1/55452F
AATHE I8 63 23 AFRFPY F23Q 54X
E 49 2t}

= e
i ox

rfr o o>

300 60
= | 1 =
[+ 60<le 20@27180 0wl 12 l 8@2=36 ' 124l
&b
(e ey
A
:025:
400 280 —D13
D25 —
-+ 5 Q E )
N e
60
'

(a) Prototype (b) 1/5 Scaled Model
22 6 Cross sections of prototype & 1/5 scaled model

I 4 Structural properties

Quantities Prototype | 1/5 Scaied Model
Concrete Type N2 M1
Stesl Yielding Strain(&) 0.0019 0.0019
Yielding Stress [Mpal] 400 400
Moment of Inertia [mm?] 2.067x10° 3.455x10°
Height [mm] 2000 400
Stiffness [kN/mm] 20773 1.987

5.2 BZ(Reinforcement)2 Modeling

1% 6(b)e] AAGRAANAM Heukd) o] HARH O F 3
TAE0] 4.2mmZE ] 7Hs0o] 71E9 o] AL E ALE-E})
o oJFgol AUtk wetd FARH e o|FAIH YT
AaAAE 2= round bar® Edd YAMES Q1Ao7
THEo] A 23t d F(threaded rod) & AHE-31S T Threaded
rode 7129 A7V M FaEFo| 2 gsta] ALA R
7t A%E vk Aok 28 7(@)9 18 7(b)dA dFFRE
AH&3E Standard deformed bar® 4R ALH
threaded rod 8] /& Yehfx o},

(a) Standard deformed bar

(b) Threaded rod

a3 7 Reinforcements of test specimens
6. AEd 7

6.1 ZENAE ¥ SVIEAHI &Y

Aalof o 054,94 804,74 £4H g £
HAAE S7HA7IY EAAAE S s 28374
29 8ol YERQT, 1% 991A YET2EH 242259
GG #FE F Qi
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18 8 Test setup

{b) 1/5 Scaled Model

(a) Prototype

a2l 9 Failure patterns

SHEAA s o HH S Aol dPRF e 24A T
(plastic hinge zone)dll dl@Fst= FH 2 X strain
gages H2319] damage level & H713A T #4444
oA ol PR FHWA} 2A4YUAFILAA Y
strain level(damage level)9] 4#=4g 19 1
4 9o, 19 1194+ damage leveldl we} F7Fe4 7
FHI7L Mgete AE Tg R @A

4000

| Prototype
3500 ——— Scaled Model
] —o— Modified Relationship
3000 A :
<
© 2500
2
55 2000
=
< 1500
€ |
& 1000+
500
0 T T T e T i T 1
-90 -60 -30 0 30 60 90

Displacement [mm]

a2l 10 Strain-displacement relationship

0.60
0.55 A

—
os0{ ™

0.45 4 \
0.40 —

0.35
0.30

Equivalent Moduius Ratio

0.254

0.20 T T T T T
0

~
)
o

T

1 2 3 4 5 6
0.12¢, 0.25c, 043¢, 0.68, 1.0, 22

Demage Level [sy]

a2 11 Equivalent modulus ratio depending on damage level

gt

FAEAAHANS A Lstua s FUIRAA SN
S 3 gATFI e AT SARAFHIRS
£3}= ASE constant modulus ratio, 18 1134 #°
T2 damage leveld] T} F7HHAAAFHI7E A2 Y
Azle TA #Ade 5§ variable modulus ratio®
Heoate F AR Afol Ui 2ARH Y FHHAY AHE
EAsdtt 218 12(2)9 28 12(b)d 4 T2 & 42
ol dig 3lF-18 9 ol H A& VeER I

la}

150

1004

or
(=]
L

.-

Restoring Force [kN]
g o

OO e e Prototype

Scaled Model

-150 T T T T T T T T
-126 -100 -75 -50 -256 0 25 50 75 100 125

Displacement [mm]

(a) constant modulus ratio (Er(€)=0.519)

150

100

50 -

-50 4

Restoring Force [kN]

004 RS e Prototype

Scaled Model

-150 T T T T T T T T T
-125 -100 -75 -50 -25 O 25 50 75 100 125

Displacement [mm}
{b) variable modulus ratio
T2 12 Force—displacement relationships resulted from guasistatic
tests

WA constant modulus ratio® A&¢ 18 12(a)2 73
& 2409 &o) /g wet dFFREHY 247}

40 TEAISEE =23
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A F7tske
ratiog &3

A variable modulus
Y FARHY SHo] &47
Ao et A Zade S/ A o g8 EAFHBE
¥ F2EF vad YA AIE 7HAH LT
variable modulus ratiog Al8§ A$ LT Fo| §E
¥z AR A (effective stiffness)o] P T2 ET 47
3 dASER I9 113 Zo] AFANFYLZRE 2] 4
Ao SHSEAATHE 2ARE AAd A HLdtodE o

L A% B e Yt

23]

6.2 wAISHAE

APl A" YA Wb 382 FE8 1940 El Centro
(NS Component) A 32 718 1394 & 1L, F43
Ao udNAE 2Ango $AFHAFHS Zzt
constant modulus ratio$} variable modulus ratio® &

&ato] st

T T y T -
[ 5 10 15 20 2 30
Time [sec)

13 13 Input acceleration

Prototype
Scaled Mdel

Displacement [mm]

T y T ¥
800 1000 1200 1400

Time Step
(a) Displacement response

T T T
0 200 400 600

wd Prototype
— Scaled Model

Acceleration [g]

—
1600

- T T y
800 1000 1200 1400
Time Step

(b) Acceleration response

T T
400 600

T
o 200

150

100

50

-50 4

Restoring Force [kN]

.......

-100

------- Prototype
Scaled Model

-150 T T
-150 -120 -90

T
60 -30 O 30 60
Displacement {mm]

T T
90 120 150

{d)} Hysteresis loop

a2 14 Comparison of seismic responses of prototype & 1/5 scaled model (Constant

)
1600

24834 constant modulus ratioS &3 FAMEA
A $9F 4FFE2EY $HE 17 14(a-e)d M 2o
H @3 T 219 14(a)ol M Benbe} 2o] SARFH ] MY
S9o] YA peak o F AFEFY] &g 1Y
o el A3E o35 Holi &, o)t d¥FxERL &
ARFo] £47A8 0 w2 A A go] 27 fEolrh
Z normal-concrete®} micro-concrete Abo] ol EAJ3t= A
g9 HAYHE nstA RV AR 1F 14(d)elAl
T 22599 B8 A yeya i e A YEGE
E & o 7M4E $EE FFT3IY dold peakgt T3
218Hz% 1.19HzE 438 0|8 Ho|%, AR A=
peak7} FEEHA YEIYA ¢ A& U 4 AU
g9 +HojY A (cumulative hysteretic energy)E
o] &3 AFAUA A4FEE A 30%°ldY AE
e Qo

%4230 variable modulus ratio® AHE$ ¢ &4
o] AP e} FrIRAGA TR A TASHA FAK
o] Ago] AN R ZAdE AL BASIY FIYHIA
g AN EAFLFoERE o3 19 109 19
119 23 A& damage level? F7IEAAFH S &7
£ o] g3t AHFE BAHNFAL, 18 490M Rol& FAHE
Ay dagFEel ALHAT. 18 15a)NA Eeuket 2

o] e R0 HPRF < &4Fo] 433 AP o] Fol & A

AL

100+

218

80 4
8 60+
2
=
8 404 Bk 0000 | Prototype
= Scaled Model

20 i L

{
0 T T T T — 1
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Frequency [Hz]
(c) Power spectrum
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wrr- Prototype !
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12 15 Comparison of seismic responses of prototype & 1/5 scaled model (Variable modulus ratio)
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