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Deformation Capacity
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Acceptance Criteria

Acceptance Criteria:

Seismic Hazard Level

Ultimate Deformation

Design Based Earthquake

Drift Ratio = 2%

Maximum Considered Earthquake

Drift Ratio = 3%

Ultimate Deformation: The deformation at which failure
occurs and that shall be deemed to occur if the sustainable load
reduces to 80% or less of the maximum strength.

DESIGN EARTHQUAKE: The earthquake effects that are
two-thirds of the corresponding risk-targeted maximum consid-

ered earthquake (MCEyR) effects.

Table 12.12-1 Allowable Story Drift, A,%*

ASCE STANDARD

ASCE/SE|

7-16

Minimum Design Loads and
Associated Criteria for
Buildings and Other Structures

Risk Category

Structure lorll i v
Structures, other than masonry shear wall structures, four stories 0.025h ¢ 0.020h,, 0.015h,,
or less above the base as defined in Section 11.2, with interior
walls, partitions, ceilings. and exterior wall systems that have
been designed to accommodate the story drifts
Masonry cantilever shear wall structures? 0.010h,, 0.010h,, 0.010h,,
Other masonry shear wall structures 0.007hy, 0.007hy, 0.007h,
All other structures 0.020h,, 0.015h,, 0.010h,




onfinement Eqs Comparison
Elwood et al. (2009)

NZ5 3101:Part 1:2006

Incorporating Amendment No. 1 & 2

CSA Stardard 7
AC| 318-11 (,

STANDARDS Concrete Structures Standard

wEw EELLANE
A23.3-04
Design of concrete structures

Building Code Requirements for
Structural Concrete (ACI 318-11)
An AC| Standard

and Commentary

Reporied by ACI Committee 318

) ‘®
CANADIAN STANDARDS
ASSOCIATION
—_— T

= ORegistered trode-mark of Conadian Standards Assaciation

1 3(5} American Concrete Institute®

Published in Decermber 2004 by Cunadian Standmids Association
A not-far-profit private sector organization
SQ60 Spectrum Way, Suite 100, Mississatiga, Ontario, Canada L4W SNG
T-BO0-463-6727  416-747-4044

Visit our Online Store at www.ShopCSA.ca

USA Canada New Zealand
ACI 318-11 CSA A23.3-04 NZS 3101: 2006
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ACI 318-11

* Confinement Requirement
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Axial load P is NOT be
considered as a parameter
in the ACI 318-11 Code

The existing studies show
unconservative results with
increasing axial load
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CSA A23.3-04 and NZS 3101: 2006

* CSA A23.3-04 * NZS 3101: 2006

|
|
|
|
|
4 ’ I
O.2knkpifc | A g
ASthaX< oo : ASh: 13-pm A T, . - —=0.006
sh, 0.09 f/ : sh, 3.3 A, fyt 0.85A, f
o !
where : where
n P 1 f
K = | kp=—| omMm<04 m= 4 ; Aggl.S
n —2 B : 0.85f) A,
fytSSOO MPa : fytSSOO MPa
|
|
|

NAR G T Ak
National Applied Research Laboratories



AC

1318-14/ACI 318-19

* Confinement Requirement
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Brittle Behavior of HSC

Fewer crack paths
brittle

H

’ Cracks propagate cutting
fc ‘ . through aggregates
} L[ O

SC Ten?

NSC

=P Mortar paste cracking

Cur,asc Eulr, Nsc Abundant crack paths
less brittle
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Concrete Strength Factor, K;

An _ 0.2k k ke

f ' n
sh, " A Concrete StrengthT
f /

K, = 1705 +0.6>1.0 Confinement Amount T

f,C
(MPa) ki

70 1.0
100 1.17 +17%
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Arch Action of RC Tied Column

Poor Arch Action Better Arch Action
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Confinement Effectiveness Factor, K

A 2k k k, e

f ™ p n K
Sbc 1:yt Ach — | "
kn: n, 4 2.0
n -2
8 1.33
16 1.14

N;: number of longitudinal bars laterally supported
by corner of hoops or by seismic hooks
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Axial Load Factor, K,

An gk k. T A
Sbc 1:yt Ach
P

k —
P Ag .I:Cr

Axial Load |

Confinement Amount T

0.02

----- ACI 318-14
ACI 318-11

ACI 318-14: ,
Various Confinement A,m’()'unt

0.005 —

ACI 318-11:

| Constant Confinement Amount

0.1 0.2 0.3 0.4
P/Af,

0.5
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PEER Column Database

Number of Rectangular Columns Specimen: 145

Parameter Value High-Strength
Minimum Maximum @ Average RC Columns
f, (MPa) 339 587 457
f, MPa) 255 1,424 554 f,,> 785 MPa
f (MPa) 202 118 58.7 f'_>70 MPa
S (mm) 254 150 68.5 21 Specimens
A, Isb. (%) 023 3.18 1.13 l
A, (mm?) 23,226 = 360,000 92451  Max: 93,025 mm?
PIA, T, 0.00 0.80 0.28 (305%305 mm)
Reduced-Scale
Specimen

15
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Elevation View and Cross Sections
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Summary of Test Specimens

A,
Specimen P ?STh fye fyt fcl P SbC
ID ©  provided A, fc’ Provided-to-
(%) (%) | (MPa) | (MPa) | (MPa) Required Ratio
(Yo)
Chang (2010)
B2 5 25 1.22 744 817 | 111.8 | 0.53 0.38
B4 1.22 744 817 | 113.9 | 0.52 0.42
Lio (2014)
T70-1 1.35 712 832 81.9 0.42 1.00
T70-2 2.60 1.35 712 832 81.9 0.42 0.91
T70-4 1.35 712 832 77.9 0.45 0.91
Chen (2011)
T70-N42-D4 5 35 1.90 735 820 95.1 0.42 1.11
T70-N46-D3 1.90 735 820 88.5 0.46 1.05
NAR UIES FiUE 18




Test Setup

Constant Axial Load

Post-tension Rods Cross Beam

Lateral Load

High Vertical Load E

Post-tensioned
RC Column

Large Horizontal
Deformation

Horizontal
Actuators

uwnjo) ] SR —

View Window| ~ RC Foundation

Platen

Multi-Axial Testing System

Double Curvature Bending

NAR /| abs BXERUZAR 19



Loading Protocol

ACI 374.1 (2005)

Three Cycles Applied at each Drift Ratio Level

T

Drift Ratio (%)
N A NN A SN
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Displacement Cycles
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Crack Pattern (@ Peak Load

B2 B4 T70-1 T70-2 T70-4  T70-N42-D4 T70-N46-D3
@0.71%  @0.75%  @2.72%  @2.82% @1.19%  @1.63%  @2.46%
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Crack Pattern (@ Final State

T70-1 T70-2 T70-4 T70-N42-D4 T70-N46-D3
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Hysteretic Responses

NAR
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Test Results

Peak Load Ultimate State
Specimen l’.ositi.\fe N.egative P.ositi.ve N.egative
D Direction Direction Direction Direction
Strength Drift Ratio | Strength | Drift Ratio Drift Ratio
(kN) (Y0) (kN) (o) (“0)
Chang (2010)
B2 3017 0.71 2714 0.71 1.28 1.25
B4 3072 0.75 2532 0.43 1.35 1.19°
Lio (2014)
T70-1 3122 2.72 2955 2.54 3.83 3.67
T70-2 3174 2.82 3028 2.67 3.55 3.34
T70-4 3216 1.19 2840 1.09 2.78 2.69
Chen (2011)
T70-N42-D4 | 3312 1.63 3184 1.58 3.77 3.67
T70-N46-D3 | 3151 2.46 3073 1.58 2.77° 2.63

Note: “Final recorded maximum drift ratio and corresponding lateral strength
N exceeding 80% of the peak value 25
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Elevation View and Cross Sections

NAR

3500
1800

l
850—1

850

>
L,

t——700—4—600—+——700—+

2000

—600——

0—600—0

0—600—0 0—600—0 0—600—0

All
Longitudinal Bars: 16-D25
Transverse Steel: D13@100

L [FFERLL A

S = K S|k

o o o

l l |
Al4 MA14-1 MA14-2
Longitudinal Bars: 16-D25
Transverse Steel: D13@120

¢ 600— +—600—1 +—600—1

l s s i s s l s 5

= = g

Tl Tl L Tl L
MA14-3 MA14-4 MA14-5

Longitudinal Bars: 16-D25
Transverse Steel: D16@90

Section A-A

Unit: mm

27



Summary of Test Specimens

A,
Specimen P ?STh fye fyt fC/ P SbC
ID ¢ o provided A, f/ | Provided-to-

(%) (%) | (MPa) | (MPa) | (MPa) Required Ratio

(Yo)

Tsai (2016)

All 0.73 464 462 39.6 0.39 0.55

Al4 1.02 473 467 35.1 0.44 1.01

MA14-1 1.02 464 462 36.0 0.43 0.91

MA14-2 2.25 1.02 464 462 33.8 0.41 1.02

MA14-3 1.27 464 456 34.5 0.46 1.03

MA14-4 1.27 464 456 36.1 0.45 0.89

MA14-5 1.27 464 456 36.2 0.40 1.00
NAR[ abs BREEHRN 2




NAR! 2065 BRRBHRE
BEx#MhE TIEHFR PO

Experimental Results
(NSC Column)




Hysteretic Responses

Al4

1MA14-3 MA14-4
Drift Ratio (%)
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Test Results

Peak Load Ultimate State
Specimen P.ositi.ve N.egative Poositi.ve N.egative
D Direction Direction Direction Direction
Strength | Drift Ratio | Strength | Drift Ratio Drift Ratio
(kN) (o) (kN) (o) (o)
Tsai (2016)
All 1814 1.27 1816 1.20 1.94 1.75
Al4 1758 1.35 1697 1.15 3.00 2.36
MA14-1 1791 1.76 1785 1.22 3.16 2.78
MA14-2 1883 1.84 1922 1.59 3.48 3.07
MA14-3 1798 1.23 1885 1.21 2.81 2.30
MA14-4 1947 1.20 1809 1.24 2.55 2.38
MA14-5 1802 1.30 1820 1.16 2.52 2.23
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B2 and B4

Ultimate Drift Ratio

4000
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52000
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T70-1, T70-2 and T70-4

Ultimate Drift Ratio

E % 3.83% (Positive)
3.67% (Negative)

4000

Z 2000

) T70-1

= *

2

S | = 3 3.55% (Positive)
> . 3.34% (Negative)
= -2000 | 170-2

X Sl
= 2.78% (Positive)
-4000 2.69% (Negative)

S5 3 - 1 3 5 T70-4
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T70-N42-D4 and T70-N46-D3

Ultimate Drift Ratio

4000 S
T70-N42-D4 ; ;
| eesscece T70-N46-D3 £°°°°°* : EE 3.77% (Positive)
%\ 2000 3.67% (Negative)
e T70-N42-D4
= 0 112.77% (Positive)
> . b\ J J]12.63% (Negative)
2000 T70-N46-D3
-4000 | | | ‘ | ‘

Drift Ratio (%)
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Calculated Flexural Strength

* Equivalent Rectangular Concrete Stress Block

k3 f’ ai -/r{’
£, = 0.003

a) Strain b) 2" order Parabolic ¢) ACI Rectangular
Distribution Stress Distribution Stress Block
and Equivalent Force and Equivalent Force
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Calculated Flexural Strength

* ITG-4.3R-07

— Parameters of Equivalent Rectangular
Concrete Stress Block

0.015(f/—55)

0.70 <, = 0.85— <0.85

0.05(f'—27.5 (f in MPa)
03(Fc — ‘)goss

6 y 9 12 Alpha 1

Beta 1

0.65<3 =0.85—

1i

0.6

0.4 I ‘ I ‘ I ‘ I ‘ I ‘ I
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Comparison of Flexural Strength

50000
B2 T70-1
- —¢,,=0.003 —¢,,=0.003
é 30000 e, gcu=0'004 ............. 8cu=0'004
T TRy R
3
= 10000 ¢
=
¢ Test Result # Test Result
'10000 ! I ! I ! I ! ! I ! I ! I !
0 1000 2000 3000 4000 0 1000 2000 3000 4000
Moment (KN-m) Moment (kKN-m)
Specimen ID | f_ (MPa) | My, (kN-m) | M, (kN-m) | My /M,
B2 111.8 2715 2301 1.18
B4 113.9 2765 2347 1.18
T70-1 81.9 2810 2251 1.25
T70-2 81.9 2857 2251 1.27
T70-4 77.9 2894 2168 1.34
T70-N42-D4 95.1 2981 2360 1.26
T70-N46-D3 88.5 2836 2241 1.27

o>y = B go =
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Conclusions

* The amount of required confining
reinforcement should be increased with
the axial load to ensure consistent
lateral deformation capacity.

* Test results showed that if crosstie ends
with 90-degree hook were alternated,
the column specimen still preserved
satisfactory seismic performance.

o == L o=
NAR BRERTR
National Applied Research Laboratories
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Conclusions (Cont.)

* The deformation behavior of columns
with full-laterally support are better
than the one of columns with partial-
laterally support.

* The use of crosstie ends with 180-
degree seismic hook have better
deformation capacity than crosstie
ends with 135-degree seismic hook.
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Spec. Fioures Reinforcements
No. £ Longitudinal | Transversal Material properties
700
D 1- #4610
24-#8 B o-po0 £ =28 MPa
SC1 fy =420 MPa
fve =420 MPa
ps =2.48% pe=1.02%
M»FL ja,m 24-#8 D 1-612@10 fc =28 MPa
| ! +12#8 B Jfy =420 MPa
2k el : + fif 4-peero fu#4 = 420 MPa
| Inwre |, g2 =500 MPa
oo T Lo ps=372% | pe=1.43%
?ﬁ% = pais [ 1-s12610
s s - ‘=28 MPa
oo ] + 4- #4010 Je
SC3 %_E | Lo +12#8 ‘H-}' # =420 MPa
R %_,E-r | ® + e 8-#4610 Sfre#a =420 MPa
wnsol |l el EM — 3790 _ 840 Siug12= 500 MPa
&}(_@J [75) Ty pS - 7 A) pc - . A)
350 —j
A
lps a8 s p =20k
o P sb,
72 Bdamsi Bkt 4
EE SC1 SC2 SC3
s (§# 5% B fE(mm)) 100
Asnlsbe 1.022% 1.430% 1.839%
ns (Ji /%55 27 51 #) 5 7 9
(X R S E R A SR 10 12 20
fo | 4
0.3f—‘ A——l 0.526% 0.526% 0.526%
yt ch
0,094 0.574% 0.574% 0.574%
it
P
0.2k, k, T y 0.102% 0.976% 0.904%
yt*7ch
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AEFRAHE
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ENE L)
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Rt B S MR RRREFLFERR A BITL 3 EL 40
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ern | oeonae s | w28 < | L. | #&ER | wmix
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L4 SR IR A 4

. . fj}a . ]Sza, avg . ﬁm . ﬁm, avg
Bar size Steel Grade (MPa) (MPa) (MPa) (MPa)
482 688
#4 SD 420W 482 474 690 688
459 688
535 666
012
o 500 531 525 636 644
(£ 74 %)
508 629
452 659
#8 SD 420W 467 454 662 667
443 679
3.2 #EE%iEE

A SCL: F A% 4 B IR H5 4 TI33KN (0.54gfed )R 4 > 25 4 2 /R 4
SR EEH S 2 kT F AR AR B SClL 2 kT =i &2 f 4 B (AB4oF 6 ()97
Foo RN L E S E 1S5S%ANAERE FEI R AT B XSS L 4% AR -
BIpF > R~ TR JRGR L RE R 0 R BT R AFMA Y~ T 0 700
mm fEFER PR R RF D RS T R 80% T SRR T L X E A & 4%
OB FIFMRRE S QEXFL LI BT E TR AR -

RS SC2 4% 4 B4R 05 40 TI33 kN (0.54gfca )R 4 5 35 4e 2 /R 4 14
RAEFRT R RREPFRIGE M SC2 2 kT s & 21 4 B A WAl 6 (b) 4 o EAE
WRE S ES%ARF O FEI R AT RAE D LE AR S%PF o EA L S TN
600mm & RFIP RS A R 2 2AE 0 e A bR L B2 R E e b
Wh o PREFFEMTABARNEIE AT B RD80%; FHREFI XM E SUNRAR
o B o FRREE A g KPS B AR

A SC3 % 4 B AIHAN G B A > W RS R RTFAPER
PFRIGE o M SC3 &2 v /b B d s 4 2 BB A3 20 2 £ 57 a8 g & KA
A EhR A 0 AR IREERE LT XM P E 0375%E % - B> @ fh/R 4 9618
KN (0.67Agfea) 5 % % 4% & 0375%5 R % = 1 B2 &% =8 & 4%% = w B pF > phR
% TI33kN (0.54gfca) s = % 8 & 4%5AE & = i B3 w0 % 8 & 6% A % — ¥ B
B R4 9618 KN (0.674gfca) 5 HBHEF I XM 24 & 6% AR % - B3 R%EL
PF o R 4 R * T133 KN (0.54gfca) » H KT 2 & 225 4 B (2B 4o R 6 (0) 47T o

dRR SR T 2 RROF A AT R BFF L AR LE Y n B Y
W0 7t PR engp SE(pinching) IR B 4 0 3RS AR (S L BURAE A AR T 4T o
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3000
SC1 Axial load:7133 kN SC2 Axial load:7133 kN
1E ; 1,534 kN 2000 1 [T
4 P8V = 1227kN| o 22— =
{& : ; = 1000 -
4 3
_ s 0
7 w
/ /4 5
g 48 | -0.BV,,,,= -1174 kN £ -1000
............ a
] -1,467 kN -2000 - 5-
i , . . -3000 ! ; !
2 2340 o 2 387, 3 5 4154 & N 2 4422
Drift Ratio (%) Drift Ratio (%)
(a) SCI1 (b) SC2
_Axial load —,
9618 kN | 7133 kN [ ] 7133kN | 9618 kN
SC3 9618 kN
1s » 1,747 kN
T E0.8Vinws 1398KN| .
e N
Iy =" S 0.8Vney= 1424 KN | |
E 1,780 kN
6516 4 2 0 2 4 5224
Drift Ratio (%)
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Bl 6 ¢ F o f fr ik F e B
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B0 SCI %75 1 * 24-#8 %ip A §5 > 3%48 SC2 ¥7 SC3 & * 36-#8 i 4k &1 » 3+3
i AEA ) 0 ERE SCl £ 5 B W#icd 530354 SC2 &7 SC3 o WL i % F\?viﬁ'l"};fﬁvi ES
AR A E 2%NRE 0 = BT R ERART Nt £ 8 B
SCl 4 * Wima)fi # Huad B 5 ¢ i 30 > 384 SC2 &2 SC3 ¢ * - L5048
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KO A b A% 3R SCLABA A > Ao 8 Hr 0 iR F b $i8 % @ %
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S g SRR ARG

RIS FIAARR S G 0 FH SCL & SC2 A wid e 4 55 X JE 5 A L edp
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ACI formula Mander model
P-M curve P-M curve
30000 TSCTRE 30000 TSCTRE
| + SC2F[% | * SC2PF
25000 . SCIRIE 25000 1 o SC3FFIE
s b ---SC1
---SC1 -~ :
20000 1. 20000 Secgzi ~-SE2
N -.8C2-5SC3 . TS -
= R P Z - B SC3
X 15000 “eazg P = 15000 A :
o RSN o
10000 Sgretag 10000
\\ \-\A -
5000 - 3 5000 -
0 . = o 0 . B
0 1000 2000 3000 0 1000 2000 3000
M (kN-m) M (kN-m)

Bl 124 7 5+ #3172 PMcurve &2 F %5 RV
Mexpl;i" MMander
5693 RS BEWARELFERANTERR R

Axial Load Macr Mutander Mexp M M
0.54gfca’ (XTRACT) = =
(kN) (kN-m) (kN-m) &N-m) | Macr | M

SC1 1926.2 23332 23633 1227 | 1013
SC2 7133 2197.5 2719.3 2747.6 1250 | 1.010
SC3 2197.5 2780.2 2777.5 1264 | 0.999

35 FN%E

AFTEHE R AR FENL AR T T g REFIFR LAY R
BRERIBT S 3R 80%F T HkO%a L% 2.0 i & DRsou? v o 3748 SCI ~
SC2 2 SC3 2.1 ~ f v DRspos/ W3[50 4 5 Bt ~ f o2 5 T35 ¥ DRso%avg
G 5 3.64%~4.19%% 5.19%%% & o B 10 7~ &7 > :#48 SC1 »>* 2 % =4 £ 1.5%9% &
B-i; R ITF A RRFEIERAE I E R E 3NARERER PR R S ER
SC22 SC3 & @MW i p 4 SHEAF » PN XE B EE3NAREF KT 54 35
BEEIRXE TAUNREZHE 4%2 5% AREBRREB P ERRE 3 FH2
ﬂ&ﬂpwwﬁiﬂlkwm o R TH R ﬁ@SO*KﬁK&Bm&mﬁ
BTo fih4 Z B A8 8 2 55 3%~ 4%2%2 5% R o LY LA 0.75%7 R M

(62,804 BRBFEAIcE T AT o

%*‘H*%ﬁﬂf%*1*+rﬁﬁaﬂﬁé%’F“ﬁéT %

I RS EHT 2 B HRHEF A ANl T AR BFF L AR LG e B Y
i% o 7t P REengE g (pinching) B3 24 o

2. EE SC3 REZR A o fFE 0 F L e TR LR TR 2R SCLAPY 0 R
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SC2HEF2Zdhe DREP R BRE ZZ BE] o

B i? SR XM R 3% AE T > M SC1-SC2 % SC3 X4 2w
5 o\

bisi

\
T
-
N

0]
.
94

A W) B¢ AT EER R 1000 mm ~ 900 mm £ 800 mm # Bl

Lr?”u% Rt A E2ZFREE I 3% %L FH SCL~-SC2 2 SC3 2 =43¢
R E AEFFERA BE S 700 mm >~ 600 mm %2 500 mm e

REHEEERET O FEHMSClZ I~ fehxT5T 4 5 1501KN » $E w4 24 &
5 1.5%5% R 5 FH SC2 8 SC3 Fl4im A S8 4pk > Bt ~ f w355 4 4y
% 1745kN & 1764 kN » e % =45 £ 355 3% R o

ACT 23 o N RF2Z $4E5 R A T > N5 F %% A H80% - @ * Mander 73]
FRzZ PMd REFHREVRFERAELIENS 1%

WREEHET FMWMSCINSC2 2 SC3 AR T3 B~ T 4 53R 80%PF» &~ &
3 3.64% ~4.19%% 5.19% R %A F & o

HEHREARY TF IR EH SCI-SC2 2 SC3 sy aFrérm hd Z £ A28 & 4
Wl E 3%~ 4% 5% R e

Fo T LERTE BRAO0T5%FNBR NS 2T A RRBE

SC1 SC2 SC3

Ve V- o |88 V- o |88 V- o
o/o o/o o/o

(kN) | (kN) | Avg (kN) | (kN) | Avg (kN) | (kN) | Avg

0.75% | 1407.2 | 1389.2 | 1398.2 | 0.932 | 1367.5 | 1361.3 | 1364.4 | 0.782 | 1367.8 | 1441.9 | 1404.9 | 0.797

1% 1496.3 | 1445.7 | 1471 | 0.981 1500 | 1571.4 | 1535.7 | 0.880 | 1494.3 | 1571.0 | 1532.6 | 0.869

1.5% | 1533.8 | 1446.6 | 1500.2 1 1654.4 | 1730.0 | 1692.2 | 0.970 | 1662.1 | 1686.7 | 1674.4 | 0.949

2% 1518.2 | 1438.4 | 1478.3 | 0.985 | 1692.8 | 1760.1 | 1726.4 | 0.990 | 1713.0 | 1727.1 | 1720.0 | 0.975

3% 1461.6 | 1369.1 | 1415.3 | 0.943 | 1710.5 | 1778.9 | 1744.7 1 1747.1 | 1779.9 | 1763.5 1

4%, 1189.6 | 860.5 | 1025.0 | 0.683 | 1527.6 | 1556.1 | 1541.8 | 0.884 | 1726.7 | 1753.2 | 1739.9 | 0.987

5% - - - - 821.2 | 6209 | 721.0 | 0.413 | 1581.1 | 1577.8 | 1579.5 | 0.896

6% - - - - - - - = 706.1 | 593.9 650 | 0.369

2 Viaxavg = 15002 kN | @ Vi = 17447 kKN | @ Viparave = 17635 kN

54 < e

[1] ACI Committee 318 (2019),Building Code Requirements for Structural Concrete and
Commentary ,American Concrete Institute (ACI), Farmington Hills.

[2] J. B. Mander, M.J.N. Priestly, and R. Park (1988), “Theoretical Stress-Strain Model For
Confined Concrete, Journal of Structural Engineering, ASCE, V. 134, NO. 5 May, pp.738-
749.

[3] Aoyama, H. (2002), Design of Modern High-rise Reinforced Concrete Structures, Imperial

College Press, London.
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L] ]

Common / Miscellaneous /Community

AlJ

means

Architectural Institute of Japan

by com

All 2010

aci’®
.

American Concrete Institute
Always advancing

ACI 318-19 JSCE 2007

CEB-FIP model

code 2010
CEB-FIP
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Introduction

* Cracking Stage
N

crack
formation stabilized

stage cracking stage
<P

- (ﬂ°o.\'r)/ E s

- 1 = uncracked stage

o @ 2 = crack formation stage

e 3 = stabilized cracking stage
4 = naked steel

5 = yielding of reinforcement

asr (]'ﬁ)/Es

| | Alll

... NTUST Lifecycle of Structural Engineering



Research Purpose

1. Objective

1. Suggest design equation to improve the accuracy
of the current code.

2. Suggest direct design method to facilitate
engineer to do design easier.

LCSE
& NTUST Life-cycle of Structural Engineerin69



Research Scope

2. Scope
1. All specimen use normal strength RC.
2. Observe 8 simple supported beams under four-
point monotonic loading.
3. Observe 28 Cantilever beams under cyclic

Q

loading.

e NTUST Life-cycle of Structural Engineerin79
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2. LITERATURE STUDY
(Flexural Crack)

LCSE
&-"_% NTUST Lifecycle of Structural Engineering
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[iterature Review

(based on Frosch (1999))

\
] la Of/@

Crack Spacing (S¢)=Wsd™

s/2
d, S

2
d:= /dC2+d52 and d§=\/dcz+(§)

Strain Gradient:

Specification Suggested Crack Width Formula
ACI-318 2
s
| Va2 a2+ (2)
(America) E; 2
EuroCode 2
(Europe) Winax= (k3C+kI kokq9/p . ,ﬂ‘) (Esmecm) B
CEB-FIP Model L s
[
Code 2010 Wona=2 (k-c+— S —‘) “(Eom-Ecm=Ees) P
4 Thms ps,ef
(Europe)
AlIJ-2010
s ¢
(Japan) | 11-D—1.5(85‘a.,+€sh) : {2 (c+ E) +k£} £
(In appendix)
JSCE-2007 O ( O ,
=1 1K ks {4c+0.7 (e, —( ﬁ)+ ]
(Japan) Winax 1.1 12 3{ c+0 (C‘_.,- ¢)} Es or Es Eesd
Neutral Axis\ L
- A A -
£
eee N /
€,
€
, NTUST

=—%=—— or (=1.0+0.03d.

Life-cycle of Structural Engineeri|199



[iterature Review

Crack

Discontinuity area

Specification Suggested Crack Width Formula
ACI-318 2
A}
. Va2 a2+ (2)
(America) s 2
EuroCode 2
(Europe) Winax= (k36‘+k1k2k4¢/p . eﬂ') (Esmecm) B
CEB-FIP Model LS
o
Code 2010 Wyna=2 (k'C+_ S _s) “(Esm=Ecm€cs) B
4 Ty ps,ef 952
(Europe) o
AIJ-20 l 0 : E Steel stress
S ¢ i U %a=Jom
(Japan) wp=1.5 (esm +esh) . {2 (c+ E) +kp—e} £ S, w éConcrete =
(In appendix) : T b Oa=fom
JSCE-2007 Ose ape , ‘ | . _Bond stress
‘H’male.1k1k2k3[46‘+0.7(€5-¢)} — (or—) +€csd] i
(Japan) E;\ E; , :
Crack formation stage Stabilized cracking stage
Short term, Toms = 1.8+ Foml(®) Toms = 1.8 * form(®)
instantaneous B=0.6 B=0.6 .
loading n.=0 n,=0 . . _ Os ﬁ Osr .
€sm —fcm—¢€cs— E Nrégh
Long term, Toms = L35 ferm(t) Tpms = 1.8 ferm(1) S
repeated B=0.6 B=04
loading 1n-=0 n-=1
s . = .10
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e Flexural Crack Width
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3. Experimental Method

Simple Supported Beam
(Monotonic Loading)
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Experimental Methoc

1. Specimen Parameter

fd’ : 48.7-59.1 MPa (tested) Eﬁ P
Main bar : 8-#10 ° ° °
Stirup  : 150mm-#4 and 250mm-#4
fy : 420, 490, 550 MPa and no stirrup . 3 .' '"“
fot : 420 MPa - @é §98
dimension : 400 x 700 mm =
a/ d -3.33 SECTION© SECTION® SECTION@
300 2000 x: 2000 300
b ( 13#4@150=1950 8-#4@250=2000 8-24@250=2000
[ C I}
o2 ] )
AN A |
NE N2 \
ﬁ | 6000 odt
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Experimental Metho

2. Strain gauge location

;_;I- M3 F1- M3 F6 @
8
LSEBLRT 1

-SFBLRM1
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SFBLURD1 0 0 O
M1 F1-M1F10 ——li 2 g 9
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L

SBLD1~5 SBLM1~4 SBLDE~11 SBRD5~8 SkRMh 2 SBRD1~4

i
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M3 F1
/M3 2
o w

v

| S— ——————————— —

M2 F1
! ;MZ F2

= -t

\_Lm F2
M1 F1

n
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Experimental Methoc
4. Specimen Setup & Loading Step

Side view

. NTUST

igz

Front view

Drift Ratio (%)

=4

0 1 2 3 4 5 6 7 8 9 10 11 12

Experiment Step
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Experimental Methoc
4. Specimen Setup

..... L ] = ."]’*.
p
el
Angle meter N'"l Angle meter
(Support Point) ~ (Loading Point)
pp g
L T T—
i‘ " SHEEmE 57 =i S
E ! L. s
] |

|

d51 0

, : s
I e 1 g

Displacement meter
(Loading Point)
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Experimental Metho
4. Specimen Setup (NDI Marker Location)

2300 2300




Experimental Metho

5. Location of Measuring Crack on Specimens

Shear Crack Measured

Flexural Crack measured

Flexural Reinforcement

Shear Reinforcement

LCSE
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4. Experimental Result

Simple Supported Beam
(Monotonic Loading)
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1. Specimen S42C28
Left Side V.. =767.456kN
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2. Specimen S49C28
Left Side V. =939.243kN

Experiment
=0~ Strength envelope
A Maximum strength point
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3. Specimen S55C28

Left Side V., =931.244kN
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200 A Maximum strength point
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5. Analysis Result (Flexural Crack)
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Crack width ratio
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Concrete Specimen (Chiu 2016, 2018))

HSRC

Wmanga.zg—sﬂ.max{d{,d;} >@0=3-5 (_> <

A
- AL

A
A

A
A

@ fy<685MPa

A fy=685MPa

Average crack width ratio=0.945

A

A A
Ok-w9 .. an A
@ @,
A

0

0.1

0.2

0.3

0.4 0.5 0.6 0.7 0.8 0.9

Stress ratio

NTUST

1

Flexural crack contro

ACI-318 (Modified) For Monotonic Loading Specimen (Normal and High Strength
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Flexural crack contro
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Flexural crack contro

* ACI-318 (Modified) For Monotonic Loading Specimen (f,, =420 Mpa)
Fors > 2d,:
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(fs= 0.6f, > 0 =1)

800 800
Crack width = 0.4mm, 0.5mm Crack width = 0.4mm, 0.5m Crack width = 0.4mm, 0.5mm
5 £:=0.4f; Z 700 1 e =05 - , g 700 r Can L) et S S R S
g /;=420MPa g £,=420MPa E f,=420MPa
@ s=2d, oy N i -
1] = S_ch ol S—ch
g 500 g 500 A 0.5mm —— - = 500 2
= =0 S5mm f - [~ 2
= s ! &2 B 2 0.5mm
‘U-)l 400 _‘.‘.. s‘\~ S S SUN S : e B a 400 4 - .h‘ ! ?j 400 ‘-;: 1 . S
< 0AmBiSs, - <¢ : Z DS s : 2 ol T !
£ 300 =< ~¢ 1 £ 300 4 0.4mm >0 N i £ 300 [~=o . P H
; ~\\ ~ : g S \‘ : g \_‘ \“ :
& 200 K% -§--1 E 200 SR -if- E 200 P57 R B
£ KON, AcId1s19| £ 0 ! g o lest }
& 100 A ! ! & 100 - » A L - = &~ 100 \ 3 s O TURS
". \' \:\ VoA ACIESIS 19 \\‘ \ CI?18—19
0 . 0 L /7D s

=]

0 20 40 60 80 100120 140160180 200220240 260
Concrete Cover, d. (mm)

0 20 40 60 80 100120 140 160 180200220 240 260
Concrete Cover, d. (mm)

0 20 40 60 80 100120 140160 180 200 220 240 260
Concrete Cover, d. (mm)

Life-cycle of Structural Engineering

 NTUST



<3OO280
- s<
fs
Min of =
280
- 5$<300

Reinforcement Spacing,
[
[—]
(=]

[y
(=1
o

[—]

—25C. | Fors < 2d,:

d, < X
c \/Zf;

500 |-

fs

(f;= 0.4f, - ¢ = 1.2)

Crack width = 0.4mm, 0.5m
[=04f; = -
JS;=490MPa
‘‘‘‘‘ -
Mm{l: “‘s~
..‘5‘ \\‘\
\\‘ 4
.\
\\\ \\ d
A
NEA Yy ACI 318-19
\ v \E

0 20 40 60 80 100120 140 160 180 200 220 240 260

Concrete Cover, d. (mm)

Kemlorcement Spacing, s (Inm)
5 8 8 &8 & & 2 8
< (=} (=) < (=] (=] (=]

=]

 NTUST

(=]

wo B, (1270 . 1270\> 1270
4 8 8
(fs=05f, - 0=1)
Crack width = 0.4mm, 0.5mm
£,=490MPa
. s=2d,
 0.5mm ,
04w ‘-: o §
\'\_ D Ac:i 318-19

0 20 40 60 80 100120140160 180200 220 240 260
Concrete Cover, d. (mm)
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* ACI-318 (Modified) For Monotonic Loading Specimen (f,, =490 Mpa)
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Flexural crack contro

* ACI-318 (Modified) For Monotonic Loading Specimen (f,, =550 Mpa)
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Fors < 2d,:

Flexural crack contro

* ACI-318 (Modified) For Monotonic Loading Specimen (f,, = 685Mpa)
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