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EHRFR : A. Kilic, C.D. Atus, A. Teymen, O.Karahan, F.Ozacn,C.Bilim,M.Ozdemir,”The influence of aggregate
type on the strength concrete”,Cement and Concrete Research”,P290-296,2008.
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 l(gem) | (%) | (N/mnr)
g | 2.62 2.55 190
B RM | 2.65 0.44 315
BE RV | 2.72 0.68 164
T | 2.68 0.92 113
fIE | 2.69 0.49 116
Ay 2.6l 0.92 262
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Abrasion (LA %)

R B

Compressive Strength of Rock (MPa)

ERMIR : A Kilic, C.D. Atus, A. Teymen, O.Karahan, F.Ozacn,C.Bilim,M.Ozdemir,”The influence of aggregate
type on the strength concrete”,Cement and Concrete Research”,P290-296,2008.
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ACI 318-11 and Taiwan (2011) Codes

Straight Development length in tension (unit : Sl)

. f, 1
;z. wd ,/f c, +k,
db
Limitations for Equation
. f, < 412 MPa ‘o v
y 1K, =% (ACI318-11) |
. f/< 70 MPa ! sn !
cb +K, b AT '
§ S kg (e 2o
12.1.2 — The values of f used in this chapter shall
m not exceed 100 psi. ! From 1989 B
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Types of Rebar for Tests
Height of ¢
. | Thread Rebar ribh, - —%T .
' Hot roll 2 .___5.:_7..*;3?{
I r "11 .'I.ii -q‘- '. a ;‘
. i -
Thread Rebar . SplaCinQMOf
Milled rib s,

- e R W e e e

Plain Rebar




Parameter of Threaded Rebar
Relative Rib Area Rz

Height of
ribh, . —x— .

NG S o
- vy e B v
- \ m"’

Spacing of
rib s,

" bearingarea h,
" sheararea s, Av
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! Setup of Bonding Tests
- > Step

Loading Procedure

Qil
Jack

Load
Cell

i Specimen
]

I 1130 mm r~ [~ ) @
] i
m i 100¢ mm } 1000 mm )

Design Variables of Specimens (I)

1-D25 for 160 mm

1-D32 for 160 mm Unbonding Zone Unbonding Zone
2-D25 for 230 mm 220 mm L4 region
2-D32 for 260 mm |

Bonding Zone

— ] T c=40mm
3Q0
mm y

|~ W .
I q :
s, = 3d, . \ 1400 mm / mm
. : 75 mm

Design variables :

1. Bar size : D25, D32

2. Number of bars : 1, 2-(3d,)
3. Lytest / Lagem : 0.6,0.8,1.0
4.h /s,:0.126, 0.143

5.f.’ : 70 MPa

IIE

DN




! Design of Specimens (l)

D. Length |Ratio

Width| dpp | dbs fe' fy (o] Sb Ss | Ku
(mm) |(mm)|(mm)| (MPa) |(MPa)|(mm) = (mm)|(mm)|(mm)|Ld.dem| La.test ﬂ
(mm) (mm) Ld,dem

0 |[200)25.4| 762 | 750 | 0.98
0 |200|25.4| 762 | 600 | 0.79
0 |200|25.4| 762 | 450 | 0.59
100 (50.7 | 762 | 750 | 0.98
0 |200|25.4| 966 | 950 | 0.98
0 |200|25.4| 966 | 750 | 0.78
0 |200|25.4| 966 | 600 | 0.62
96.6 | 100 | 50.7 | 966 | 950 | 0.98

BE1| 160 | 25 [12.7| 70 | 685 | 40
BE2| 160 | 25 |12.7| 70 | 685 | 40

BE3| 160 | 25 |12.7| 70 | 685 | 40

BE4 | 230 | 25 |12.7| 70 | 685 | 40

BE7 | 160 | 32 |12.7| 70 | 685 | 40
BE8| 160 | 32 [12.7| 70 | 685 | 40
160 | 32 |12.7( 70 ([ 685 | 40
BE10| 260 | 32 (12.7| 70 | 685 | 40

N =alalalNN][a=a]
N
(<]
N

o & ¥ LW W1
o)
m
[{e}

m Depth : 300 mm

Design Variables of Specimens (ll)

Y 1400 mm D
| | L4 region K
160 mm ! , Bonding Zone |
| A A
|-—~| | I I
| T c=40mm — 2 #k‘w
450 450 \
mm mm

Design variables :
1. Bar size : D32, D39

2. Geometry : Thread, Plain
3.f’:70,100 MPa
m

4.1, : 280, 420, 785 MPa
5.R.=h,/s,:0,0.13,0.16, 0.18




Design of Specimens (ll)

D. Length | Ratio
Width| dpp | dbs fe' f f Cp Ss Kir
SPec.{ mm) [mm)|mm)| (MPa) |(MPa) (MyE’a (mm)|(mm)|(mm)/| Ladem | Laest | Loes
(mm) | (mm) L dem
SP1| 160 | 32 | 13 | 70 | 685 | 420 | 77.8 | 180 | 28.2| 945 | 950 | 1.00
SsP2 | 160 | 32 | 13 | 100 | 685 | 420 | 77.8| 180 | 28.2| 945 | 950 | 1.00
SP3| 160 | 32 | 13 | 70 | 685 | 420 |77.8| 150 | 33.8| 945 | 500 | 0.53
SP4 | 160 | 32 | 13 | 100 | 685 | 420 | 77.8| 150 |33.8| 945 | 500 | 0.53
SP5 | 160 | 32 | 13 | 70 | 685 | 420 |77.8| 175 29.0 | 945 | 750 | 0.79
SP6 | 160 | 32 | 13 | 100 | 685 | 420 |77.8 | 175 29.0| 945 | 750 | 0.79
SP7 | 160 | 39 | 13 | 70 | 490 | 420 |77.6| 188 |27.0| 813 | 800 | 0.98
SP8 | 160 | 39 | 13 | 100 | 490 | 420 |77.6| 188 |27.0| 813 | 800 | 0.98
SP9 | 160 | 32 | 13 | 70 | 490 | 420 |77.8| 183 |27.6| 676 | 600 | 0.89
SP10| 160 | 32 | 13 | 100 | 490 | 420 | 77.8| 183 | 27.6| 676 | 600 | 0.89
SP11| 160 | 39 | 13 | 70 | 490 | 280 |77.6| 180 |28.2| 813 | 950 | 1.17
!SPlZ 160 | 39 | 13 | 100 | 490 | 280 |77.6| 180 [28.2| 813 | 950 | 1.17
TD1 | 160 | 32 | 13 | 70 | 685 | 785 | 77.8 | 170 | 29.8| 945 | 950 | 1.00
i.TlDz 160 | 32 | 13 | 70 | 685 | 785 |77.8 170/29.8| 945 | 950 | 1.00
mmh:450 mm

Actual R, of Rebar for All Spec.

334DN

Specimen do,b Geometric of h, Sr R
P (mm) Rebar (mm) | (mm) §
BE1-BE4 25 1.44 10.0 0.143

BE7-BE10 32 Thread Rebar 1.50 11.9 0.126
SP1-SP2 32 Hot roll 1.56 11.88 0.131
SP3-SP4 32 2.21 12.06 0.183
SP5-SP6 32 ThreadRebar | 5,4 | 4501 | 0.184

Milled
SP7-SP8 39 Thread Rebar' | =5 5 14.8 0.160
Hot roll
SP9-SP10 32 Plain Rebar X X X
SP11-SP12 39 Thread Rebar 2.37 14.8 0.160
Hot roll
TD1-TD2 32 ThreadRebar | ,,, | 41534 | 0.180
Hot roll
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EStrength Results
B

Actual Concrete Strength

J34DN

f.', Testing Day f.', Testing Day

Specimen (MPa) Specimen (MPa)
BE1~BE3 64.3 93.8
BE4 62.7 109.0
BE7~BE9 90.9 86.6
BE10 91.8 106.4
80.4 91.4
110.6 102.3
84.8 71.8
110.7 71.8
90.7 r """"""""""" :
106.2 Only BE1'BE4 :

| £ < 70 MPa B




Actual Reinforcement Strength
. Relative of Area Yield Ultimate
Group Bar Size R, Type f,,(MPa) f,,(MPa)
SD685
Series D25 0.143 Hot Roll 738 932
()] SD685
D32 0.126 Hot Roll 742 966
SD685
0.131, 0.183 Hot Roll 713 928
SD685
Series D25 0.184 Milled 777 971
(In X SD490 503 698
Plain
SD490

§ D39 0.160 Hot Roll 534 701

| Test Results - Strength

Development Length (mm) Length. Ratio Results (kN)

Spec ! L L L Lda,test Lda test Lda ftest P PMax
d,dem =dalmt Lda,unimtt L-da,test ya Max
Ld ,dem I-da,lmt Lda,unlmt P

ya
SP1 945 1000 923 825 0.87 0.83 0.89 578.18  560.68  0.97
SP2 945 1000 787 745 079 0.75 0.95 578.18 516.73  0.89
SP3 945 1007 906 310 033 0.31 0.34 583.06 296.44  0.51
SP4 945 1007 793 328 035 0.33 0.41 583.06 277.69 0.48
SP5 945 1093 951 563 0.60 0.51 0.59 632.74 442,68 0.70
SP6 945 1093 879 545 0.58 0.50 0.62 632.74 504.44 0.80
SP7 813 903 773 605 0.74 0.67 0.78 628.14 513.05 0.82
SP8 813 903 717 613 0.75 0.68 0.85 628.14 510.08 0.81
SP9 676 708 630 600 0.89 0.85 0.95 409.61 121.57 0.30
: SP10 676 708 569 600 0.89 0.85 1.06 409.61 141.27 0.35
‘ SP11 813 903 783 735 090 o0.81 0.94 628.14  586.52  0.93
: SP12 813 903 740 755 093 0.84 1.02 628.14 591.70 0.94
l TD1 945 990 968 890 094 0.90 0.92 573.26 654.64 1.14
l TD1 945 990 968 885 0.94 0.89 0.91 573.26  608.07 1.06




Test Results - Strength

Al#10-SD685 & - B &L

X #10-8D490 % & -Rr = 0
W#10-SD685 3 4. 4% AL i -Rr = 0.127
W#10-SD635 % 4 3% 4 #i -Rr = 0.132
@#12-SDA90 2 4 4% &L fi -Rr = 0.160

#-Rr= 0.183
Rr=0.184

0.177 (fca’ < 70MPa)
)

=Rl = U, 1d

+#10 -USD685 3 4 4L § -Rr= 0.180
A#10-SD685 2, 438 &L fi-Rr = 0.183
A#10-SDE854L 7 3 &L i -Rr = 0.184

T

Limit for f = 70 MPa

D D2 D4 OG5 0B 1 12

No Limit for f < 70 MERD

Bond Stress

J34DN

udem

A, x 1

2
zd, Pl
4

mwxd, x

f

ca

0.9f, xd,

; /_f' c, + K,
ca db

nxd

3.6

& =2 K
db . (1~ 25)\] fcla
B 3.6




for Bond Stress

! Calculatio_n

Max. Rib [ Avg. Rib| Rib |Relative rib area | (C,+Ky) Roq
. height | height | spacing (R,=h,/s,) b Uy Uest | Udem ©
Materialtypes | ") | (h) | (s T = Top |(MPa) | (MPa)| (MPa) | (%
Max Av Tugem)
(mm) | (mm) | (mm) - 9- | side dem
643 | 624 | 556 | 1.12
#8-SD685 364 | 643 | 6.98 | 5.56 | 1.25
HotRolled | 65 | 144 | 1002 | 0165 | 0143 | o) 643 | 6.58 | 5.56 | 1.18
62.7 | 6.26 | 550 | 1.14
90.9 | 5.96 | 6.62 | 0.90
#10-SD685 294 [ 909 | 645 | 6.62 | 0.93
HotRolled (1) | 167 | 150 | 188 | 0141 1 0426 | 359 909 | 592 | 6.62 | 0.89
91.8 | 6.45 | 6.65 | 0.97
#10-SD685 336 | 80.4 | 672 | 6.22 | 1.08
HotRolled (2) | '34 | 156 | 188 | 0129 | 0132 | ;03 906 [ 6.86 | 7.30 | 0.94
#10-SD685 336 | 84.8 | 9.45 | 6.39 | 1.48
HotRolled (3) | 235 | 221 | 1206 | 0194 | 0183 | ;03 071 838 | 7.30 | 1.15
#10-SD685 334 | 71.8 | 7.27 | 5.88 | 1.24
HotRolled (4) | 249 | 222 | 1234 | 0202 | 0180 | 0y =1"s 1679 | 5.88 | 1.15
#10-SD685 336 | 90.7 | 7.78 | 6.61 | 1.18
" " Milled 227 | 221 | 1201 | 0189 | 0184 | ;5 4551945 | 7.5 | 1.28
93.8 | 6.98 | 6.72 | 1.04
#12-SD490 272 [ 109 | 6.85 | 7.25 | 0.95
HotRolled | 246 | 237 | 148 | 0166 | 0160 | 575 914 [ 656 | 6.63 | 0.99
102.3 | 6.45 | 7.02 | 092
#10-SD490 327 | 86.6 | 2.00 | 6.46 | 0.31
Plain x . S 28 x 335 | 1064 | 2.33 | 7.16 | 0.33 P
! Bond Stress
Utest utest/ Udem
10.0 16
0 ALl .,
b o . XRr=0
0 ® 1.2 "Rr=0,126
" ' 1.0 *Rr=0.132
0 g 0.8 - : oRr =0.143
E.a 0.6 i . oRr =0.160
0 | 04 L . oRr=0177
.&* 3 : +Rr =0.180
(] 0.2 -
ol I | ARr=0183
o . . . 0.0 4 4 . ARr=0.184
0000 0.050 0100 0150 0.200 0 005 01 015 02
Relative Rib Area (R} Relative Rib Area (R;)
”dbz % f f Lyl Ky -
Sy 2 =5 =4, ) a-25f,
i B 0.9f xd = =
zxd,xl, wxd, x X0y 3.6 3.6
i m
m ca db
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ESplitting Results

Test Results — Splitting (I)

Specimen d, Splitting

(np = 1) Top Side Top Side
cover cover cover cover
BE1-BE3 ,3.64 4.22 [

BE7-BE9 /294 3.29 [ | |
BE1 - BF BE7 - BE9




Test Results — Splitting (I)

+ K ceet
_ C"d—t Splitting
Specimen b

(=2 sid B
op iae ar  Top Side

cover cover spacing

BE4 4.64 4.63 4.03
BE10 3.73 3.65 3.58 |

Cp + Ktr] . e
2L 1~ 365 isaupperbound for splitting
= &P

Test Results — Splitting (ll)

cp + Ky R
d—b Spllttlng

Specimen . .
Top Side Top Side
cover cover cover cover

SP1-SP6 336 343 u [ |

SP7 - SP8
Sp11_spig 272 278 m m

SP1-SP6

'f i LB s a upper bound
AR BB for splitting
! |




Test Results — Splitting (ll)

AL splitting
Specimen b _
Top Side Top Side
cover cover cover cover
TD1-TD2 334 341 [ | [ |

J34DN

(—Cb + Ky ~ 3.65 is a upper bound for splitting @

Proposed Bond Model of

Threaded Rebar within HRC

Development length in tension o
ollowing ACI 318 code (unit : SI) Limitations for

f 1 Bond Equation
|, =092 d

\/?[chrk ] o (< f, < 685MPa)

- f,, < 412 MPa
- £ < 100 MPa

1.0< (M] <25

b

- - - e

S;;acing; of A\r fyt

==Tui™Al

i \K" “103sn &P
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Summary (ll)
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2010 90
2011 71
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203 160
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SD6854# 55 3 4 B 1 i PlR 203

Tensile test

Elastoplastic cyclic loading test
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Swess [Nim)
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1000

4 cycles

0 0.005 0.01 0015 0.02
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T —— T T T ——
0 0.02 004 006 008 0.1 0.12 0.14 0.16

o 20¢, ductility [/ i
e or V.
1o 4% elongation [ 3%
o I“l 10609 1215 I|II 20 30
(Bossry ™ R W
Slip< 0.3 mm Slip< 0.3 0.3 0.9 mm
I Grade | Couplers and Sleeves Nov | Dec Jan Feb Mar
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I ]
| SD685 EPOCH JOINT ~ |
S e e
s | ® 51
A5 » 2] >
SD68H-D2H# 1 4k 55 £ V¥ B
Yield Tensile . . 5
G;iaztle, Strength  Strength ElOl(l‘ga)thll TS/YS %Eﬁ%ﬁg
Nmm?)  (N/mm?) 4 -
Criteria 685~785 =860 =10 =1.25 =0.014
SD685,D25 703 907 16 1.29 0.022
SD685,D25
(Retest) 713 932 15 1.31 0.0216
1050 1050
900 900 ] “
= . N
& 750+ & 7501 f,.=907 N/mm?
£ 6004 £ 00| F.=703 Nimm? f,,=932 N/mm?
Z = f,,=713 Nimm?
% 450} E=223,369 N/mm? § 450
5 3004 E=196,481 N/mm?3 5 3004
1507 107 D25-SD685
0 0

Tensile tests
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SA-Coupler Criteria Tensile Strength = f, & 1.25f, | Elongation = 6%

ACE JOINT 685 | ™ T---____ — T
(REGHF D SETCEIEDS) | oo 1 i
£ 24

Ace Joint 685 ::

EPOCH JOINT 685 . a0

(RLUGHFEIE E T RESS) |« a2

3 g A SO . é 30

3 g . ” y Eopch Joint 685 a8

_:f?:

s 2

VP n ki W EFE

53

# &

el S
SD685 H#xEiF b £
1000
750
500 |
250 -
0
7
T -600 A IR T T T T
0.3 0& 08 4 0 1 2 3 4 5 3 7
Displacement {mm) // ': Displacement (mm)
SA-Coupler Tensile test -~ Elastoplastic cyclic loading test
Criteria (3Joony )< 03mm [ (35 /< 0.3 mm < 0.3 mm < 0.9 mm
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i2 FHES i 0074 i d274 021 0.324 !
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SA-Coupler Criteria Tensile Strength = f, & 1.25f,  Flonoatian > 6%
TOPS JOINT 685 < - :_"_" ________ :
(HEMAEE D) Swlf) ‘,;:fi'
g m;' l I -' Tops Joint 685

TOPS JOINT 685 Retest € “1r ¥y w
(BB ERER) 5 ]
g 3 Taps Jaint 685R

]
s
I

-400

Tensile Strengths > f =860 MPa & 1. 251,
Bar pullout failure
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Gage Number Gage Number Gage Number
45 46 47 48 49 50 50 49 48 47 46 45 44 43 43 44 45 46 47 48 49
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Distance from Column Center (mm) Distance from Column Center (mm) Distance from Column Center (mm)
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FRE Ecq Ej Ej/Esa
226,076 | 216, 844 0.96
226,076 | 224,174 0.99
226,076 | 284,505 1.26
212,084 | 297,543 1.40
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Test setup at NCREE

Load - 9
frame
4

Hinge support

Load ram at back
support
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Confined Specimens (typ.)

Separate tested ends Separate tested ends

' .‘-C ]5'
20, B 5 20,
5 Ji33p # I “
[=]
— + 1 = — +
i PP . FIS 2=
s o o
i ‘| 4 \ " o
. S 5t ; LTy P
: o L 1

=]

T fer
125" 975", 1125" | IP e 50][ TO.BP

E L

5db clear spacing

1.125" ,8.75",, 1.125"

3 W87, 03"
L
1

2dvclear spacing * 70 *
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Effect of bar spacing
S LUE e —eAl

2 db clear spacing 5 db clear spacing

This comparison is true between confined specimens

Peak load Stress (fsyBar area| failure
Specimens f’c (psi) (As) mode
(kips )

3-#8C-7k 7073 326.0 137.5 Tie Yielding

2-#10C-7k 7189 301.9 122.7 2.46 Tie Yielding 73

Effect of bar spacing

* 2db clear spacing - 5db clear spacing

o 2HcT o woc7k

Failed at higher load 326kips Failed at lower loads 301.9 kips
(As 2.37in?) (As 2.461in?)
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Heads with or without grouting

Failure more of a pullout type, at % the load capacity of similar specimen
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Taiwan Concrete Institute
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» BREEGH: R6/10, BERMEIEMRFOHEIT
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» 357 test data published in Japan, US, NZ, and Taiwan
» Unified database for normal-strength and high-strength RC
« Beam-column joints without trans. beams/slabs, eccentricity

Database construction
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Column bar f, versus f/ "
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p Geometry of test data
>4 240

160 1 357 Data
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Test Data classified by failure modes
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IEEE-M
(B-failure)
(BJ-failure)

Joint shear failure occur without beam yielding 37 32

(J-failure)
Anchorage failure of beam bar in the joint 26 10
(BJa-failure)

202 155
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Joint sht:/ar capacity g Nc;int shear capacity  Q
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5 Qn -4 Beam flexure+——"" | capacity
i capacity . i /
ALk P Al / A
%enxen ef e'-‘ 0 %en en ef eu ¢
B-failure BJ-failure
B B
Qn e Qn g
B B
FQn FQn
Definitely well Okay with ductility

Failure modes and ductility

N

capacity

Joint shear
-‘%u capacity

3! HE.
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J-failure
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J
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'+ Frame Mechanism — Avoid Story Mechanism

Outline

Hinge Development
— Capacity design
— Joint shear demand
Joint Shear Design
— Joint shear strength
— Joint transverse reinforcement

Development Length Requirements for Joints

Concluding remarks
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Frame Mechanisms

“strong column —weak beam”

_A_‘

T

_A_‘

b) Intermediate Mechanism c) Beam Mechanism

a) Story Mechanism

 Avoid story mechanism
* Avoid joint failure

| P

Inadequate
confinement

d Column Moment Strength
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bot
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Sway Left

M
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Figures courtesy of Jack P. Moehle




*  Moment Strength Ratio
% gth Rat

+ Int. Joints, for Mg >2, B-failures for most of interior joints

+ Ext. Joints, there is no conclusive result for Mg .
Beam mechanism
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Ductility 0,/8,,

@ Outline

* Frame Mechanism — Avoid Story Mechanism
* Hinge Development

— Capacity design

— Joint shear demand

Joint Shear Design
— Joint shear strength

— Joint transverse reinforcement

Development Length Requirements for Joints

Concluding remarks
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Special Moment-Resisting Frames
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@ Shear strength for confined joints
Vn _ Y\/T(;bjhc (fC' in psl) or Joint effective area -
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v-values for special frame joints
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"Aperimental joint shear force, normalized to effective joint area and +/ fc' in MPa
» There is no J failures below the y-value of 15 for interior joints, but quite a few

below the y-value of 12 for exterior joints. (To be evaluated later)

Joint Shear Strength-Ductility Trends
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@ Confinement of trans. reinforcement

A, = o.3sbc”:—°[i— 1) > 0.09sb;’:—°

yt h yt

Ash - Ash,provided
,ratio
Ash,required

* “Ash ratio” is a key influence parameter (Kim and LaFave)

» Because the confining stress developed by transverse
reinforcement depends on its stress-strain relations and
configurations, a “modified Ash ratio” is used in this paper by
taken a maximum vyield strength of 800 MPa for transverse
reinforcement.

f,, = min(f

800)MPa

yt 2
& Tech 19

@( Confinement Requirements

+ Confinement reinforcement in » Ash is adequate for
the direction of loading may be exterior joints without
reduced by 50% for the joints transverse beams.
confined two opposite faces.
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p Seismic Testing for Interior
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Beam-Column Joints
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Test parameters <5
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: Q, Beam flexural capacity
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Joint Shear Deformation
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Unit:mm

Benchmark specimen Joint
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Connection Parameters
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D13@125m | D13@125m | D13@75mm | D13@125m | D13@75mm
f. | P @o)yMPa | 70 (64)MPa | 70 (69) MPa | 70 (70)MPa | 70 (71) MPa
fy=6853(735)MPa  ; £, =785(841)MPa
M 213 1.61 1.61 1.31 1.31
R (2.05) (1.53) (1.55) (1.27) (1.27)
9.45 13.39 13.39 17.38 17.38
i (10.21) (14.38) (14.00) (15.50) (16.65)
Ay 1.00 1.00 1.67 1.00 1.67
Av 1.20 1.32 2.05 1.20 1.99
BJ-Failure BJ-Failure BJ-Failure J-Failure BJ-Failure
Remark : Ag, ratio Use f5:=700MPa
Test results (1/5)
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Strain Gages

33

KEEEREE 843 MPa

Maximum value of £, = 800 MPa permitted for computing the
amount of 4,

| No. of Gages beyond Yield Strain (3% | | No. of Gages beyond Yield Strain (4%
Drift) , Drift) J
A5 BS C5 B3 C3 ' A5 BS C5 B3 C3
Average
AS B5 C5 B3 C3 stress
(MPa)
3% Drift 590 711 706 610 564 636
4% Drift 677 789 843 707 759 755
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Joint Shear Strength-Ductility Trends

» Experimental joint shear force, normalized to effective joint area qrfg in MPa
» There is no J failures below the y-value of 15 for interior joints, but quite a few

below the y-value of 12 for exterior joints. (To be evaluated later)
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» Obviously improved, but...

Change of Effective Joint Depth
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@ Hooked and Headed Bars Anchorage

Development length for a bar with a standard 90-degree hook
(ACI 318-14, 18.8.5.1)

fd fd
Y b, (f/in psi) or 0.185y—f? (f,in MPa)

651 Ji

Development Iength for headed deformed bars (ACI 318-14, 25.4.4)

/,=0.016 f,d, (f'inpsi) or 0.192 f,d,
=V. m ps1) or .

dt /_fc, c p /_fc,

and value of fc’shall not exceed 6000 psi s 10,000 psi?
O Bar I;shall not exceed 60,000 psi wmmsssp 100,000 psi?

v’ Net bearing area of head A4,,, shall be at least 44,

v’ Clear cover for bar shall be at least 2d),

O Clear spacing between bars shall be at least 4dﬁm 2d,

dh

(f.in MPa)

1@(’ Evaluation of Anchorage Requirements
e nchorage failures (BJa) fall in 3™ quadrant
» The development requirements are proper for headed bars and hooked bars
2 H H 2 H
i Headed o Hooked
e® [, bars ~ bars
@ . 3 i 8 .
: O
Vinm ’ .“.gé ?\A. ° Vi _ :’, e 2
I JF % belgn T e
P mj_c l %) U %§o %o o dhr l OCC @(?o @
Y= 2 Y =12 q o
O AL I 7. RN
Tpe[BA7] 0 04 (02 03 04 |[Ope[EG®] 01 02 03 04
B ° B o
BJ | o BJ| o lan[F,
J D Id.j?c J [ dy f
BJL,| o d.f BJ,| o Y
y
, f,d, _ f.d,
Required /4, >0.192 ——| | Required ¢, > 0.185 ,
f, \ fe




@ Anchorage Length

7 16.3d,

2db
SERL L Zdbl#.‘" F 2
1 | | .
ST a1 col¥
3 = — 1 A
Bl T T brg
L G g | i Ao
Aprg = 4As

Aprg=5.5A,
f,=685 MPa
— 15.8db fc,=70 MPa

f.d
Zdt required = L = 685db
’ 52, f/  5.2470

(ACI 318-14, 25.4.4.2) &8 YunTech <+ 45

Edt,provided -1.04 2 d
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— Joint shear demand
Joint Shear Design
— Joint shear strength
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Vn =y\/f7(:'bj-hj (f/inpsi) or

V, = %ﬁbjhj (f.in MPa)

y-values for special frame

@F Concluding remarks - effective joint depth
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X~Y» & 2 Ash # F
3 AFd®m 12K 1.0 Ash

‘@ = Concluding remarks - Headed bars

Abrg:5'5Ab fy=685 MPa

L [OY.Z)
[T T "1
[ | ) I
- [ dll
[ [1
1

2dy, barspacing  f’=70 MPa

ACI 318-14

18.8.5.2 For headed deformed bars satisfying 20.2.1.6,
development in tension shall be in accordance with
25.4.4, except clear spacing between bars shall be
permitted to be at least 3d), or greater.

f.d f.d e
0, =0.016 ==L (f/inpsi) or 0.192—=L (f’in MPa) i~ | geo™
/i Ju £ =
and value of £ shall not exceed 14,000 psi [100 MPa]
O Bar £, shall not exceed 100,000 psi [690 MPa] e
O Clear spacing between bars shall be at least 2d), y
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& C:onclludlng remarks - transverse reint.
A 60 m 013 D32

........................................... _

< 600 686

0 | | | | | |
0 002 004 006 008 01 012 0.14

Specified yield Strain
strength

SD 785 785 MPa (114 ksi)
SD 685 685 MPa (100 ksi) & YunTech

@ Key Design Parameters

# Moment strength ratio M, >1.2

4 Joint shear strength V. :y\/chjhc
@ Conflnement Ash,provided 2 Ash,required
@ Anchorage of beam reinforcement

el ¢, for headed bars

Maximum value permitted for design
calculations

Bar £, 100,000 psi [690 MPa]

Bar £, 116,000 psi [800 MPa]

Concrete £’ | 14,000 p%;# [100,MPa]




@ Effective confining ratio-TBD
.“Vn :Y\/fi’bj-hj (f.inpsi) or
V. :%\/Tgbjhj (f.in MPa)

y-va!,ﬂ’eé*for\special frame

joint
\ 15
i%@ﬁ =1 1 05
12

L/
SR e
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@ Further study

* To develop a deformation-based model of the
degradation of the joint shear strength.

* |In 2014-2015, we plan to test 8 beam-column-slab
connections made with HS reinforcement and concrete.
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FH <2 e e

Failure mode Int.S Ext.S t. t. SUM

B R 11 10 1 2 24

BJ II% 7 4 0 4 15

Blaffii 3 1 1 0 5

J B 0 0 0 1 1

CYRGHE 0 2 0 0 2

SUM 21 17 2 7 47

~FWW% EFEE%@% FEAHTE EERERE

hnhnmﬂ \unlln Un i 8 »

Type IntS(21)ExtS(15) Int. 2) Ext @)

AL B 4 W o 63 B
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. ‘\ ~ ._i 4 1
Specimen f. Vimax Drift@V .« 0.8V Drift@0.8V ;,qx
ID (MPa) (kN) (%) T max (%)
—= T70-1 81.94 3122 2.72 2498 3.83
= T70-2 81.94 3174 2.82 2539 3.55
B F e B B
T70-2 '// T70:2
2000 — ///‘/}/, 2000 —
z ) / z
-2000 —| D}/ / / / 2000 —|
4000 T T T [ B B N ~4000 [ B IR [ B R
N/ * 0 Coitratioss . . ° ° " Toitratios . . 28
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Specimen f. Vhax Drift@V ,,qx 0.8V Drift@0.8V ,ox
ID (MPa) | (kN) (%) OV max (%)
= T70-3 77.91 3092 2.69 2473 3.81
= T70-4 77.91 3216 1.19 2573 2.78
¥ ¥ B ¢ R
- }//‘//// .
2000 — ///ﬂ 2000 —
4 5
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= ] 14 El
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4000 T T T ] [ B B N ~4000 [ B IR [ B R
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NCREE A & 45354 3248

R 2010 2011 2013 2014
FHEE 5 4 3 4
f.(MPa) = 70-~100 70~ 100 100 70
f, (MPa) 685
f., (MPa) 785

EN s 2.25% 2.25% 2.94% 2.60%
0.87% 1.22%
A,./sb. ~ ~ 2.11% 1.35%
1.22% 1.90%
0.52 0.29 0.42
P/AGF . = ~ 0.36 ~
0.57 0.46 0.46
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0.016 —| =
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f/ =70 MPa
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€., = 0.003
i%}% C
c <y
C=ap f.bc
AT T Sk
a py =k k;
a) Strain b) 2" order Parabolic c) ACI Rectangular
Distribution Stress Distribution Stress Block
and Equivalent Force and Equivalent Force
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40000 - T70-1
30000 -
.,g_, 20000 1 Test
o 000 4T n-
0 | f/=81.94 MPa
1500 2000 2500 3000 P =12454 kN
-10000
M, (kN-m}
f'c (MPO) viest (kN) an (kN) Viesilvmn
T70-1 81.94 3122 24688 1.16
170-2 81.94 3174 24688 1.18
170-3 77.91 3092 2592 1.19
T170-4 77.91 3216 2592 1.24
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e Current ACI shear strength equations and limitations
e NCREE shear tests on New RC columns
e New RC column shear strength database

e Evaluation of ACI shear strength equations using the
database

e Proposed changes to ACI shear strength equations
for New RC columns

e Evaluation of proposed changes using the database
e Proposed shear strength equations
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e Current ACI shear strength equations and limitations
e NCREE shear tests on New RC columns
e New RC column shear strength database

e Evaluation of ACI shear strength equations using the
database

e Proposed changes to ACI shear strength equations
for New RC columns

e Evaluation of proposed changes using the database
e Proposed shear strength equations

QEIEERHAR

f Science and Technology National Talwan UniversityofScience and Technology National Taiwan University of Science

* Nominal shear strength

V., =V, +V,

VC = Nominal shear strength of concrete
VS = Nominal shear strength of shear

reinforcement

QEIEERHAR
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e Shear strength of concrete

Concrete compressive

ACI 318-11 Chapter 11.1.2

strength Jf. <83MPa Or f <70MPa

Simplified shear strength
of concrete V., =0.17

ACI 318-11 Chapter 11.2.1.2

P .
L f_bd -
mgjﬁ Eq (11-4)

TAIWAN TECH

QEIEERHAR
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» Shear strength of concrete

Provision

Detailed shear strength of (0 16\/7 +17,0w
concrete (4h

M, =M,-P,

ACI 318-11 Chapter 11.2.2.1

(4h-d) >0  Eq(11-6)

Note

de Eq (11-5)

m

ACI 318-11 Chapter 11.2.2.2

Upper limit shear strength
of concrete V, =0. 29\/7bd [1+ 0. %Aggp ] Eq (11-7)

TAIWAN TECH
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shear strength pro\

» Shear strength of reinforcement

ACI 318-11 Chapter 11.4.2
Yield strength of shear f,, <420 MPa  For deformed bars

reinforcement
fyt <550 MPa For welded deformed wires

ACI 318-11 Chapter 11.4.6.3

Minimum shear
reinforcement A .. =0.062 f'EZ 0.35bs
.min ¢ fyt ]

Eq (11-13)

TAIWAN TECH QEIEEREAR
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shear strength proy

» Shear strength of reinforcement

ACI 318-11 Chapter 11.4.7.2

Shear strength of Afd
reinforcement V= Y Eq (11-15)
S

. ACI 318-11 Chapter 11.4.7.9
Maximum shear strength :
of reinforcement V, e <0.66,/ f.bd

TAIWAN TECH QEIEEREAR
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shear stre\‘gth Provis

Summary

« ACI 318-11 does not allow the use of high-
strength concrete with £ more than 70 MPa.
But ACI also states for beams, if minimum shear
reinforcement is provided, f. can be higher than
70 MPa.

« ACI 318-11 does not allow the use of shear
reinforcement (deformed bars) with £, more
than 420 MPa.

TAIWAN TECH QEIEEREAR
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e Current ACI shear strength equations and limitations
e NCREE shear tests on New RC columns
e New RC column shear strength database

e Evaluation of ACI shear strength equations using the
database

e Proposed changes to ACI shear strength equations
for New RC columns

e Evaluation of proposed changes using the database
e Proposed shear strength equations
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Longitudinal Transverse
callmmns || -2 f ‘¢ Reinforcement Reinforcement
. cs
A, © fyls fyl Py fyts fyl P
A-1 70 92.5 0.15%

T 3D13 - 450,
A2 100 | 1032 S ( )
A3 70 96.9
A4 100 | 107.1 (ops) DA

. 685 735 785 862 313 - 260)
E-1 0% | 70 922 | (MPa) | (MPa) (MPa) | (MPa)
0.59%
E-2 70 90.8 3.38%
(24 D25) 4Dé%g 0/150
. 0
E-5 70 97.4 (4D13..90)
B-1 15% 70 108.3 0.15%
B-2 18% | 100 | 1250 3.62% (3D13 - 450)
(16 D32)
B3 0 1128 eas 735 785 | 862 | a0
B-4 100 | 121.0 | (MPa) | (MPa) (MPa) | (MPa) |3p13 - 260
20%
E-3 70 79.0
SEa 0.59%
E-4 70 | 1011 (24 D25) (ap13.. 150
C-1 70 104.1 0.15%
c2 0 | 190 | 1388 | 685 735 362% | 785 | se2 |[(3D13-450
el 70 1046 | (MPa) (MPa) | (16D32) | (Mpa) | (MPa) | (260
c-4 100 | 130.0 (3D13 - 260)
D-1 70 101.0 0.15%
D-2 209 |100 | 1255 | e85 735 362% | 785 | se2 |[(3D13-450
D-3 70 106.4 (MPa) (MPa) | (16D32) [ (MPa | (MPa) 0.26%
D-4 100 | 127.8 (3D13 - 260)
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Testing Setup
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; Cross Beam

4.00%|

200] | |

g2
g ozt AL
JAn— g0 o e T

0 3 6 9 12 15 18 21 24 27
Cycle

Loading Protocol
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e Column with 0.1 axial load ratio

p Diagonal Cracking Ultimate Condition
Gl P\g fc' fc Drift Oq Viest Vitest [Vewst | Drift Oy Vio [ Voo | Vien
(%) (%)

(MPa) (kN) (kN) | (kN) (kN) | (kN) | (kN)
A-1 92.5 0.35 19 1264 9 1255 | 0.57 243 1578 || 150 | 1428
A-2 103.2 0.33 6 1286 3 1283 | 0.53 235 1638 || 150 | 1488
A-3 96.9 0.32 16 1279 13 1266 | 0.75 359 1772 || 413 | 1359
A-4 10% 107.1 0.33 14 1298 10 1288 0.79 418 1781 447 | 1334
E-1 92.2 0.37 20 1348 15 1333 | 0.84 397 1817 || 574 | 1244

E-2 90.8 0.35 30 1336 55 1281 1.82 862 2480 || 2327 | 153

v' Significant increase in Vtest from diagonal cracking to ultimate
condition.

v’ Transverse reinforcement not yielding for most of the columns
(could be due to strain gauges not at critical locations)

QEIEERHAR
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e Column with 0.2 axial load ratio

p Diagonal Cracking Ultimate Condition

GRS AJ fc‘ fc Drift = Veest Vst |Vetest Drift Oq Ve V[V
0 0

G (MPa) (kN) (kN) | (kN) o) MPa) [ (kN) | (kN) | (kN)

B-1 15% 108.3 0.45 18 1862 10 1852 0.59 223 2078 165 | 1913

B:2 18% 1250 | 0.41 20 2007 kL 1996 | 0.50 183 2298 | 195 | 2103

B-3 112.8 0.40 16 2098 17 2081 0.54 214 2418 | 411 | 2007

B-4 20% 121.0 | 0.42 18 2103 14 2089 | 0.64 380 2528 | 522 | 2006

E-3 79.0 0.52 47 1999 70 1929 | 0.52 47 1999 70 1929

E-4 1011 0.50 22 2167 70 2097 it TEHT 2856 | 2597 | 259

v' The difference between Vtest at diagonal cracking and that at
ultimate condition reduces as the increase of axial load.

v Transverse reinforcement not yielding for most of the columns
(could be due to strain gauges not at critical locations)

TAIWAN TECH QEIEEREAR
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e Column with 0.3 axial load ratio

p Diagonal Cracking Ultimate Condition
; f : :
CallviIie Ag fc ¢ Drift Og Vtesl Vs test Vc test | Drift Og Vtesl Vs test Vc test
(%) (%)

(MPa) (kN) (kN) | (kN) (MPa) KN) | (kN) | (kN)

C-1 104.1 0.42 28 2036 45 1991 0.42 28 2036 45 1991
C-2 30% 138.8 0.60 28 2958 39 2919 | 0.60 28 2958 39 2919
C-3 104.6 0.38 28 2153 56 2097 0.70 602 2210 | 1140 | 1070
C4 130.0 0.62 32 3018 68 2950 | 0.62 32 3018 68 2950

v’ Vtest at diagonal cracking is equal to that at ultimate condition
for C1, C2, and C3 (failure right after diagonal cracking ).

v Transverse reinforcement not yielding for the only column that
does not show failure right after diagonal cracking (could be
due to strain gauges not at critical locations)
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e Column with 0.4 axial load ratio

P f 0 Diagonal Cracking Ultimate Condition
' c : 2
il A f. Drift Oy Voo [V | Vi | Drift Oy Ve [ Vora [ Voo
0, 0,
) | wra) | ) | k) | k) | PO | ey | g | ) | )
D-1 101.0 | 0.37 30 2239 || 46 | 2193 | 037 30 2239 | 46 | 2103
D-2 s0% | 1255 | 046 24 2486 || 36 | 2450 | 0.46 24 2486 | 36 | 2450
D-3 1064 | 0.45 32 2355 || 77 [ 2278 | 045 32 2355 | 77 | 2278
D-4) 1278 | 0.44 28 2547 || 92 [ 2455 | 0.44 28 2547 | 92 [ 2455

v All the column showed failure right after diagonal cracking.

v Meaningless to discuss stress in transverse reinforcement at
the ultimate condition.

QEIEERHAR
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» Shear cracking angles

10
025 0.5 075

1 125 15 1.75

Drift Ratio (%)

60 A Al + B-1 V C-1 % D-1 & E-1 60 P Ultlmate
© A2 x B2 8 C28 D26 E27 . Diagonal Crack diti
_sobY  DAs w3 aciensans g A A f. Condition
8 O A4 0 B4 ¥ C-4 4 D4 > E4 5 a4 33
& ‘s < <« E5 <) 0.1 _ - 26-39
Bk ®e {0 & (Range: 41-52) (Range: 26-39)
~ [ ]
- 4-<> ) . ) EaR 0.2 32 24
£ % o . < o : (Range: 25-41) (Range: 28-20)
o ¥ * 130 ©
< *s ’O‘ = @ 03 17 17
s ¢ ) . (Range: 14-19) (Range: 14-19)
O20F o %, *X i 420 &
o a4 15 15
*iﬁ IR ' (Range: 12-16)  (Range: 12-16)
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ons from

e A term to include axial load effect in the minimum
shear reinforcement to prevent failure right diagonal
cracking is needed.

e Design stress in transverse reinforcement for shear
may have to be limited to be less than the yield
stress.

e Cracking angles are less than 45 degrees.

QEIEERHAR
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e Current ACI shear strength equations and limitations
e NCREE shear tests on New RC columns
e New RC column shear strength database

e Evaluation of ACI shear strength equations using the
database

e Proposed changes to ACI shear strength equations
for New RC columns

e Evaluation of proposed changes using the database
e Proposed shear strength equations
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ear-critical columns

o ' ' (n)  (py)
Researcher - = ( f:) ( fyl ) ( fyt) (P/Ag fc) a/d 'LZAI: p‘}/ﬁ
SEhEBI 6 77-93 957 1360-1400 0.24-0.48 1.25 214 0.15-0.80
(1990)
(Nzl?)r(;g? 14 121-130 1030 10531450 0.15-0.60 1.25 3.80 0.30-1.80
Takami
Lo 6 99 999 757 0.13-0.51 1.25 3.80 051-1.02
(Tza(;‘f‘(i)r)‘e 4 188-205 1106 13131334 0.300.60 125156 5.70 0.45
Kuramoto
Sl 4 1138 736 407-766 0.17-0.33 1.88 3.80 119
Aoyama . Y .
st 8 735 757 402-1091 0.17-0.33 188 3.80 0.53-1.19
hinohars 5 98-122 1034 5961425 0.100.28 150 217 0.38-0.78
(2008)
Akihiko
s 6 114 736 406-765 0.17-0.33 188 3.80 053-1.19
Sibata (1997) 5 118 685 870 0.30 1.25.1.88 352 0.20-1.14
ou 20 79-130 735 862 0.100.40 1.88 338352  015-0.98

QEIEERHAR
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Ranges of design parameters of the database (78 columns)

Parameter Range
Concrete compressive strength ( fc) 73-205 MPa
Yield strength of long. Reinforcement ( fy| ) 685-1106 MPa
Yield strength of long. Reinforcement  ( f,,) 402-1450 MPa
Axial load ratio P/ A, . ) 0.1-0.6
Aspect ratio (a/d ) 1.25-1.88
Ratio of long. Reinforcement () 2.14% - 5.70%
Ratio of trans. Reinforcement ( P ) 0.15%— 1.80%
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e Current ACI shear strength equations and limitations
e NCREE shear tests on New RC columns
e New RC column shear strength database

e Evaluation of ACI shear strength equations using the
database

e Proposed changes to ACI shear strength equations
for New RC columns

e Evaluation of proposed changes using the database
e Proposed shear strength equations
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» Examination of ACI simplified shear strength with the database
V,, ACI Simplified (kips)
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Conservative for most of the columns (73/78 conservative prediction).
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of ACI st

V|, ACI Detailed (kips)
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« Examination of ACI detailed shear strength with the database
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45/78 columns show unconservative prediction.
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minimum st

5 T T T T

Reserve Strength (V. /Veies)
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e O<PIAf<0.1
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1A 0.2<PIAf'<03 | O
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I I | | I
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I

P /Py aci min
The ACI minimum shear reinforcement does not provide similar reserve
strength (Vmax/Vctest) for different axial load ratio. As the axial load
ratio increases, the reserve strength decreases.
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i

* ACI simplified shear strength is conservative for
most of the columns.

* ACI detailed shear strength is not conservative for
most of the columns.

* ACI minimum shear reinforcement can not reflect
the effect of axial load on reserve strength
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e Current ACI shear strength equations and limitations
e NCREE shear tests on New RC columns
e New RC column shear strength database

e Evaluation of ACI shear strength equations using the
database

e Proposed changes to ACI shear strength equations
for New RC columns

e Evaluation of proposed changes using the database
e Proposed shear strength equations
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ACI simplified concrete shear strength

V. ACI Simplified (kips)
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Conservative for most of the columns (74/78 conservative prediction).
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ACI detailed concrete shear strength (upper bound)

V. ACI Upper Bound (kips)
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49/78 columns show unconservative prediction.

QEIEERHAR




strength
v Lfma)h g N,
¢ F, " f,(max)d,d

* The ACI detailed upper bound equation was derived
based on principal tensile cracking strength. The
equation was modified to consider the softening
effect of axial compression on principal tensile

l -'-;-'- {Compressian)

1, —_—— —

£, (nax) ,{
Q /‘/ f

+ (Tansicn)

f;
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0.075
o £, = 6017 MPa= [1MPa=145.077 psi] 4
s 00
q. (11 e 0.025
L 17
. 0
x f_ =87.44Mpa 3
0.05
R
1) 0.025
i ] 0 ° t
f, = 76.60MPa® 3 f c
%005
a _ B - q
A bt 0.025
A= = 7 Eq (1) it
. . 0
o f, = 10008 MPa? 1
3 0.05
o @,q B
B g N S
et &= 10025
. . iy
07 -06 -05 0.4 0.3 0.2 0.1 0
_Se
T

ening coef

The softening coefficient is based on
biaxial test results of high-strength
concrete

« =[1—0.85\/%J for 0< (:— <06

Since o.~P/A, | the above equation
can be simplified as

a:[1—0.85 Agp.] for 0<— <06
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* Proposed upper bound equation for detailed
calculation of concrete shear strength

B . 2P
V, =0.29a,/f.b,d /1+—a GY

P
a=[l—0.85 AJP,J for 0<——<0.6

v posd
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e Since minimum shear reinforcement is to ensure
successful redistribution of intermal forces after diagonal
cracking, it should be related to diagonal cracking
strength (V. ).

V oV

s, min c

e A coefficient 0.38 is used so that when axial load is zero,
the equation reduces to the current ACI V; in-

i fed
v _M=o,3gv

s,min — c
S
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» Simplified shear strength equation
v+, =017 14 P | [Tbd + A fs
V, =V, +V, _0.17(1+14Ag}/f—cbd+ -

* Detailed shear strength equation

. f,d - 2P f,d
v, :VC+VS=(0.16,/fC +17pqudjbd+’*y' <029a,[1] [1+—22 g+ A
S

M ay[t.bd s

n
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equations Vs

¢« Minimum shear reinforcement

A/,min = 038 VCS

f,d

* Maximum shear strength of reinforcement
V, o <0.664/f bd

* Maximum yield strength of shear reinforcement

f, <600 MPa
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Current ACI shear strength equations and limitations

NCREE shear tests on New RC columns

e New RC column shear strength database

Evaluation of ACI shear strength equations using the
database

e Proposed changes to ACI shear strength equations
for New RC columns

e Evaluation of proposed changes using the database
e Proposed shear strength equations
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After applying Vsmax and Vsmin, 47 columns were
removed. For the 31 columns left, only 1 showed
unconservative prediction with Vtest/\Vn=0.99
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All 31 columns showed conservative prediction.
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e Current ACI shear strength equations and limitations

e NCREE shear tests on New RC columns
e New RC column shear strength database

e Evaluation of ACI shear strength equations using the
database

e Proposed changes to ACI shear strength equations
for New RC columns

e Evaluation of proposed changes using the database
e Proposed shear strength equations
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» Shear strength of concrete

Provision ACI 318-11 Proposed
Simplified shear V, =017 1+ P \/f_c'bd
strength of concrete 14A,

. v,d
Detailed shear strength V. = [0-16\/f_c ey de

of concrete
M. =M, P[4h d)
8

Upper Bound shear
strength of concrete V, = 029( bd ( 029':’]

A

V, =0.29a/f, 1+w\/,b

a—[l 0.85 ] for 0< P
Mf foA

<0.6
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Provision ACI 318-11 Proposed

Limit stress of shear
reinforcement fyt <420 MPa fyt <600 MPa

Shear strength of fd
reinforcement V. = A y

Minimum shear A, in =0. 062\/7 » 0-35b8 35bs A, in =0.38V

S
i c
reinforcement yt dfy[

Maximum shear strength

of reinforcement <0. 66\/7bd
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Outline

+ Background and Objective

* Highly Flowable Strain Hardening Fiber Reinforced
Concrete (HF-SHFRC)

* Proposed Toughness Ratio / Shear Strength
Equation

+ Experimental Programs

 Conclusions
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High Strength Concrete
» Brittle
* Less Deformation Capacity

Early spalling and brittle failure
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Background and Objective

The required transverse

T T
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Background and Objective

Alternative solution: Fibers

-
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Highly Flowable Strain Hardening Fiber Reinforced
Concrete (HF-SHFRC)

A BB AR National Taiwan University BREARERLGRETRATNE

&dt, 12/5, 2014

Key parameters of Fiber Reinforced Concrete

V -I: Fiber volume fraction

a -I: Fiber Aspect Ratio (L/d)

Tb bond strength between fiber and matrix




Fictional straight part
representing hook

Friction around

(Straight part)

Frictionless around
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Pullout Energy = Frictional Energy + Plastic Deformation Energy

(Hooked-end part)
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Selection of fibers

Fiber Diameter | Length | Density | Aspect Tensile | Elastic
Type (mm) (mm) (g/ce) ratio Strength | Modulus
(MPa) (GPa)
High . 0.38 30 7.85 79 2300 200
strength |
Normal |
Strength | 0.55 30 7.85 55 1100 200
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250
20014
15011

100§

Pullout Load (N)

50

0

Slip (mm)
Steel Fiber Pullout Curve of 28 Days

Experiment
Pullout Energy
(N-mm) Teq (MPa)
Average 1369 10.20
Std. Deviation 53 0.40

Lo LvDT

+—Specimen

MTS (30 ton)

Prediction (Xu, 2011)
Pullout Energy
(N-mm)
1294

Teq (MPa)
9.64 515

Error (%)

} I B A AR National Taiwan University

SEEMAGER AR R TN

&dk, 12/5, 2014

Main Obstacles for Fiber Reinforced Concrete

1. Workability

2. Mechanical performances is not as good as expected.
3. Expensive; no main advantages on normal structural

applications.
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« SCC

Sl CaEe R CnE i High Performance Fiber-Reinforced

Self-Compacting Concrete Cementitious Composites

- highly workable
concrete that can flow .
under its own weight e tens.lon -
. : accompanied by multiple
without segregation and cracking
vibration.

strain-hardening response

HYBRID
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Highly Flowable Strain Hardening Fiber Reinforced Concrete
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Highly Flowable Strain Hardening Fiber Reinforced Concrete

SHEAR SHEAR
WALL WALL
Plastic hinges at
beam ends and ] Coupling
beamecolumn joints. T
High rotational ;_ . . .. "_{‘ beam ) = -
ductility demand N — e "Q'_{‘_-....- .
adjacent to shear ’
wall.
e
& Base of
s se of
Plastic hinges at structural walls

column bases. High

rotations, ]

1
shear and axial load T R :
; 2 ) i High axial load
in region of plastic Sy 5 raveisals ek

o’

High plastic shear and plastic
bending deformations
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Highly Flowable Strain Hardening Fiber Reinforced Concrete
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Steel fiber concrete cuts need for rebar

A new mix allowed crews to build shear wall
link beams with 40 percent less rebar at The
Martin apartments in Belltown.

By LUCY BODILLY particularty during an earth-

Special 1o the joumal quake.

“Char obgective in wsing Aber
ouring conerete into  Was 10 reduce the quantity of
P congested rebar is  rebar making the beams cas.

difficult: Concrete is  ber to construct, and replace

hard to place and vibrating  the lost strongth (due to the

amund the tangle of rebar
0 remove the volds makes it
oven harder.

Structural engineer Cary
Kopezynski, senior principal
and CEO of Cary Kopezynski
& Co. in Bellovoe, found a
solution. At his latost o

o

firm speci:
fled  stoel
fiber  con.
crete in the
shear wall

ik
a place that

wet,
Martin, his e

PRdUCAIN ) FObAr) WILh Steel

fiber mixed into the concrete,”
pezyreski said

He first hoard about testing

of the steel fbers while work-

Img on a national committes

University of Michigan pro
fessor who was studying the
stoel fibers.

“Thaogoal isto introduco mod-
fications to the International
Huatlding Code that will make
the disign approach used for
The Martin mainstream,”
HDT'E(T)MISIN. .

congested
With rebar.
T R e
Martin s

a Mstory apartment buid
ing under construction at
Lenora in Seattle's
neighborhood,

CONSTRUGTION
INDUSTRY
SPOTLI

Fifth and
Belltown

tion downturn stalled use of

stoel fiber concrete, adding to

the hurdkes the new technolo-

ey faced. The first hurdle was

to convinee building owner

Vulean Real Estato to try the
ict.

Juct,
~There is a wide range of

The city required twa peer reviews before it would accepe
the new technology.  Fhows oouneey of Cary Kopozymski & Co
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Proposed Toughness Ratio / Shear Strength Equation
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Fibers as an alternative for transverse reinforcement

1. Confinement Efficiency

Lateral reinforcement ratio 1

i |

- Ductility 1

STRESS{KS1)
& &
E

STRESS=STRAIN CURVE

Fiber Volume, aspect ratio, 7, 1

!

Ductility 1

STRESS(KS)

STRAIN(NY )

2. Shear Capacity
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Confinement Efficiency

Toughness Ratio, TR
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TR = 0. 45(
L
Xf (Vf X; X teq/fc)

K, = confinement effectiveness coefficient
e
Pg = transverse reinforcement ratio
fyt = yield strength of transverse reinforcement
fc’ = compressive strength of concrete

Vf = steel fiber volume fraction
L/ (P = aspect ratio of steel fiber

Xf = fiber efficiency factor, f (stirrups spacing)

Teq = equivalent bond strength
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Shear Capacity

 ACI 318-11
11.4.6 — Minimum shear reinforcement

11.4.6.1 (f)

Beams constructed of steel fiber-reinforced, normal weight

concrete with f;' not exceeding 6000 psi, h not greater than 24
in., and V, not greater than 2V f_' b, d.

R11.4.6.1(f) — This exception is intended to provide a design
alternative to the use of shear reinforcement, as defined in
11.4.1.1, for members with longitudinal flexural reinforcement in
which V, does not exceed 2 4 f' b, d. Fiber-reinforced concrete
beams with hooked or crimped steel fibers in dosages as
required by 5.6.6.2 have been shown, through laboratory tests,
to exhibit shear strengths larger than 3.5 \ f,' b,d.

Vu_predict (MPa)

:‘ = =) 3 N o
@ BB AR National Taiwan University REERARER LGRS A
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Proposed Shear Strength Equation

vy =(0.15F +70pg)|:efr

=

=1+ —P2
ORI

I‘f
I:po = (Ef)vf z-eq

Vu_exp (MPa)
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Experimental Program
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Experimental Program

Multi-Axial Resting System (MATS) National Center for
Axial loading capacity: up to 60 MN Research on Earthquake
Engineering (NCREE)
Cross Beam 6700
6300
| / 6150 | | 4300 I
T . :
§| =
z =
=3 _!_
Z }l) Platen .
a 2
. Lateral actuator
g e
n
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Experimental Program

1

Level 5

4. Level 4
Level 3
Level 2

Level 1

190
B ey i guyia o)

&4k, 1215, 2014

Specimen: 600 x §20 x 1800 mm

Double Curvature
Aspect ratio is 3 only

} I B A AR National Taiwan University
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Experimental Program

Loading Protocol
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05),” American Concrete Institute, 2006.

Criteria:

lateral capacity) > 3.0%

g 6.00% | | | AA
S 4 soove o L]
s, L00% 200% ¢ 4 b
S o pozsy 059% AAAAAAAAANAAL N
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E o 150% oo LW
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6 5.00% 11 v v

-8 7.009

100 3 6 9 12 15 18 21 24 27 30 33 36 39

Ref: ACI Committee 374, “Acceptance Criteria for Moment Frames Based on Structural Testing and Commentary(ACI 374.1-

Ultimate drift ratio, UDR (drift ratio corresponding to 80% Max

Cycle
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| Experimental Program
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Test Results

S$140-0 VS. S$140-1.5
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Test Results
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Test Results
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Test Results
$140-0 (UDR: 1.25%) VS. S140-1.5 (UDR: 3.23%)
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Test Results
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Test Results

Test Results (S260 — 1.5)
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Test Results (S260 — 1.5)
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Conclusions

(1) Addition of fibers provides high ductility to brittle concrete,
particularly for high strength concrete (NEW RC)

(2) The transverse reinforcement requirement in ACI 318-11 seems not
adequate for high strength concrete / under high axial loading
(S140-0).

(3) Compared to HSC, HF-SHFRC presents high toughness, damage
tolerance and excellent shear capacity while allowing good
workability. The experimental results shows that addition of fibers
can be an effective alternative for transverse reinforcement in NEW
RC columns.

By increasing the spacing to d/2 and under 0.43 axial loading
level, excellent performance and damage tolerance can be still
observed in S260-1.5. It shows the great potential to apply HF-
SHFRC to NEW RC columns.

(4)
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Design Equation (Flexure)
Flexural : Equivalent Stress Block (ACI ITG-4)
wailion
» 0.'1.)"1-- Een
I (-
c B Cl 1. Equivalent
N i [ --- _ SuessBlock I
Neutral Axis
® @ - -4
£
Beam Section Stress Distribution Strain
A
<55MPa 0.85
> 55 MPa 0.85-0.0022 (f,— 55) > 0.70
(f—28)
By =085-005 =5—2065 | oins the same
£ = 0.003

]
Design Equation (Shear)
Vn = VC+I/S
V.=0 ;

Ay fpd
V=LfL f,, <600 MPa

s Ig

V,, : Evaluated from M,, using f, = 1.25f,
For SD685 longitudinal bars use 1.25 x 685 MPa

In general

M, i+ M

pri” Tpr2 Wyln
W Wu=12D+10L+025 Ve= rin =+ 7L

V,=larger (V. V,,)

[
F

i " y

Ve}'

li@irir@@@?i}}




Experimental Verification
SP1 SP2 SP3
6410 I iV} | 3410
= 1 5D685 Tor [EEag Shess T SD683
= =3 Ul
£ E cf =
E|lg £z Ele
) E|T #M@120mm | E/7 f4@120 mm| £ 7 #4(@ 120 mm
Beam Design § £ SD785 § E SD785 ?3 £ SD785
=1 1 St
WL —— T . T[] td == 310
SD6RS | SDGRS |SD6R3
400 mm 400 mm 400 mm
Myr (KNm) 222355 222355 1252.76
Va2 0y 1058.64 1058.64 596.44
y.-ﬂ(m) 771.32 771.32 822.64
L]
Vn,
v, 0.73 0.73 1.38
2 (dp) 375 3.75 3.75
aa 35 35 33
Specified Material Properties:
/' =68.95 MPa and f, = 1.25 x 685 MPa
f, =600 MPa

Experimental Verification

Experimental Setup

(Positive)N: (Negative) [
Top Concrete Block Two 100 tf o
1000 Actuator 8
Prestress Rod ] -
D= 39(mm)of b —
S |
© o
8 g
S " L Built-Up Steel Connectol =
Qi 251
i ‘ L
§ =] 700 Specimen 3
=S Prestress Rod o S
2 D = 69(mm) <
7] 1 & B—
Bottom Concrete Block |Reaction Wall §
—
g 4 N
— 1400 Strong Floor Plsf
2
‘ T =] = =) / T T =] T ——

| 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 |20
\ \ \ \ \ \ \ \

Unit:mm
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Experimental Verification

Loading History

Drift(%)

I

I

L
0 5 10 15 0 25 30 35
Cycle Number

Experimental Verification
Test Result SP1

2500 =
2000 P =

1500
1000
500

0
-500
-1000
-1500
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-2500
T6-5-4-3-2-101234567
Drift (%)

(d,)avg = 4.56 %
(West)

-

Moment (KN-m)

flexure-shear

(d,)avg = 4.56 %
(North)




Experimental Verification
Test Result SP2

2500
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1000
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o
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T6-5-4-3-2-101234567
Drift (%)

- - y
T

(d,)avg = 4.50 %
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flexure-shear

(d,)ag = 4.50 %
(North)

Experimental Verification
Test Result SP3

2500

Moment (KN-m)

3% (d,)avg=5.61%
(West) (West)

-2500
T6-5-4-3-2-101234567
Drift (%)

flexure

4% (d,)avg = 5-61 %
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Experimental Verification

11—
2000 - 1 Strength
1500 i M, ",

i | (u..) (H

00 g 2P avg
0 SP1 0.948 1.160
-500
-1000
-1500
-2000
-2500

Deformation

(d,)avg (%)

0.942

Moment (KN-m)

T6-54-3-2-101 234567
Drift (%)

Envelope from first cycle

hysteresis loop SP1 Sp2 SP3

]
Design Issues (Transition of Stress Block)

f, =414 MPa
g g unit: mm
1
1.4
— 6#10
— 12#10
CTcon [roied
Zé' 1.2 £ (MPa) a aq
2 28-55 0.85
=
= 1 62- 117 085  084-072
g
g:- 124-138 0.70

=
)

0.6
28 41 55 69 83 97 110 124 138
[, (MPa)




Design Issues _ .
g | 6#10 |“ 2 g f, =414 MPa
« s o ! unit: mm
R
L 4000 |
14
—6#10
§1.2 / ] £, (MPa) “y “
5 /ﬁ [ 28-55 0.85
< 1 = 62- 117 085  084-072
g 124-138 0.70
<
0.8
(1) Tension-control limit
06 (2) Need of Special Boundary Element
28 41 55 69 83 97 110 124 138
£, (MPa)

Design Issues
18000
e 15000
“ — 12000 e
= o~ = o
I=1 =]
= bt £ 9000
As < /
- 6000
1 — —
400 3000
0
28 41 55 69 83 97 110 124 138
f. (MPa)
— ACI
— ACIITG-4




Conclusion

Preliminary of Designh Equation are proposed for flexural members with
High Strength Material. Through experimental verification, the following
conclusion is drawn:

1. Nominal flexural strength of the beam specimens, Ma, can be
conservatively evaluated using the modified equivalent concrete stress
block provided by ACI ITG4 and elastic-perfectly-plastic steel
properties for SD685 high-strength longitudinal steel.

2. Shear design with the provided shear capacity greater than the demand
from nominal flexural strength, Va > Vu, Mpr, seems satisfactory to
prevent the shear failure mode. In which, shear capacity of the beam is
attributed to transverse reinforcement only with fix< 600 Mpa.

3. Experimental results show that specimens with shear reinforcement in
either one-piece hoop or two-piece hoop configuration exhibit
equivalent cyclic behaviors in terms of strength and deformation
capacities.

Conclusion

4. A minimum of 5% drift can be achieved for a high-strength flexural
beam specimen that fails in flexural governed mode.

5. Future research is needed to verify steel strain limit for tension-
controlled section. A practical spacing for transverse reinforcement to
prevent buckling is needed.
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ACI 318-118NZS 3101-20063R 8t 1385t

ACI 318-11 NZS 3101-2006

<
e fi < 70MPa , s? fre ioggg;wa
Has B & fye < 420MPa P
Ho s fy & fye fye < B00MPa( B %48 M)
=K+l
Va
2L & Un =7
P =W+ " bed

JE# K E: v, < min[0.2f/, 8MPa]
#4: & v, <min[0.16f,, 8MPa]

%P AClI 318-11 NZS 3101-2006

LN

£ = (016 7R bt Y= 007+ 108D
# <0.29Vfebwd 008 [f7b,d < V.< 0.2fbyd
y V. = 0.17/f/b,d
¢ —f% ¥ 42 & DPR
i (ductile plastic region, DPR)
® . _ RV, =0
5 B&ERL=0 M #14% & LDPR
(limited ductile plastic region, LDPR)
V. < 0.5V,
Apfyed ; =
Ve = 222 < 0.6/ Fbyd v, =28 < 0,65 /b, d
(B3 st R4k B 0=45") (fe3k st R4k A 0=45")
O Ay in = I BIRE: Ay = 0.062/f; 22
fibws _ i
max(0.062 ‘F—,o.ssw) #42 G Apmin = 0.083/f, 22
fy Iyt fyt




] ACI 318-11 NZS 3101-2006

P

F

=
W

i 3

=2

i

5%

FE'F

e

l?l "f

LI
W

S=min[S,,d/2, 600mm]
for V; < 0.33+/f/b,,d

S=min[S,,,d/4,300mm]
forV; > 0.33./f.b,,d

S=min([S,,,d/4,6d,,, 150mm]

S=min[S,,,d/2, 600mm]
forV; < 0.33,/f/b,,d

S=min[S,,d/4, 300mm]
for V; > 0.33,/f/b,,d

HE %) 58 i R34 &
S=mfnﬁJw, 16db;}

B 71 4 7 A BB
S=min[S,,d/4, 6d,, 300mm]

4 o) 59 fh R4 dh
—#& B4 E&DPR
S=min[d/4, 6d,;, 200mm]
IR € % 4% & LDPR
S=min[d/4, 10d,,, 200mm]

BEZEREMR I BE
_ZAnfy s \.
T 96fye dp

. i Ata1
k|

Are o
Alez

P ACl 318-11 NZS 3101-2006

Mprl + Mprz wyln
e i
I 2
My,: Baofy st HX RBEEEHRE
ao B HL ) FhABBR 58 L AR 2
(steel overstrength factor) =1.25

Wu

S EEEEEEERY

e

- 2
M, tiaof,st B2 RBY LB
(o B A $5ABIAIRE Ao B
agy =1.25 SD30048 #;
agy =1.40 SD50048 #;

V. = Mpr1+Mprz + Wuln
7= Yu'n
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- 1000mm =
~ . 8@85mm 300mma
e | E' aswes-— 448
} E
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I 4
X1 fe [yus [ytza
Py MPa MPa MPa bmm | d,mm | s,;mm | a/d
NRB-d 335
420 420
NRB-d/2 | 30 (468) (497) 300 335 165 3
NRB-d/4 85
HRB-d 335
685 785
HRB-d/2 63 (752) (840) 300 335 165
HRB-d/4 85
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A ¥ e B B2 A R

HRB(New RC)-d/4 & NRB(Normal RC)-d/4
8-76-54-3-2-10123456738

16 1 1 1 1 1 L 1 1 1 1 L 1 1 L 16
14 - — Pn* = 313KN(HRB)F 1.4
12 4 77 NRB-dl/2 ) Pn* = IBBKNENRB; - 1.2
10 - ———HRB-d/2 | Kzad o 2 gt 1.0
08 A - 0.8
06 - - 06
04 A - 0.4
= 02 -1 - 0.2
$ 00 - 0.0
02 A - -0.2
04 A L 04
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_08 7 [[awwny | o —08
-1.0 A o [ ) F -1.0 [Soe———=—————=———
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Drift Ratio, % - g —
R % ¥ 1t DR=7%
11
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HRB-d & NRB-d
8765432-1012345678

16 At L 16
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10 4 —HRB-dIE‘L:_ S — 1.0
08 A o A - 0.8
06 - - 0.6
04 - - 04
& 02 o L 02
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06 - - -0.6
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E 335 -

12.6 26.6
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New RCR & /) BB % K th#ag
Momax
M,
M,.x = maximum moment occured during
testing
M, = nominal moment predicted using

specified yield strength f,
and measured f.'

Xy =

17

New RCE 3 /1 SR B B A S ag s3]

meas. | Spec. | Meas.
AR 4Rt os' )| fc' | fy | fym
(MPa) | (MPa) | (MPa)
3.0

HRB-d/4 (+) 300 400 151 2.02 63 685 754
HRB-d/4(-) 300 400 30 202 151 63 685 754 1.10 1.05

300 400 3.0 151 202 63 685 754  1.10 1.12
300 400 30 202 151 63 685 754  1.10 1.00
250 350 62 2.03 203 56 68 754  1.10 1.16
250 350 62 203 203 56 685 754  1.10 1.15
250 350 62 203 203 56 685 754 110 1.15
250 350 62 203 203 56 685 754  1.10 1.19
250 350 62 203 203 56 685 754 110 1.15
250 350 62 203 203 56 685 754  1.10 1.16
300 400 55 147 147 35 685 730  1.07 1.20

PTIEE 300 400 55 147 147 35 685 730  1.07 1.19
HR2c(+) 300 400 55 147 147 35 68 730  1.07 1.16
HR3c(+) 300 400 55 147 147 35 68 730  1.07 117

HT1b 1200 400 24 146 235 60 685 746.8 1.09 1.15
400 546 146 235 37 685 769 1.12 1.20
400 5.51 1.47 1.88 42 685 754 1.10 1.13

700 3.5 2.03 2.03 78 685 707 1.03 1.13

18




meas. | Spec. | Meas. f
. o ps'(%)| f.' f f o
SARS 4RI (MPa) (M:F:a} (My;;] /f,.
78
77

BS-T (-) 400 700 3.5 2.03 2.03 685 707 1.03 1.08
BS-W (+) 400 700 3.5 2.03 2.03 685 707 1.03 1.10

PCEETTE 200 700 35 203 203 77 685 707  1.03 1.13
400 700 3.4 123 123 85 68 716  1.05 1.16
PEETE 400 700 34 123 123 8 685 716  1.05 1.18
400 700 35 203 203 8 68 689  1.01 1.09
400 700 35 203 203 8 68 689  1.01 1.09
400 700 35 203 203 75 68 689 101 1.12
400 700 35 203 203 75 685 689  1.01 1.10
400 700 33 095 095 87 685 707  1.03 1.15
400 700 33 095 095 8 685 707  1.03 1.15

mean 1.14

Upper 16

bound

Lower

bound 1.12

B 374 £: SD685 M Ma, = 1.15

19
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1. New RCR BN BT B HNormal RCEAH{TL » HACIEY
JIeEt AV BRSPE A A New RCEBY J13k&T -

2. New RCREBY I RfT A » I Normal RCEEAI -

3. New RCRAL J1#7;5D685 Z A hBla,

(steel overstrength factor) » FFEELEREE
a,=1.15 *

20




4. New RCZLEGE T DLBYTRE S ol
Vpa=V+V;g

V,=0. 17,/E b, d [FEXEE]
V. = 0 [B#1E - B E2hFEE]

5. New RCZESD78550 Ifnsl st
Vs =222 < 0.66,/f b,d

0 = 45>
fye < 600MPa

PEEESLSE: s = min(3, 300mm, s,) [FFE4E]
s = min(g, 150mm, 6d,,;, s,,) [BE]

L RL o MR
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g I ></ %\k\( 1t cycle N g 1t cycle
Y] ey o ‘
% w / \ | % |
(3 ) " I \ I \ I \ I }
1000 0 100 200 300 400 500 60O 700 BOO 900 1000 (mm)
| — | EREE fmm
) , Q / | 2 S»
y E| i)
AN L %/ %Aik
k\* ,;/ W1lA ‘,/ J [l /4//4_/ ;Z
P "{/f‘; /%~ | HRB-d/a | " NRB d/a
§ /1 j{( /ﬁj /{\ DR=1.0% |3 o DR=1.0%
A | (H LN F\ \\ﬂ 1% cycle = 1%t cycle
P I M Y S \
2
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MEBERR AT — A MEREER BB A RE
[

AL, 2010 enng =
pcdl R sanuszs  Allowable shear
e e ;
: — S| crack width
aAnaey | o 5 20 EHTARREL
h*ﬁ[g bifa f+0.5, f(p, —0.002)} p
:P,q\fﬁ-ﬁim%; 1BEMEE . EHTARELE
HE R A2 @ 1.0 mm
e "J{if‘fs’“” = S (Pe ‘“-"“‘)} RBARLE
0.3 mm
o= AREUWE, 25 e
LCSE k;?fjg b3} ;ﬁ ;% 05, f;[r {ilﬂj::t—EJ 0.002)} BRI ABE )
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i B | |
Bemmi  suscgempilis E B ads A
e L e T L

Laeal Smen
o

Vartice] force ee—

Wi, Ww

Casazge levdl & b >
:| 1l ) o 1|
= H !
= Path1
£z i 54
iE é i
== izt B : #
{§ - Path 2 5 =<}
& /4 &
4 E > Fﬁ
Serviceability Rep. I N R 2 — [ YW
Limit L TE 5 AR A= M AE R (7 S i 5 T PR T 7
— i v
¢ Oy
VEERITIAE MRE B R EE A 5

FEERN S MR
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ASREEERSREMPBERLZERTREAIE 7R
HEZRTE - SHBEREQHFEEFEAT - 2RISR
RREZFARRARENHEES r‘&ﬁ%%%a”—jtﬁuﬂr% r‘,Li
A ASErE 95 E DR %R - B2 BILL0.3 mm (ACL: 0.4 mm) A1.0
mm7y EPRIDREEHE BTN R ERAMREREIR 25 %
FAS- o

| TN EDENRARETAREANNREEE
2, FHMENE NSRBI NRAEES

3. BABINBUEEE Y BB (AR NS ARG
4,

5

SABENRETEARHEN(FINEEEEND) Z/ME%
ER AR 2B AN ERET AT
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T22/ 58 E AR R T R R

HAOEE| =5 THER | EEHER  ERLHE HHEHt REE
EE HEER mmg em (mx| SRRE T | aw | & ps | BHtew(X) | BRI |Nog”|  EFEA
52 £
Specimen Nt | 7= | Lett | Right | fy (MPa) | fyt (MPa) | e (MPa) ) Left | Right | aid | e fom) | Bfmom) | Ffimmy
SHTD 8 H| » 30 685 85 0 145 032 | 021 3.3 4 400 700
SH100 8 H| 2 30 685 85 100 145 032 | 021 3.3 4 400 To00
aNTD 8 H| » 30 685 120 70 145 032 | 021 33 4 400 700
EN100 8 H| » 30 685 120 100 145 032 | 021 33 4 400 700
102 ENS100 8 - - 685 - 100 145 - - 33 53 400 700
& 12H70 12 H | » 30 685 785 0 217 032 | 021 33 4 400 700
12H100 12 H| » 30 685 785 100 217 032 | ox 3.3 4 400 00
1IN70 12 H| » 30 685 120 0 217 032 | ox 3.3 4 400 00
12N100 12 H| » 30 685 120 100 217 032 | ox 3.3 4 400 00
1288100 | i 12 - - 685 - 100 217 - - 3.3 53 400 00

12H100
CSE LA UU
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102~103F HiEFT22/ 52 E i 5hE 5 T 2R

sesm BAEP spms| smmm | THEX | BERG|ZELR 086 cpmewes | mmm |FEER|  smey
FE wEEE
specimen v | r | e [ mee [pome [momo[reoma| o9 | ren [ mew | aa | com | mmm |z
6WT0 6 w 20 30 685 785 70 2 032 021 333 4 400 T00
6HTO 6 H 20 30 685 T85 70 2 032 021 333 4 400 T00
175R70 6 H 30 685 785 70 35 024 L75 4 350 500
200R70 6 H 30 685 785 70 35 024 2 4 350 500
275RT0 6 H 30 685 785 70 35 024 275 4 350 500
103 325R70 6 H 30 685 785 70 35 024 325 4 350 500
E 175R100 6 H 30 685 785 100 35 024 L75 4 350 500
200R100 6 H 30 685 785 100 35 024 2 4 350 500
275R100 6 H 30 685 785 100 35 024 275 4 350 500
325R100 6 H 30 685 785 100 35 024 315 4 350 500
2C100 12 H 20 30 685 785 100 217 032 [ 021 33 2 400 T00
3C100 14 H 20 30 685 785 100 217 032 l 021 33 3 400 700
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1 1.75 2

2 2 2

EELE ad i 275 2

4 3.5 2

3 133 11

! 2em 1
FEBEE c 2 3m 1 1044

k) 4 om 1%

! 1.15% 5

e 2 2% 5

R A1 EhtE s 7 T 3

4 3.50% [

I 0.21% 12

fiz AALE P 2 0.24% 3

k) 0.32% 12

! BiEER 1

et TE z EiEE 1
l FieMillEs (1] 104$

) 350mm=  SOihmm ]

EERT b-d 2 SO0 T00mm 14

= 1 TOMPa (2] E) 0

a— m:ﬁ:tgﬁg fe 2 T00MIPPa (B5HE) 12
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Loading Procedure

Dirift Ratho (%)

0 1 2 3 4 5 6 7 8 9 1011 1213 415
Step

Lo oo |

| aa 06TV A MPa
L Amg | esnve MP T
A2010 | ess/e MPa i pcm
102 FZAE20R
2 -
B ACI318-11 AlJi999 b4 o o't
= .= 15 | R LEE
Z<| 5% * -
] ES 23 > 1
Eft g " s . % l" u
fnii=! o % 0 .
‘%ﬁ o' O . 0.5
s B £, (MPa) . (MPa)
briim] L L L 0 L = = . . =
60 65 70 75 80 85 90 95 100 60 65 70 75 80 8 90 95 100
2 2
Eb A1J2010 JSCE2007 ,
15 . 15 b . . e
* CY LR SRASE
*
0.5 0s |
f' (MPa) f,' (MPa)
4 o T 0
oy 60 65 70 75 80 85 90 95 100 |f 60 65 70 75 80 85 90 95 100},




=3 (3)_1

'E’”jjf'aﬁ U EE R B

Ver = N % 0.33,/fc/x (MPa)
8
(0.35<n,<1.0)

o AHUE

— IR By N RBERSF T E
%ﬁﬁﬁi’]ﬁ”ﬁf\ﬂ

e/ & N 2R

ié#%ﬂﬂ

30
—Proposed
‘E » Experiment- 10245 :?_
320 « Experiment-1035E EC:,
+ Prof. Cheng o H
% — AI19%) ¢ =051 E_
z 10 *’_ =0,
b4 #=035 -
Cracking point
’ o 16 28 30
V' (o)
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o s ZMIRBIDIIIRINA R A
J%kzgjujj o 2 4 ;‘mmf 1o I 14
o FNEHENEE TR [ ——
+ RIS SO
o BHERZBINEENE e !L NS 5 S
—']"_': 1 % L e 3 = ==
AEAUR - BRETE1 R RN R : =
1SR AR~ IR e,y P
25585 R R > R e, RS [0 § [ oo
2 | = EHm KR
BHRRAENE i LR
Voo = ApEcen L e
Ve = A, Bty u
— =Va+¥a o 2 4 :s( )s o122 ou
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Veu = 0. 45'?;; x 0.33,/f; (MPa) aQ318-11 v, = (05347 + 175pwﬂ)bd
Now= 1s(J ; (1 <N, <4)(MPa) *

50
——Proposed
—~10 » Experiment-1024
g o Experiment- 103 ¢
g wpenmani-%r 15 2 2.5 3 35
% 30 + Prof. Cheng 7 vd
E -6 I — Proposed — Experiment
S0 * T
g S $=045 3 5
ol T4 y=17.81 x216
- 10
3
Ultimate point 52 |
‘ 2 5 ¢ yo 1o
0 10 20 30 40 50 1 ——]
Vi (keflem?) D Ultimate point
75 225 275 3 32% 35
NTUST Life-cycle of Structural Englne@rmg 15

BHNHERE HETE 95 & 2k &

03

HAORERAHE

0.3 mm

B EEISBIEALE |

shear stress ratio || o s
a/d {(vivy) [ — f”“"“r i - a/d=275
1.75 1.32 =
2 1.29 * y|izmx+ 090
2.75 1.16
3.25 1.26

st *all=3.25
LCSE [ o
0 0.4 0.6 08 1 0 02 04 06 08 \
\ NTU sT '\Iﬂlmum crack width {mm) B \Iulmn'm erack width (mm) 16




HNHEREE GBS RE%

RAEETEM| . N
HREEEZAL| - Zos
BYEAD l; 06 ;: 05
&Jﬁ_dbw =0.25j; ‘;:‘nd ;%M
£ oz £z
MEmETERL ;| i,
a/d eley i, i
1.75 0.25 % £
2 0.33 £ i
275 0.3 = 1 .
3.25 0.28 i A
= 0 - s 0 L

LCSE [ 02 04 06 (%] 1 o 0z 0.4 06 08 1
. EEy &gy
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Ve ser = Ver

Ver = Ry X 0.33JE/x (MPa)
ne=3(2)" @35<n,<10)

\ Ve_Experiment 4
: - Crack width 0.3 mm -
. N - — ~ Ver_Fxperiment . —f'=70 P
. L L} - -
~. — - ~Veu_Experiment 3 Trevema | fe'=200 APa
_- ~ -
£ -~ -
=4 ~ -
; L
2 b
Crack width 0.3 mm o K K .
i
15 175 2 235 25 275 3 325 35 L3 2 H 3 35
ard
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BRLCEE R T BRTEIEN

Ve rep = 0.6V

Veu = 0.45n,, % 0.33,/F% (MPa)
Ne=18(2) " ; (1< Mg < 4 (MPa)

N ve_Experiment N —— ve_Experiment

N . = = =ver_Experiment = = =ver_Proposed

é h 6 . —ven_Proposed
N — - =veu_Experiment

......... 0.6veu_Proposed

Maximum Crack width 1.0 mm Maximum Crack width 1.0 mm
0
0
15 175 2 225 25 275 3 325 35 = A
ad ald
LCSE
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EREFI9BIEIDEEIT] 10

(¥557785MPa)

V = 81.25x {(%‘"T“‘“) X p,,]m =
x (e % (033477} x bD/1.5)
1

Ter = 3% (“/d)_u; 035 <@ <10

Ps =

&

1E-008 1E-007 1E-006 1E-005 0.0001
(Wps mard)*(P)
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EREERE .
B s bja £, WH PSS
(BY »zze ; o
(¥ grnsey | ( BHTHNEEER
V=" : bj{a fi{-0.5, £ (p, —0.002)} - e
¢ NEAER 195MPa 03 mm |
L BEAARBRE |-
EmEE 1.0 mm ‘
ey bl{g‘lf#“ TACE ‘0‘002}} ABESEE ||
0.3 mm -
. ABEME, T2 A |
EERER N bi{ofir 050 7, (pe — 0.002)} BREABE | L
oad /. I I L
Ner X 0.33f7 | | |
: 024/ R R -
_ a; YO |
ner = 3% (%) 0350510 Vg = 9879@: 01251;,: (MPaj
LCSE
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=X
—I—nft:% ml:l%ﬂ%ﬂiﬂﬂ(:[) ¥5xtE3.33 (Eﬁﬂiﬂ
Cnsk widih 0.3 mm 5 A
23 "o - = =100 AP
Sk:l Sﬁiﬁ - o ].ﬂlmgl’.lﬁlll == -
o (VY. ) i e WSl | misforcement miio 22
Maxinmm ;i
ok width § SD785 | SD4A20 | 200 mm § 300 mm | p—0.025 § p-BOL7 1
(mm)
P L L .
03 1.78 | 141 172 1.59 162 166 Ls 2 25 3 3.4
ad
6 6 = Strirrup spafing 200 mm (pw=0.32) 6 w Jongitudinal| reinforcement ratio ps=0.017
5 5 » Strirrup spafing © 300 mm (pw=0.21) 5 | *longitudinal| reinforcement ratio ps=0.025
4 4 4 .
.
- 2 2 = L2 2
======= 1391
1 1 B 1
0 0 0
0 0.2 0.4 0.6 0.2 04 0.6 . 1 0 02 0.4 0.6 0.8 1
Maximum crack width (mm] Maximum crack width (mm) Maximum crack width (mm)
[ &
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;'9% Eit I%ER mE "%EE ;%.Q (II) - }i % %Z E

ETEIR~ : 400 mm x 700 mm
PEREL : 3.33

fEAHEIEE © 120 mm (p=0.53%) p—

FHEE : p=0.02 15

Allowsable shear sivess ratig for the peak
crack width (wv_) 4
shear stress ratio
(vive) Moment type X
Maximum crack . e &
width ()| Tveetive | Posive |2
0.3 1 1.31 5= =

+ Negative moment

= Positive moment

LCSE 0
& NTUST Life-cycle ’

02

04 0.6 0.8 1

Maximum crack width (mm)

Moment

23

=) )-2) )

P

ot b

ZEfRtL

B () D@ -2 -5 %

o= 2 L

2My, +w,,LB _ 2xX09X1.25f, X p;X bd* . w,LB

2 (1 '%)

_2X09p, X 125f,d | wyLB

L

2 - zr.)

» s _(2x09pt:125f,d | Wl
pesu = {61/ (3) + €007 o

2

pa=(6(5) — v )/t
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Assume:

p.=0.025; d=0.9D;
fy=685 MPa;
w,=1000+300 kgf/
w,=1000*1.2 + 300

f,,=0.125f,, (785 MPa);

f,,=550 MPa;
B/L=1.0.
B/L (fc'=70 MPa)
b/D 1 08 0.6
05 14 14 15
055 14 15 15
0.6 15 15 16
065 15 16 17
B/L (fc' = 100 MPa)
b/D 1 0.8 0.6
0.5 14 15 16
055 15 15 16
0.6 16 16 17
0.65 16 16 17
LCSE
NTUST

0.018 :
q4|—— B/D=050, Pwu | |
0.016 - | — B/D=055, Pwu | |
4| —— BiD=0.60, Pwu | |
_ |
0.014 B/D=0.65, Pwu | |
J|-------- B/D=050, Pwa | |
|
d------- B/D=055 Pwa | |
a 0.0124| ... B/D=0.60, Pwa | !
- |
------- B/D=0.65 Pwa | o
0.01

Life-cycle of Structural Engineering
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y=113.03x
R =0,8107

NA
U.A T

L ]

R? =0.8624

0.3 mm

74
a

0.01

0015

Pt
fc' 0.015
70 13
100 13
Pt
fc' 0.015
70 12
100 14

NTUST

fia (0.3 mm) = 0.125f,, (MPa)
fia (0.4mm) = 0.150f,,; (MPa)

Life-cycle of Structural Engineering

0.02
13
14

0.02
13
14

0.025
14
14

0.025
14
15

26




0s Random variables
N Y\ 04mm b/D: 0.45-0.55
i A\ X B/L:0.5-1.0
* N Dead Load : 800-1100 kgf/m?2
05 \ ﬁ \ —n | Live Load: 200-400 kgf/m?
05 =100
o | £, 685 Mpa
0 ? 785 Mpa
[iF] 03 m .
v ] L/D

G e

LCSE
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01 04 b ] 03 04 08 [T
Shear drill ratlo (%) Sheardrifl ratho (%)

Feak Shear Crack Widthi Total Mazimam) Feak Shear Crack Widthi Total Mazimam)

Crnck with rathe

g praimum = —0.71 x(g) +4.74

o Ad=275 o Ad=A28 ]

03 04 0 [ 1 ] 03 04 0 [ 1
Shear deill ratho (%) Shear deill ratho (%)

$Eﬁm%5¢%1¢%fmg?§2§%m’%“7] %E—jﬁ1él«l7f:i_04 mm73REI - DRI EEY
BEREMR N ZfEfh BT RN E - BEERIEET AR ”ﬁrﬁ%)ﬁi—i%m’%”j} %LE—

7(%)“2[:[:1%2 SSHEREZFARENARERARE - AIKNK10 mm - ELEAR

BEARELO mmAZHIER  AENBZEHEHRENTUERL629 MPa (i’Jﬁ

a2 AR E FF IR IEN)
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RiBHIERERS

BUNZAESEERN

REIGE [REdERes

BINEZREE
0.4mm
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— - \

NS @A E (MPa)

Ver = Ner X 0.33,/£1 /1.5

-18
1 =3(%)  (035<n, <10)
Vser = Ner X 0.33,/f /1.5 +
0.15p¢sfye

Ormax (L/D) = 12
Vrep = 0277y X 0.33\/f]
+ 0.20p:5fye

New = 18 (%)_2'5; (A <o <4)

ErEEMmER TR

FHE SR R I
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PR&IE (mm)

ACI Z-Factor 0.33
ACI  Spacing Control 0.41~0.53
Al) HiITOUENIBEER 0.30
ACI — Z Factor AJ-HFOUVENIBEEER
W =L5W,

W, =11-10°Bf.3/d A

ACI - Spacing Control

Way =lav3s,av +avesh

- s ¢
lav —2><(c+10 )+kpe

_ 2. /52
We = Es -2 dc + (5) Ss,av=é(<’t—k1k2X%)

N
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HREE M EAXRARSEEREANRERE
HEREES £ 0.3/0.33/0.41/0.53 mm
: 1: Al - HIF O USSR ES : !_: ACT - Spacing Control
B 3 A 3
A s A as
* 2 : i 2
& i
« l | | i P
;o1 —1 ¥ ;o | I ! i
# o5 1 : # 05 b | ¥
5, £ o
S 015 03 03s o4 045 os 055 06 ‘ﬁ} 025 03 035 04 045 05 0.55 06
wAHBLE (mm) HAHMALE (mm)
;l i: ACT- Z Factor
5 3 :
A s P
* 2 H : %
e l | | :
/o1 -
# os
)
m 3 nﬂJs o3 0.3s oa 0as s 0.55 o6
NTUST EAHSEE (mm) 1eering




=

FhEN 1,

ACI Spacing Control 2L Ro6S
:Lﬂ 24 /82 —

W= 2d () f, = 685 MPa
s fs =0.6f, =411 MPa
800
700 m 7]
600 | __M_______ qL_______,__égl

il 55 & 73 500 ! . A

(MPa) | i - 0.6f,
400 -3 ——————"f————————— eSS
300 } _T | TETTIY
200 - f ATHRBE) B SR

LeSE 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 (mm)
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F 7 RELE AN (MPa)
EMEFREA I EFEA
m"%-ﬁl il FURE Eiiid o
: . 1 . | . kW EHFaz K E A
| lm{ﬁﬂ‘[owr_jﬁﬁ ]} 2.0 4% i 2 154
s+ jUB A (MPa) D3 PRI ]
F# 8 B RS (MPa)
A %ﬂ}iﬁ'sfrﬁw fsiﬂﬁzi'afrﬁﬂ
M <M PO R b i PR R didr bl
ser = “Ta SR 235 155 155 235 235
SR 203 155 195 205 205
SD 295 1 195 205 205
SD 345 215 (*195) 195 345 345
gggﬁ.,.;g?ﬁ SD 390 215 (*195) 195 390 390
SD 490 Na15 (*195 195 490 490
SD 785 580 580 785 785
e *D29 wA L 2 8 B (P2 $4E
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