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Thursday, January 31, 2013

Steel fiber concrete cuts need for rebar

m 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
Special to the Journal

ouring concrete into
P congested rebar is

difficult: Concrete is
hard to place and vibrating
around the tangle of rebar
to remove the voids makes it
even harder.

Structural engineer Cary
Kopczynski, senior principal
and CEO of Cary Kopczynski
& Co. in Bellevue, found a
solution. At his latest proj-
ect, The
Martin, his
firm speci-
fied steel
fiber con-
crete in the
shear wall
link beams,
CONSTRUCTION a place that

is especially

INDUSTRY i oty
SPOTLIGHT it revar
T h e

Martin is

a 24-story apartment build-
ing under construction at
Fifth and Lenora in Seattle’s
Belltown neighborhood.

particularly during an earth-
quake.

“Our objective in using fiber
was to reduce the quantity of
rebar, making the beams eas-
ier to construct, and replace
the lost strength (due to the
reduction in rebar) with steel
fiber mixed into the concrete,”
Kopczynski said.

He first heard about testing
of the steel fibers while work-
ing on a national committee
that reviews building codes.
Also on the committee was a
University of Michigan pro-
fessor who was studying the
steel fibers.

“Thegoalisto introduce mod-
ifications to the International
Building Code that will make
the design approach used for
The Martin mainstream,”
Kopezynski said.

The recession and construc-
tion downturn stalled use of
steel fiber concrete, adding to
the hurdles the new technolo-
gy faced. The first hurdle was
to convince building owner
Vulcan Real Estate to try the
product.

“There is a wide range of

The city required two peer reviews before it would accept

the new technology.

Photos courtesy of Cary Kopczynski & Co.
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« ACI318-11
11.4.6 — Minimum shear reinforcement

11.4.6.1 (f)

Beams constructed of steel fiber-reinforced, normalweight concrete
with f." not exceeding 6000 psi, h not greater than 24 in., and V
not greater than 2 vV 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 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 3.5V f_" b, d.
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Wen-Cheng Liao, Wisena Perceka, En-Jui
Liu (2015, Aug). Compressive Stress-Strain
Relationship of High Strength Steel Fiber
Reinforced Concrete. Journal of Advanced
Concrete Technology, 13, pp 379-392.
(SCi.

Wen-Cheng Liao, Shih-Ho Chao (2015,
Mar). Crack Opening Evaluation and
Sustainability Potential of Highly Flowable
Strain-Hardening Fiber-Reinforced Concrete
(HF-SHFRC). Journal of Testing and
Evaluation, 43(2), pp 326-335. (SCI).
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Main Obstacles for Fiber Reinforced Concrete

1. Workability
2. Mechanical performances is not as good as expected.

Sol:
Highly Flowable Strain Hardening Fiber Reinforced
Concrete,
HF-SHFRC

3. No main advantages on usual structural applications.
Sol:

New RC project, bridge piers, beam-column joint, base
columns and etc.
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Highly Flowable Strain Hardening Fiber Reinforced Concrete

V=1.5%; f'. = 70 MPa
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Highly Flowable Strain Hardening Fiber Reinforced Concrete

HF-SHFRC Conventional Concrete
Cement 419
® Sand i
Gravel F\
= Water

= Fly ash

= Slag \ 230, /
Steel fiber v
u SP
% 14.9%

1. Unlike traditional HPFRCC, coarse aggregate is used in HF-SHFRC.
2. Slag and Fly ash (sustainable construction material)
substitution of cement up to 50%.
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Experimental Program

Confinement Efficiency: Proposed Toughness Ratio

Wisena Perceka, Wen-Cheng Liao* and Yo-de Wang (2016, Apr). High Strength Concrete Columns under Axial Compression Load: Hybrid Confinement
Efficiency of High Strength Transverse Reinforcement and Steel Fibers. Materials, 9(4), 264; DOI:10.3390/ma9040264 (SCI)
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Toughness Ration, TR

Instead of P,, TR is used for confinement design.
1. P,is notthat well described in New RC.

2. Addition of fiber would not significantly affect P,.

Poro
A

PoOroy|-——— e mm

_ Area OABC
~ (P, oroy) x0.015

TR

oV
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Proposed Toughness Ratio Equation

1
/
0.8 {"‘"
b 4 mia]
| NS
/%y
9_0°6 ] % O =] /
Eﬁ | g/ I:I:nE X/ﬁ
0.4 2
/
| /
_| / O Lima et al.(2004)
0.2 / X Razyvi et al.(1998)
i // Cusson et al.(1994)
0l Lee et al.(2008)
0 | N A B S B
0 0.2 0.4 0.6 0.8
TR

kepsfyt) 0.19

TR = 0.45( 7
C

ke = confinement effectiveness coefficient
Pg = transverse reinforcement ratio
fyt = yield strength of transverse reinforcement

fc, = compressive strength of concrete
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Proposed Toughness Ratio Equation

[ Lima et al. (2008) k
| % H.O. Shin et al. (2014) TR = 0 45( epsfyt) 0.19_|_
_ . = . ;
_ O Paultre et al. (2010) / f
09 | A  Authors (2015) , ; ¢
1 — =— error 20% o X — X /
0.8 — error 10% ~ g s xf (Vf (0] Teq /fC
] / = 7
0.7 — / o* 7
o | / ‘ Rd . , -
=0.6 — ° o/ ke = confinement effectiveness coefficient
=] . / / : :
= ° —
5 05 y P Pg = transverse reinforcement ratio
5 a4 / 7 f.1 = yield strength of transverse reinforcement
0.4 g y
7 / g f." = compressive strength of concrete
03 — y ¢
‘ — / - .
02 — V/ Vf = steel fiber volume fraction
i /<
0.1 — d L/ = aspect ratio of steel fiber
0 | B ,ee X; = fiber efficiency factor in terms of

stirrups spacing
0 0.1 02 03 04 05 06 07 08 09 1

TRhybrid,pre Teq = equivalent bond strength
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Specimen design

+ Column size : 40x40x120 (cm)

- Section : \
40.0mm - |
* -WlBLOmmw%BLOmmr— B
A0.0mm D13
* S on B -
CN ,.//f NES .0mm 2000.0mm
131.0mm |
%— @ @> 400,0mm
121,0mm I
Ll ) d
1 el

400,0rmm
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Specimen design

Stirrups
Stirrups  spacing
SpeCImen ID SpaCIng / . Vf S80 S120 S170 $340
(mm) Effective e e e e
depth
S80 80 0.24 0% | | T
S80_SFO0.75 80 0.24 0.75% - ==
S120 120 0.36 0%
S120_SF1.0 120 0.36 1% .= oz
S170 170 0.51 0% L goon |
S170_SF1.5 170 0.51 1.5% T
S340 340 1.01 0% B e

S340_SF1.5 340 1.01 1.5%
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S80 S80_SFO0.75

S80
S80_SF0.75

R
B3

O Pmax A\ L.yield $% L.bucking <> T.yield
0 l L] l L l L) I L] l L)
0 0.01 0.02 0.03 0.04 0.05

Axial strain

S80_SF0.75

S80
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Test results

+ 5120 & S120_SF1.0

S120 S120_SF1.0

S120
S$120_SF1.0

(O Pmax A\ Lyield $Z L.bucking <> T.yield
0 I I I 1 I T I L\l I L
0 0.01 0.02 0.03 0.04 0.05
Axial strain

S120_SF1.0

S120
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ATest results

« S170& S170 SF1.5
- S170 S170 SF1.5

$170
S170_SF1.5

P/P,

il | O Pmax A\ Lyield $% L.bucking <> T.yield
0 Ll l L I T ' L I L

0 0.01 0.02 0.03 0.04 0.05
Axial strain

S170_SF1.5

S170
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Test results

+ S340 & S340_SF0.75

S340 S340 SF1.5

S340
S340_SF1.5

P/P,

(O Pmax A\ Lyield $Z L.bucking <> T.yield
0 ' L} I L} I L} l L} I L}
0 0.01 0.02 0.03 0.04 0.05
Axial strain

S340_SF1.5

S340

s -
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w/o fibers

w/ fibers 4
T
/ ’7 l i q 9:
$80_SF0.75 $120_SF1.0 $170_SF1.5 $340_SF1.5
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TR verification

Specimen ID (I\{I;fa) TR TRyre Error
S80 68.6 0.88 0.80 -8.6 %
S80_SF0.75 67.6 0.86 0.85 -1.5%
S120 70.5 0.71 0.73 2.7 %
S120_SF1.0 75.0 0.84 0.78 -6.3 %
S170 70.5 0.62 0.66 6.4 %
S170_S1.5 65.4 0.78 0.79 0.9 %
S340 70.8 0.48 0.49 3.0%
S340_SF1.5 65.1 0.73 0.74 1.5%
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Experimental Program

Lateral cyclic behavior of HF-SHFRC Columns
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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 _
| / 6150 | | 4300 | - 6300 >
] ) L
S5
= —F —+
£y IID Platen
= ‘3 “la Lateral actuator
>
“ ¥ € /
n g

‘ 1FL

oo

H A mm
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Experimental Program

Loading Protocol

2 _0375% 7777777777777777777 0. 75% 7777777777777777

Drift Ratio (%)

0 3 6 9 12 15 18 21 24 27 30 33 36 39
Cycle
Ref: ACI Committee 374, “Acceptance Criteria for Moment Frames Based on Structural Testing and Commentary(ACI 374.1-
05),” American Concrete Institute, 2006.

Passing Criteria:
Ultimate drift ratio, UDR (drift ratio corresponding to 80% Max
lateral capacity) > 3.0%
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(%) (MPa) (MPa) (MPa) (mm) Agf’
$140-0
48, #4
(ACI 1.74 | 83.4 | 140 | 057 | 0.68
S SD685 | SD785
S$140- B 4 #4
1.74 | (V.= | 140 | 057 | 0.75
1.5 L 5bp)| SD685 | SD785
_ ik 72 785
85650 || 1.46 | (v,= #s?[’)gég’ (#5, (ﬁ?g) 0.43 | 0.75
' 3 1.5%) SD785)
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Test Results
S140-0 (UDR: 1.25%) VS. S140-1.5 (UDR: 3.23%)

4500
J— 3000 o A Isjglg:ifss14o-0(35)
é 1 A UDR of S$140-1.5
< 1500
g |
< 0
TQ |
S -1500 |
= i
— 3000

'4500 B | | | | |

Drift Ratio
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Test Results

Failure $140-0
(2nd cycle
of 1.5%)

=rl=
AX A

TEAfE TR fiotfsd =
&dt, Dec. 9, 2016

S140-1.5

(4.0%)
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Test Results

Test Results (5260 — 1.5) failure
4500

o 30007 e X

~

< 1500

& _

=

= 0

- |

5-1500

“ _|

~ 3000

i UDR= 3.15%

4500

-6 -3 0 3 6
Drift Ratio
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Experimental Program

External Beam Column Joint
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Experimental Program

Design Parameters

| lge (cm) M, ratio th/Vn,ACI

LAMV* . (126-2;8) 2.08 40 2.2 0.7 0.1
LAMV_SF . (126-2:8) 0 40 2.2 0.7 0.1
HAMV* . (126-2:8) 2.08 40 2.2 0.7 0.45
HAMV_SF . (126-2:8) 0 40 2.2 0.7 0.45

“HEEW - T ERREEGEE ZSEEMHERIRERBEP-SUETMETAMR ., - BUSERKRABERTER - 2016
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Specimen layout

Moderate shear ratio

Low axial load 1.5% Volume fraction
l /of steel fiber
LAMV - HAMV LAMV_|SF|~ HAMV_SF
=)
ﬂ e
S O s e
| ﬁ ! ! pteeh !
o) iz ile | depth of beam
== = 700mm




= 5 [E #ffl e s £ (New RC) #5428 R% AT Bt TR floffiad =
&4k, Dec. 9, 2016

) EIIEEA% National Taiwan University




= 5 [E #ffl e s £ (New RC) #5428 R% AT Bt TR floffiad =
&dE, Dec. 9, 2016

/44044

g Load cell SR T
wE ks
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fk AiE \
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P-delta effect

@) (b)
B-lRA#HZABZ FER

\ﬁ

(a) (b)
®5-2 & f 2 & b= Deform shape = & B
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Result and

discussion

LAMV v.s LAMV_SF

Lateral Load (k)

LAM E
] |
“,
i y e |
I | ==
| M
Em L |zl
B = : | F
0
i

Lateral Load (kN)
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Result and discussion
- LAMVv.s LAMV_SF

.
& 2
38 8

8
8

%
9]
Lateral Load (kN)

Lateral Load (kN)

8
8

80 H A I I I
-10 -8 -6 -4 2 o 2 4 B 8 10
Drift Ratio (%)
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Result and discussion

LAMV B 486.0 kN 8 %

LAMV_SF B 487.5 kN 8 %

—
Al
BTV E T D %
= 7N & A Lo g
S Y 7 B = S wl .
r AT ] '
T 7 4 I, ) - W 4
N AP A \ /
thy \ /; G . ‘ \ ., /
| el 2 It
3 '/' A i - ,.?‘ A
X ¥ X
’(_ S = THNAR S
AT AR
/] ¢ k rdi -
1S 1 ! I' ‘-'

Mo i W sl

'.\.L,"Zﬁx e Iﬂ' B

1

LAMV B3 B R 24 n A LAMV SF sk R &0 A
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Result and discussion

600 i . , 600 |
1 Lamv | |lLAMV _SF 0
£\ Beam Bar Yield | | £ Beam Baryield | | n
400 1 # Tic Yield . 400 —| 4 Tieyield Lo
_|| ¥ Max. Force [ ) ¥ Max. Force [
I | | I ;
20— -7 200 & - - -
g | | g
= ; ! o .
7 | 7 ]
e 2
3 -200 — 8-200 —
% 0] ¥ 0]
400 — -400 —
-600 -600
-8 8 -8

Drift (%) Drift (%)
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Conclusions

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

2) Compared to HSC, HF-SHFRC presents high toughness, damage
tolerance and excellent shear capacity while allowing good
workability.

3) The experimental results shows that addition of fibers can be an
effective alternative for transverse reinforcement in NEW RC
buildings.

4) By increasing the spacing to d/2 and under 0.43 A,f’; 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.
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Conclusions

5) By using HF-SHFRC, the lateral reinforcement can be completely
eliminated in NEW RC external beam-column joints under 0.1 A f',

axial loading.

6) To Implement HF-SHFRC in NEW RC Precast systems, its
excellent mechanical properties also offer the opportunity to
significantly simplify the design and construction and push the
practice achieving higher levels of performance and safety.
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Thank you ©
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