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The Effect of Fiber Volume Fraction on the Tension Softening Behavior
of Steel Fiber-Reinforced Ultra High Strength Concrete

Su-Tae Kang,"* Ki-Nam Hong,” Sang-Hoon Han,” and Sung-Wook Kim"
YStructural Engineering & Bridges Research Division, Korea Institute of Construction Technology, Goyang 411-712, Korea
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ABSTRACT The influence of steel fiber volume on the tension softening behavior in steel fiber-reinforced ultra high
strength concrete was investigated. Three-point bending test (TPBT) with notched beams was performed and inverse
analysis method by Uchida et al. was adopted to obtain the tension softening behaviors from the results of TPBT. It
could be found that the intial stiffness was constant regardless of steel fiber volume, the increase of steel fiber volume
fraction made the tensile strength higher, but all of the curves converged on an asymptote with a crack width. It was
proposed the equation of softening curve expressed by combination of plastic behavior part and exponential descending
behavior part considering the steel fiber volume fraction and w,, which is corresponding to the maximum crack width
of plastic area. Thereafter, the crack propagation analysis using finite element method with smeared crack model was

also carried out and it was confirmed that the proposed equation had a good agreement with the experimental results.
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Table 1 Mix design of concrete

Mix proportion, relative ratio™

Cement

Water

Silica fume

Fine aggregates

Filler

Superplasticizer

Steel fiber

1.00

0.25

0.25

1.10

0.30

0.018

1,2,3,4,5 vol. %

* Relative ratios: weight ratio to cement, except steel fiber expressed as volumetric ratio to the whole volume
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Table 2 Flexural test results for several fiber volume fraction

Specimen Vel Max. Flexural Mean (Standard dev.

(%) |load (kN)|strength (MPa)| (MPa) (MPa)

VF1-1 17.515 16.09

VF1-2 17.895 16.43

VF1-3 1 | 18395 16.89 16.40 0.32

VF1-4 17.590 16.15

VF1-5 17.900 16.44

VE2-1 35.155 32.29

VF2-2 39.290 36.08

VF2-3 | 2 | 38410 35.27 34.70 2.34

VF2-4 40.900 37.56

VE2-5 35.155 32.29

VF3-1 50.292 46.19

VF3-2 49.536 45.49

VF3-3 | 3 | 54.528 50.08 47.06 1.93

VF3-4 52.121 47.87

VF3-5 49.710 45.65

VF4-1 54.260 49.83

VF4-2 60.145 55.24

VF4-3 | 4 | 57.905 53.18 52.19 2.68

VF4-4 53.280 48.93

VF4-5 58.525 53.75

VF5-1 67.285 61.79

VF5-2 63.405 58.23

VF5-3 | 5 | 68.025 62.47 61.67 4.66

VF5-4 62.035 56.97

VF5-5 75.030 68.91

Load (kN)

CMOD (mm)

Fig. 4 Comparison of mean load-CMOD curve



(o]
o

: o AHEEHE AL AEZOH, V,=1% AFA ] B P
nd o V2% #5-CMODFAH H7 FEAIAFAE 242 JEpe

60 o, IV 2 AMgste] dalde AAEAT. Fig 6(a)s YRS
o] [arn s ) 2 5F-CMOD$} 31%-AAFHL AHgste] =29 <

2 0lf FAsktAe] vlag bl adelth agdA & &

% 5] S vhel kol JEH kol AAC]l FEM Jaj4]S S
. A doll AFASHAE 7o) FYT S UEhdg

| 4 S Utk EF, FEM JajaozRe dL qgds)

* FHE FEM sj49] 2aE QFRAE AHgatel o

° F-CMOD #7|9} a5 AQAAE 53 A Fig
Displacement (mm) 6(b)st (c)°l UrEMJi’i—Etﬂ T 7HA gkl dis) =%

Fig. 5 Comparison of mean load-deflection curve Q) AAE A 7} Holxl B7LA] - AAA 2 =
-CMOD #A4& qudo}ﬂl st ASS & F AUnk

AstFd e 47 982X AF T Uchida 5770 A<t nE ZAREDE V= 1% o199 ddAdl sl e
Q& Sk BHE ASHRL FEM Ssle] A f S AAAE oldstel FEM Ssld g AAsiel o9
sta s Bd2 684709 A3 1,206709] A2t HH-S AstHMS =& Figs. 7~10014 He upel o]
Haag Ao, ddA S99 =AF= #Ed deli e Tl =E3F dFAsFA 0l dFEd=A 4
A e AeeA #Brrekr] AsiA v 22 2719 AAsS & vepde & 5 3tk

228 olgsq maYsal.
ollA] Agh vpel o] & AoA ALE-g ZHA 4.3 AFAstm Mol Xt
olx]¢] &&Fol Smm= v Zopr 1 o]4Fe] CMOD
=740 B7Fsalint. wEhA §%-CMOD #AE 9 ste] a4 AxE vigoz B WAME FHFRY
AT ARgEle oaAg ST S Asbrddde A 2w FaEd o AREdse F5RA A%
=] = = =] o) 22
g I o|27|7HA] Fsk= Ao] o€t o]H 3 & Aglaael mdldg AtstaA} sk o) mf 5
AR FH7) 5] s5-CMOD A ARAT & FFWE 200 MPash FAYWE 35 MPas] 2IYE
WAl s-x7 WA AY AR A JEger PAH SANEN WP AYAEL S 04T F4o
10 20 20
‘ —e— Analysis result (P-CMOD) ‘ —— Test result —— Test result
—a— Analysis result (P-displacement) & Analysis result (P-CMOD) a Analys!s resul!(P-C_MOD)
8 = Analysis result (P-displacement) " Analysis result (P-displacement)
< 15 .
% 6 - -
e z . z
@ < 10 <
=1 > a k=] [ ©
w4 Mo ® 3
o Bp o S
=24 \A\ -
0 T T T T T T T 0 T T T T T T 0 T T T T T T y
0 1 2 3 4 5 6 7 8 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 16
Fictitious crack width (mm) CMOD (mm) Displacement (mm)
(a) Tensile softening curve (b) Comparison of load-CMOD (c) Comparison of load-deflection
Fig. 6 FEM inverse analysis results (V;=1%)
20 50— 50
—a— Analysis result (P-di )| ‘ — Testresult —— Test result
4 Analysis result (P-displacement) 4 Analysis result (P-displacement)
40 40
w
% Aao'[%\AA _ 304
8 Z ‘s 2
g 3 s 3
; § 20 N g 20
g a
= 10 10+
T T 0 T T T T T T 0 T T T T T T
0 1 2 3 4 5 6 7 8 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Fictitious crack width (mm) CMOD (mm) Displacement (mm)
(a) Tensile softening curve (b) Comparison of load-CMOD (c) Comparison of load-deflection

Fig. 7 FEM inverse analysis results (Vy=2%)

MREs0l ZNRRY £ndE =329 olgelsisol olXls HEt| 17



w
o

—o—Analysis result(P-displacement) |

N
o
L

& 204
=3
~ )
el
%
2 104 i,
5
K
i D(\\\N 104

Test result
A& Analysis result (P-displacement)

—— Test result
4 Analysis result (P-displacement)

o
o
o

Fititous crack width (mm)
(a) Tensile softening curve

Fig. 8 FEM inverse analysis results (V;=3%)

30

CMOD (mm)
(b) Comparison of load-CMOD

T T T T T

4 6 8 10
Displacement (mm)
(c) Comparison of |oad-deflection

—o— Analysis result (P-displacement) |

—— Test result
4 Analysis result (P-displacement)

Test result

4 Analysis result (P-displacement)

12

’(““* J
o 2041
L] A
& .
= a
5 Ty X
<
3 104 N
& a
\D\D 10
~—~
0 1 2 3 4 5 6 7 8 0 2 4 6 8 10 12

Fictitous crack width (mm)
(a) Tensile softening curve

Fig. 9 FEM inverse analysis results (V;=4%)

CMOD (mm)

(b) Comparison of load-CMOD

Displacement (mm)
(c) Comparison of |oad-deflection

40 —o— Analysis result (P-displacement) | 80 Test result 8 Test result
4 Analysis result(P-displacement) 704 4 Analysis result(P-displacement)
g 30
A Z 3
£ o . :
[ S - S
'1) A
104 20 R
‘\‘D\ﬂ 104 a
0 1 2 3 4 5 6 7 0 2 4 6 8 10 12 14
Fititous crack width (mm) CMOD (mm) Displacement (mm)
(a) Tensile softening curve (b) Comparison of load-CMOD (c) Comparison of load-deflection
Fig. 10 FEM inverse analysis results (V;=5%)
gelz Aredon, of Rue AAKEAE el B o RSe] vehiglon, A43wst dgsA &
@ Aom Aol AFHelrh Age 70 Aoz mdsty S| Pashe 71
Fig 11914% FEM oal4€ o 901 24 444 & A4d4z masdd. o 94eee] dAsl
EQBo) WE APASAES vamslel UEQT. Fig  AsE 710 HUWS), o Fig. 119] Helt v} 2
1o B nie} o] ZHdfEdse] Skl wet o] ZHFEAEF HARlel Ao 47 s b=
NG ETt HAAH o2 FrlelH, 3 SR RE Ao yeton 2 AFdxe 57 EYES] Bt A
At A TN QA= e & A7 A 2 Zgsle] 2 %S 026 mm=E A EIoH, o] S
HEE FANG) ol FFNN SEo] Faar] A% ARAToR AT Liaw 5E A 2AE
ato] A7) FLFoNM H2H R Fdste AF o thell ASAHE (trilinear) 745 ARESke] AFAS =
& AT 5 ATk WA B APl At 5 AL elsdr, A7) A7l U JAwAE
© AgAst=d 2 Fig. 110] Yebd npep zho] A <l < 4wl il AA"ET dFsal ok A
Aol QPabl fAHE T0 So] Rhshe P wA 2IAE AES JEAEE Y4EQEC A

18| et==232|E

s3] =2

& M213 M1Z (2009)




—o—Vf=1.0%
—o—Vf=2.0%
—%—Vf=3.0%
—v—\Vf=4.0%
—o—Vf=5.0%
Prop. Model

Tensile stress (MPa)

Fictitious crack width (mm)

Fig. 11 Comparison tensile softening model with inverse
analysis results

wz] okom uwEl JAFEHo] HFE
UdAe 7k Bl A A= Liaw

ol ES

LR aﬂoﬂ w CEER
oA Atae <
3 @915101{15}.

SR
o

f; = 131- (V13 ~22(MPa) (1)

o, =/, @
S A5 72

(0 — )

)

o>0yd W, o,=/f-b
FZN

ke 77

3) 2AE AARFE} FAYES A FHAES
A7) 93] Uchida 5ol A|<tst sy Al83s
aigm], AdafjHoz 73 AF °

UAtel 2
2 AJ1E 200895 SHEAA|EA D] 7B AFAL
Aol “Flo]lHE & AN E RIS ZIAIE 7o
A3k dFo] AR FPHon, oo A=Y}
28

1. Shah, S. P, “Do Fibers Increase the Tensile Strength of
Cement-Based Matrixes?,” ACI Materials Journal, Vol. 86,
No. 6, 1991, pp. 595~602.

2. Balaguru, P. N. and Shah, S. P., Fiber-Reinforced Cement
Composites, New York, McGraw-Hill, 1992.

3. Nawy E. G, Fundamentals of High-Performance Concrete,
New York, John & Wiley, 2001.

4. Banthia, N., Bindiganavile, V., and Mindess, S., “Impact
Resistance of Fiber Reinforced Comcrete,” Proceeding of
RILEM 4th International Workshop on High Performance
Fiber Reinforced Cement CompositestHPFRCC4), Ann
Arbor, USA, 2003, pp. 117~131.

5. Shah, S. P, Sarigaphuti, M., and Karguler, M. E., Com-
parison of Shrinkage Cracking Performance of Different
Dypes of Fibers and Wiremesh, Fiber Reinforced Concrete
Developments and Innovations, Michigan, American Con-
crete Institute, 1994, pp. 1~18.

6. Richard, P. and Cheyrezy, M., “Composition of Reactive
Powder Concrete,” Cement and Concrete Research, Vol. 25,
No. 7, 1995, pp. 1501~1511.

7. Bonneau, O., et al., “Mechanical Properties and Durability
of Two Industrial Reactive Powder Concretes,” ACI Mate-
rials Journal, Vol. 94, No. 4, 1997, pp. 286~290.

8. de Oliveira e Sousa, J. L. A. and Gettu, R., “Determining
the Tensile Stress-Crack Opening Curve of Concrete by
Inverse Analysis,” Journal of Engineering Mechanics, Vol.
132, No. 2, 2006, pp. 141~1438.

9. de Oliveira e Sousa, J. L. A. and Gettu, R., “Inverse Anal-
ysis of Notched-Beam Test Data for Obtaining Tensile
Stress-Crack Opening Relation of Fiber Reinforced Con-
crete,” Symposium on Fibre-Rinforced Concrete Befib, 2004,
pp. 809~818.

10. Mihashi, H., Kikuchi, T., Akita, H., and Yamada, H., “Sim-
plified Method to Evaluate Tensile Strain Performance of
Ductile Fiber Reinforced Cementitious Composites,” CAJ Pro-
ceedings of Cement & Concrete, No. 60, 2007, pp. 483~490.

11. Wang, Y, Li, V. C., and Backer, S., “Experimental Deter-
mination of Tensile Behavior of Fiber Reinforced Concrete,”
ACI Materials Journal, Vol. 87, No. 5, 1990, pp. 461~468.

12. Naaman, A. E., Fisher, G., and Krstulovic-Opara, N., Mea-
surement of Tensile Properties of Fiber Reinforced Concrete:
Draft Submitted to ACI Committee 544, High Performance
Fiber Reinforced Cement Composites (HPFRCCS), 2007, pp.

ZEREZ 20dE 232|E9| lTASAS0l O|xl= & 19



13. Kagawa, Y. and Sekine, K., “Toughening by Continuous Single
Fiber Bridging in Ceramic Matrix Composite,” Materials Sci-
ence & Engineering, Properties, Microstructure and Processing.
A, Structural Materials, Vol. 221, No. 1/2, 1996, pp. 163~172.

14. Park, J. S., Katoh, Y., Kohyama, A., Lee, S. P., and Yoon,
H. K., “Evaluation of Fracture Toughness of Ceramic Matrix
Composites Using Small Specimens,” Fusion Engineering
and Design, Vol. 61/62, 2002, pp. 733~738.

15. Reza, F., Yamamuro, J. A., and Batson, G. B., “Electrical
Resistance Change in Compact Tension Specimens of Car-
bon Fiber Cement Composites,” Cement & Concrete Com-
posites, Vol. 26, No. 7, 2004, pp. 873~881.

16. Japan Concrete Institute, Method of Test for Fracture
Energy of Concrete by Use of Notched Beam JCI-S-001-
2003, http://www.jci-web.jp/jci_standard/

17. RILEM TC 162-TDF, “Test and Design Methods for Steel
Fiber Reinforced Concrete,” Materials and Structures, Vol.
33, 2000, pp. 3~5.

18. Kitsutaka, Y., Fracture Parameters for Concrete Based on
Poly-Linear Approximation Analysis of Tension Softening Dia-

19.

20.

21.

22.

23.

gram, FRAMCOS-2, Germany, AEDIFICATION, 1995.
Kitsutaka, Y., “Fracture Parameters by Poly-Linear Tension
Softening Analysis,” Journal of Engineering Mechanics
Vol.123, No.5, 1997, pp.444~450.

Uchida, Y. and Kurihara, N., “Determination of Tension
Softening Diagrams of Various Kinds of Concrete by Means
of Numerical Analysis,” FRAMCOS-2, Germany, AEDI-
FICATION, 1995.

Japan Concrete Institute, Method of Test for Load-Dis-
placement Curve of Fiber Reinforced Concrete by Use of
Notched Beam JCI-S-002-2003, http://www.jci-web.jp/jci_
standard/

7 X, “Hmam AR 2 > 7 ) P ODITREEE: & 5
IRALITR D T T AL, HA T AREGH CE, Vol 67,
No. 788, 2005, pp. 159~173.

Liaw, B. M., Jeang, F. L., Du, J. J., Hawkins, N. M., and
Kobayashi, A. S., “Improved Non-Linear Model for Con-
crete Fracture,” Journal of Engineering Mechanics, ASCE,
Vol. 116, No. 2, 1990, pp. 429~445.

2 9 ¥ AvddE dREgEel 2IYE A
34 Sie. =AW Rl e 37 A BURS B
Fol AT AP AHgstel F 4Y Az 2
e AREYEdl BAglel QAT G e,
o YAYP=EE ks ARATE AY FLEA N
QAFAFFHO RN HRENES YARLE, 0,0 T
1A
o

20 | =2 32| EstE| =2 213 M15 (2009)

o

N

B
o.

¥ @ oY ox
s e At
o A Jo o

o~

r
fru
N
2
N
I
e o
ot
-
=
o
fru
i
I
2
N
>
_0|L
e
i)

K1 i

H
AC
{m
o
e
ol
r2
Lo
)
f
[
ro, oX,
=)
N
|
2,
ofd

o 10 4
(8 My ex
By g0 tlo
fa i
ﬂ-@. i
tlo @.i
Y QT
o
Foqm
£
iad

o
ok
Ho
f
oN

l
W
ich

A/
o, o
o o
rr ol
ol 3L
oot 1k -
to oY

J
© f
o
£
39 o

et
ko
B>
o
&




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


