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Correlation Between Tensile Strength and Compressive Strength
of Ultra High Strength Concrete Reinforced with Steel Fiber
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ABSTRACT Ultra-high strength concrete which have 100 MPa compressive strength or higher can be developed applying
RPC(Reactive Powder Concrete). Preventing brittle failure under compression and tension, ultra-high strength concrete usually use
the steel fibers as reinforcements. For the effective use of steel fiber reinforced ultra-high strength concrete, estimation of tensile

strength is very important. However, there are insufficient research results are available with no relation between them. Therefore, in
this study, correlation between compressive strength and tensile strength of ultra-high strength concrete was investigated by test and
statistical analysis. According to test results, increasing tendency of tensile strength was also shown in the range of ultra-high
strength. Evaluation of test results of this study and collected test results were carried out. Using 284 splitting test specimens and 265
flexural test specimens, equations suggested by previous researchers cannot be applied to ultra-high strength concrete. Therefore,
using database and test results, regression analysis was carried out and we suggested new equation for splitting and flexural tensile

strength of steel fiber reinforced ultra-high strength concrete.
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Table 1 Splitting strength estimation [MPa] 3) 20— B
F=(I/D)p/d,
Researcher Equation Limitation Wafa!® fo, =058 JF +3.02V, £ <100
11A3) _ 0.5 ,
Carrasquillo® f., =059, 21<f <83 Song'? £,y =0.63 I +3.01 v, —0.022 <100
Mokhtarzadeh® f,, =0.32f,"% 60 <f, <100 Thomas™® Fopy =063\/f,] .
Nihal Artoglu” f,, =0.39f,03 £ <117 +0.288RI/f, +0.052RI S
) f. R doss!? — (0.485f /056 _
MFM Zalng) fsp :W 41 <fl:/ <118 amadaoss fspf Of(:
e : [,y : splitting strength of fiber reinforced concrete (MPa),
Oluokun” f,, =021£°7 1 <62 f..; : cube strength of fiber concrete (MPa), £ : fiber factor,
Ahmad'® £, = 04675 f <8t L : length of the ﬁber (mm), D : diameter of the fiber (mm),
- p; : volume fraction of fibers, d;, : bond factor
ACI318-11"" f,, =0.50f0 20 <f/ <83
NZS3101'? f,p =036/ 25 <f, <100 Table 4 Flexural strength estimation

f,, : splitting strength of concrete(MPa)
f, @ characteristic compressive strength of concrete(MPa)

Table 2 Flexural strength estimation [MPa]

Researcher Equation Limitation
Carrasquillo” £, =0.94f,0 21 <f/ <83
Burg'? f, =1.03f,/%° 69 <f' <138
Khayat'" £, =0.234+0.12f —2.18x10" *(f,)?| 45 < f <110
Ahmad'? f, =0.44f*? £ <84
ACI318-11') = 062703 21 <f <83
NZzZS3101'? f, =0.60f,7 25 < f. <100

f. : modulus of rupture(MPa)
£, : compressive strength of concrete(MPa)
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Researcher Equation Limitation
frp =0.99\/f] +3.83V,
16) (150x150x530 prism) ,

Wafa fop =103/ +5.56V; fe <100
(100x100x350 prism)

Song'” £y =0.69\/f]+3.43V,+0.32V7 £/ <100

Thomas' | f,, =0.97\/f/ +0.295RI\/f + L.11TRI | f <85

Ramadoss'” fop=0457 -

f.; : modulus of rupture of fiber reinforced concrete (MPa),
f.y @ cube strength of fiber concrete (MPa), f, : chara-
cteristic compressive strength of concrete (MPa), &7 : Reinforcing
Index (V,;4/D), L : length of the fiber (mm), D : diameter
of the fiber (mm), V; : volume fraction of fibers, d, :
bond factor
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(c) Flexural Strength Test

Fig. 1 Test Setup

Table 5 Material properties of steel fiber

Type Yield strength|Elastic Modulus|Length | Diameter
M (MPa) (GPa) (mm) | (mm)

Straight 2600 203 13 0.2
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Table 6 Mix proportion

Weight (kg/m°) Lo
ID w/b — ; : —
Cement | Water Silica Fume Sand Filler | Steel Fiber | Super-Plasticizer [MPa]
80-0 0.30 780 255 60 1097 114 0 0.5 80
80-f 0.30 780 255 60 1097 114 37,74,147 0.5 80
100-0 0.25 809 222 80 1052 162 0 1 100
100-f 0.25 809 222 80 1052 162 37,74,147 1 100
150-0 0.20 820 190 112 918 186 0 1.04 150
150-f 0.20 820 190 112 918 186 37,74,147 1.04 150
200-0 0.17 830 176 207 912 246 0 1.08 200
200-f 0.17 830 176 207 912 246 37,74,147 1.08 200
Table 7 Test Results(mean value) Compressive Strength [ksi]
10 15 20 25 30
ID Vi E, feo Fep i Wy T T T T ]
[%] [MPa] | [MPa] | [MPa] | [MPa] 17 5_' )
80-0 0 32,970 | 80.79 7.07 10.95 b .

80-10.5 0.5 30,597 | 82.60 8.29 12.54

80-f1.0 1.0 34,097 | 85.17 9.34 14.55

80-12.0 2.0 34,768 | 89.01 10.15 16.23

100-10 0 36,233 | 104.86 | 7.86 11.54

100-0.5 0.5 34,376 | 107.39 8.76 13.51

100-f1.0 1.0 38,732 | 111.93 9.91 15.02

100-2.0 2.0 38,099 | 116.92 | 10.50 16.50

150-0 0 42,023 | 149.40 9.04 13.97

150-0.5 0.5 41,203 | 154.96 | 9.86 15.24

150-f1.0 1.0 42,365 | 159.60 | 11.13 17.24

150-f2.0 2.0 43,222 | 162.40 | 11.61 18.43

200-0 0 44,283 | 198.21 9.61 15.11

200-0.5 0.5 45,019 | 202.70 10.4 16.24

200-f1.0 1.0 46,734 | 210.40 | 11.28 18.11

200-12.0 2.0 49,515 | 216.52 | 11.96 19.04

V; : volume fraction of steel fiber (%), £, : Elastic modulus
(MPa), 1, : compressive strength of concrete (tested value,
MPa), f,, : splitting strength of concrete (MPa), f,. : flexural
strength of concrete (MPa)
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Splitting Strength [MPa]
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Compressive Strength - Splitting Strength
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Splitting Strength [ksi]

(a) Effect of compressive strength
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Reinforcing Index - Splitting Strength
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Splitting Strength [ksi]
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Reinforcing Index

(b) Effect of Reinforcing Index

Fig. 2 Splitting Strength
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Table 8 Database

Researcher Jeo Ly /s Y Fiber Type RI # of specimens
[MPa] [MPa] [MPa] (%) splitting flexural

Vanderbilt* 20~28 2.0~3.0 - 0 - - 15 0
Sarsam®" 78~110 55~154 | 57~19.0 | 0~2.0 Straight 0~13 6 6
Ramirez® 48~118 48~53 4.6~6.5 0 - - 12 16
Pandor®® 54~75 2.8~5.0 - 0 - - 10 0
Thomas®” 30~77 39~80 | 52~112 | 0~1.5 Hook 0~0.8 12 12
Voo™ 122~ 140 - 13.0~19.7 | 1~15 Straight 0.75~1.5
Mansur®” 20~ 34 2.1~3.6 3.5~4.6 0~1.0 Hook 0~0.6
Narayanan®” 36~80 24~95 - 0~3.0 Crimped 02~23 23
on*" 25~100 - 3.7~16.1 | 0.4~2.0 Hook 03~1.6 32
Kwak*? 30~69 43~6.1 7.7~10.7 | 0~0.75 Hook 0~0.5 4
Mansur™” 26~37 3.0~73 2.7~53 0~3.0 Straight 0~1.6 21 21
Shende*” 42~57 2.9~45 7.2~10.8 0~3.0 Hook 0~2.3 30 30
Jiji*» 32~92 44~74 | 56~134 | 0~1.0 Crimped 0~0.8 16 16
Long®® 52~56 3.1~3.9 53~7.1 0~1.2 Straight, Hook | 0~0.5 3 3
Dancygier®” 26~93 32~100 | 43~113 | 0~0.75 Hook 0~0.5 16 16
Ramadoss™ 42 ~74 39~85 4.0~8.5 0~1.5 Crimped 0~1.2 32 32
Al-Hassani*” 118~158 | 63~21.6 | 92~292 | 0~3.0 Straight 0~2.0 12 12
Khalil*” 132~151 62~104 | 74~107 | 0~1.0 | Hook, Crimped | 0~0.5 22 22
Ozyildirim*" 213~234 | 20.3~24.5 - 6.0 Straight 4.5 6 -
Murthy*? 57~123 4~20.7 - 0~2.0 Straight 0~1.4 3 -
Graybeal 119~199 | 92~109 | 16.2~18.6 2.0 Straight 1.5 2
Meleka*? 67~ 139 50~12.0 | 6.1~30.3 0~0.5 Straight 0~0.08 18 18
Magureanu™” 102~ 181 6.9~20.4 | 7.0~22.3 0~2.0 Straight 0~1.25 4
Arunachalam*®|  92~103 9.2~9.8 - 2.5 Straight 1.0 6 -
Tadros*” 98~119 54~76 | 7.1~11.3 - - - 5 5
f., : compressive strength of concrete(tested value, MPa), f, : splitting strength of concrete(MPa), f, : flexural strength

of concrete(MPa), V;

Table 9 Statistical Evaluation

: volume fraction of steel fiber(%), &7 : reinforcing Index

. previously suggested equations (test value/estimated value)

Type Researcher Mean Median S?E:Zroi Variance Co\e/ifi;:;::ir(l)tn of IAE Fiber Effect
Carrasquillo” 1.29 1.18 0.48 0.23 0.37 31.32
Mokhtarzadeh® 1.36 1.24 0.45 0.21 0.33 31.92
Nihal Artoglu” 1.11 1.02 0.37 0.14 0.33 26.44
M.F.M. Zain® 1.34 1.21 0.52 0.27 0.39 32.97 Cannot Consider
Oluokun” 1.53 1.43 0.49 0.24 0.32 36.70 Fiber Effect
~ |Ahmad"” 1.33 1.23 0.48 0.23 0.36 31.99
Zfrl;;t;ﬁ ACI318-11"V 1.28 1.18 0.48 0.23 0.37 31.32
NZS3101'? 2.12 1.94 0.79 0.63 0.37 54.47
Narayannan'” 1.26 1.28 0.33 0.11 0.26 25.90
Wafa'® 0.89 0.87 0.28 0.08 0.32 30.32 o
Song'? 0.84 0.82 0.26 0.07 0.31 32.10 CO“FSi‘S:r““g
Thomas'® 0.96 0.94 0.26 0.07 0.27 22.78
Ramadoss'” 1.21 1.12 0.43 0.18 0.35 28.81
258 | SREIRIESIE| =27 HM27H A32 (2015)



Table 9 Statistical Evaluation : previously suggested equations (test value/estimated value) (Continue)

Type Researcher Mean Median S?/ril:tait)i Variance Co\elif;c;teir(;; of IAE Fiber Effect
Carrasquillo® 1.18 1.04 0.62 0.39 0.53 32.45
Burg"” 1.08 0.94 0.57 0.32 0.53 31.99
Khayat'? 1.28 1.17 0.99 0.98 0.78 3226  |Cannot Consider
Ahmad'” 1.24 1.13 0.75 0.56 0.60 32.14 Fiber Effect
Flexural |[ACI318-11'" 1.79 1.57 0.94 0.89 0.53 45.74
Strength |NZS3101'? 1.85 1.62 0.98 0.95 0.53 4729
Wafa'® 0.80 0.71 0.33 0.11 0.41 39.31
Song'” 1.04 0.95 0.44 0.19 0.42 31.97 Considering
Thomas'® 0.91 0.83 0.38 0.15 0.42 29.67 Fiber
Ramadoss'” 1.20 1.09 0.72 0.52 0.60 31.43
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Table 10 Results of Regression Analysis

ID Splitting Strength Flexural Strength
fop =0.83f 3 f, =17510%

R1| Mean S.D IAE Mean S.D IAE
1.14 0.40 | 27.99 1.09 0.76 | 31.97
f,, =0.40f 3™ f, =0.32f 9%
R2| Mean S.D IAE Mean S.D IAE
0.73 0.33 34.44 | 095 0.39 | 3247

—0.83F047
fsm" e frf _ 1.75fr(li.40

—2
R3 X W"F?’) ><(1+0.30R[)

Mean S.D IAE Mean S.D IAE
0.99 0.28 20.14 1.01 0.31 28.76

f, : tensile strength of concrete[MPa], f, : Compressive
strength of concrete[MPa], R/ : Reinforcing Index, S.D :
Standard Deviation, IAE : Integrated Absolute Error(%)
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