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Althoughmechanical properties of concrete under uniaxial compression are important to design concrete structure, current design
codes or other empirical equations have clear limitation on the prediction ofmechanical properties. Various types of fiber-reinforced
reactive powder concrete matrix were tested for making more usable and accurate estimation equations for mechanical properties
for ultra high strength concrete. Investigated matrix has compressive strength ranged from 30MPa to 200MPa. Ultra high strength
concrete was made by means of reactive powder concrete. Preventing brittle failure of this type of matrix, steel fibers were used.
The volume fraction of steel fiber ranged from 0 to 2%. From the test results, steel fibers significantly increase the ductility, strength
and stiffness of ultra high strength matrix. They are quantified with previously conducted researches about material properties of
concrete under uniaxial loading. Applicability of estimation equations for mechanical properties of concrete was evaluated with
test results of this study. From the evaluation, regression analysis was carried out, and new estimation equations were proposed.
And these proposed equations were applied into stress-strain relation which was developed by previous research. Ascending part,
which was affected by proposed equations of this study directly, well fitted into experimental results.

1. Introduction

The compressive strength of concrete is an important param-
eter in the design of reinforced concrete structures according
to current design criteria [1]. In recent years, performance-
based designs have been increasingly used, with accompa-
nying increases in the diversity of types and strengths of
concrete and reinforcement used. As a result, prediction of
the compressive strength and other mechanical properties
of concrete have become important to use various types of
materials, because these parameters control the stress-strain
behavior of concrete.The concrete stress-strainmodels devel-
oped in previous studies [2–11] and used extensively are based
on coefficients determined from experiments. These stress-
strain relations cannot be used without additional investi-
gation because many coefficients for stress-strain relation of
concrete are determined by limited number of experiments.
The reason for this is that there are limits to the strength

ranges to which such models are applicable, depending on
the conditions of the tests conducted to develop thesemodels.
Therefore, an equation for use in estimating the mechanical
properties of ultrahigh strength fiber-reinforced concrete was
derived. These equations can serve as a basis for describing
the stress-strain relationships for suchmaterials, even beyond
the limits of the currently used empirical formulas or code
provisions.

Usually, normal strength concrete members are designed
using rectangular stress block parameters under flexure.
Current design codes provide the rectangular stress block
parameters for simplified design methodology. However,
these stress blocks are semiempirical parameters. They are
determined by tests of reinforced concrete columns and they
have apparent limitations. Rectangular stress block can be
used because the shape of stress-strain relation of concrete
is similar to the trapezoid. However, shape of stress-strain
relationship of concrete changed into triangle as increase of
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Table 1: Mix proportions.

ID w/b Weight (kg/m3) 𝑓
𝑐𝑘

Cement Water Silica fume Sand Filler Steel fiber∗∗ Super-plasticizer [MPa]
30-0 and f series∗ 0.43† 344 172 — 635 1180†† 0, 37, 74, 147 0.0 30
80-0 and f series∗ 0.30 780 255 60 1097 114 0, 37, 74, 147 0.5 80
100-0 and f series 0.25 809 222 80 1052 162 0, 37, 74, 147 1 100
150-0 and f series 0.20 820 190 112 918 186 0, 37, 74, 147 1.04 150
200-0 and f series 0.17 830 176 207 912 246 0, 37, 74, 147 1.08 200
∗f series means fiber-reinforced mix.
∗∗0 means no fiber, 37 for 0.5% volume fraction of fiber contents, 74 means 1% volume fraction of fiber contents, and 147 means 2% volume fraction of fiber
contents.
†Water-cement ratio was used for normal strength concrete.
††Coarse aggregates were used for normal strength concrete.

compressive strength of concrete. For this reason, rectangular
stress block parameters depend on the compressive strength
of concrete. For the compressive strength of concrete, higher
than 76MPa, rectangular stress block parameters 𝛼

1
and

𝛽
1
of ACI318 [1] are limited by 0.85 and 0.65, respectively.

However, in this case, relation between ultimate strain of
concrete and peak stress should be checked again. Because
high strength concrete failed with brittle manner usually,
they cannot experience the slight and gradual decrease of
compressive stress. It may cause the unexpected failure under
flexure, especially for ultrahigh strength concrete member.

Making brittle and unexpected failure of ultrahigh
strength concrete matrix under compression more ductile,
steel fiber can be included in the matrix. Inclusion of steel
fiber can change explosive failure of ultrahigh strength
concrete and providemore tensile strength and deformability
[12]. So steel fiber can usually be used for ultrahigh strength
concrete matrix.

Ultrahigh performance concrete usually has much higher
compressive strength and tensile strength than normal
strength concrete [13, 14]. Shape of stress distribution under
compression and effect of tensile strength of concrete shall
be considered in design of section. Many related design
guidelines were suggested the design methodologies for ultra
high performance concrete flexural member but their safety
should be investigated and more easy way to design the
section shall be found. Therefore, in this study, various types
of stress block and distribution combinations were evaluated
with experimental result and previous research results.

2. Compression Testing of Ultrahigh Strength
Steel Fiber-Reinforced Concrete

In this study, compression tests of cylindrical concrete speci-
mens with compressive strengths in the range of 30–200MPa
were carried out to derive equations that can be safely used to
estimate the mechanical properties of concrete even beyond
the strength limits given in the design criteria.The test results
were analyzed to determine the stress-strain relationship
of concrete over a range of design concrete strengths and
compare the relationship to others described by existing
equations. The important mechanical properties related to
the stress-strain relationship of concrete under compressive

loading that were considered in this study were the elastic
modulus, the stress-to-matrix strength ratio, and the strain
at the maximum stress.

2.1. Experiment Design. According to the previous researches
on mechanical properties of concrete and fiber-reinforced
concrete [2–11], themechanical properties that determine the
stress-strain relationship of fiber-reinforced concrete depend
on the proportion of fibers contents and matrix strength of
concrete. Therefore, the compressive strength of the concrete
matrix and the contents of steel fiber are important parame-
ters in this study. The compressive strength range considered
was 30–200MPa. Because it is hard to make compressive
strength exceeding 100MPa, we use reactive powder concrete
(RPC) as steel fiber-reinforced concrete matrix.

Steel fibers were mixed into concrete batches at volu-
metric ratios of 0.5% to 2% to ensure both improvement of
the structural performance of the concrete and workability
of the concrete after addition of the fibers. Five cylindrical
specimens (𝜑100 × 200mm in size) were produced for each
mix. Loading was performed using KS F 2405 [15].The strain
rate of the specimenwasmeasured using a compressormeter.
Table 1 lists the mixes used in the testing.

2.2. Experimental Results for theMechanical Properties of Steel
Fiber-Reinforced Reactive Powder Concrete. Figure 1 shows
typical stress-strain relation of steel fiber-reinforced powder
concrete cylinder specimens. According to Figure 1, steel
fiber can increase ductility and strength of brittle matrix.
Therefore, the most important investigation shall be the
increase rate of ductility and strength of matrix according to
the inclusion of steel fiber. So we listed the test results for
the elastic modulus, the maximum stress, and the strain at
the maximum stress which show the ductility and strength of
material in Table 2.

The values shown are the average values for the five
specimens from each mix. The test results indicate that steel
fiber significantly affects the properties related to the ductility
of material. Figure 2 shows the trends in the parameters of
elastic modulus and strain at peak strength with respect to
the steel fiber content.

The mixes with design strengths of 30, 80, 100, 150,
and 200MPa that were reinforced with fibers at a volume
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Table 2: Test results (mean value of test specimens).

ID 𝑉
𝑓

𝐸
𝑐

𝑓
𝑐𝑜

𝜀
𝑐𝑜

[%] [MPa] [MPa] [‰]
C30-0 0 26,756 32.54 2.65
C30-f0.5 0.5 27,659 33.32 2.98
C30-f1.0 1.0 28,751 34.72 3.32
C30-f2.0 2.0 31,221 34.98 3.43
C80-0 0 32,970 80.79 3.16
C80-f0.5 0.5 33,597 82.60 3.55
C80-f1.0 1.0 34,097 85.17 3.64
C80-f2.0 2.0 34,768 89.01 4.04
C100-f0 0 36,233 104.86 3.39
C100-f0.5 0.5 37,376 107.39 3.71
C100-f1.0 1.0 38,732 111.93 3.95
C100-f2.0 2.0 38,099 116.92 4.09
C150-0 0 42,023 149.40 3.97
C150-f0.5 0.5 41,203 154.96 4.47
C150-f1.0 1.0 42,365 159.60 4.77
C150-f2.0 2.0 43,222 162.40 4.79
C200-0 0 45,512 198.21 4.87
C200-f0.5 0.5 45,019 202.70 4.97
C200-f1.0 1.0 46,734 210.40 5.26
C200-f2.0 2.0 47,515 216.52 5.39
𝑉𝑓: volume fraction of steel fiber (%), 𝐸𝑐: elastic modulus (MPa), 𝑓𝑐𝑜: com-
pressive strength of concrete (tested value, MPa), 𝜀𝑐𝑜: strain corresponding
peak stress.
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Figure 1: Typical uniaxial compressive stress-strain relation of steel
fiber-reinforced powder reactive concrete.

of 2% exhibited compressive strength increases of 7.5%,
10.2%, 11.5%, 8.7%, and 9.2%, respectively. The strains at the
maximum stress increased by 29.4%, 27.8%, 23.5%, 20.6%,
and 10.6%, respectively, with 2% fiber volume fraction. The
increases of strain at peak stress are significant in comparison
to the increases in strength. Significant increase of strain at
peak stress would be caused by the confinement effect of

steel fiber to the formation of cracks along the specimen axis,
as shown in Figure 3, the failure aspects of fiber-reinforced
specimen.

This reinforcing effect on the strain at peak stress was
shown in all the cases of compressive strength of matrix.
However, the ductility increase of the concrete specimens
with strengths greater than 100MPa was smaller than the
increase of the ductility of the 30 and 80MPa concrete. That
is, at higher compressive strengths, the effect of reinforcing
effect of steel fibers on improving the ductility decreases.

3. Estimation of the Mechanical
Properties of Steel Fiber-Reinforced
Reactive Powder Concrete

We collected concrete material test results from a number
of studies [30–44] and analyzed them together with the
test results obtained in this study to estimate the important
parameters needed to derive a stress-strain relationship
that can be easily applied over a wider range of concrete
strengths than the range encompassed by previous studies.
The data collected included 295 results for compressive
strength increase, 134 results for the strain at the maximum
stress, and 1486 results for the elastic modulus. In this study,
the reinforcing effect of the fiber was characterized using a
reinforcing index (RI) associated with the aspect ratio and
other physical properties of the fiber. The value of RI for a
particular type of fiber is determined using (1). The aspect
ratio of the fibers, the fiber end shape, and the amount of fiber
reinforcement are important parameters in this equation.
Consider

RI =
𝑉
𝑓
𝐿
𝑓
𝑑
𝑓

𝐷
𝑓

, (1)

where RI is reinforcing index, 𝑉
𝑓
is volume fraction of steel

fiber, 𝐿
𝑓
is length of steel fiber, and 𝐷

𝑓
is diameter of steel

fiber.
The term 𝑑

𝑓
in (1) is a correction factor for the end shape

of the fiber. In this study, we used correction factors of 1,
2.0, and 1.5 for straight fibers, hooked fibers, and crimped
fibers, respectively, to correct for the effect of fiber shape, as
suggested in the literature [45].

In order to compare the proposed estimation methods
and find the important parameters on mechanical character-
istics on steel fiber-reinforced reactive powder concrete we
also collect the empirical equations about mechanical char-
acteristic estimation equations for concrete under uniaxial
compression.

Table 3 shows an equation for estimating the strain at
the maximum stress as a function of the reinforcing effect of
the steel fibers and the compressive strength of the concrete.
Table 4 shows an equation for estimating the elastic modulus.
When examining equations about compressive mechanical
characteristics on concrete and fiber-reinforced concrete,
the most important parameter is compressive strength of
concrete and (1), reinforcing index. Most of the equations
consider the effect of steel fiber as additional value inde-
pendent of compressive strength of concrete. However, as
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Figure 2: Mechanical characteristics of fiber-reinforced reactive powder concrete under uniaxial compression.

Figure 3: Failure of specimens under uniaxial compression.

shown in test results, increase rate ofmechanical properties of
steel fiber-reinforced reactive powder concrete is affected by
compressive strength of concrete. In this section we quantify

the increase rate of mechanical properties of concrete con-
sidering combination of compressive strength of matrix and
steel fiber contents.

3.1.Mechanical Properties of Reactive Powder ConcreteMatrix.
For fiber-reinforced concrete, the elastic modulus and the
strain at the maximum stress are often determined from
equations that are based on test results for nonreinforced
mixes.The accuracy of such estimates is significantly affected
by the strength ranges of the specimens used to derive the
equations. Elastic modulus and 𝜀

𝑐𝑜
values derived from the

results of material testing conducted in previous studies [30–
44] and in the present study are shown in Figures 4 and 5,
respectively. The associated equations are also shown. Tables
5 and 6 list the statistical parameters of the equations.

As shown in Table 5 and Figure 4, the current code
provisions show the highest accuracy in the estimation of the
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Table 3: Prediction equations for strain at peak stress (previous researches).

Researcher Equation Limitation [MPa]

Collins et al. [6] 𝜀
𝑐𝑜
=
𝑓
𝑐𝑘

𝐸
𝑐

𝑛

𝑛 − 1
, 𝑛 = 0.8 +

𝑓
𝑐𝑘

17
, 𝐸
𝑐
= 3320𝑓0.5

𝑐𝑘
+ 6900 𝑓

𝑐𝑘
≤ 100

Wee et al. [7] 𝜀
𝑐𝑜
=
180 (𝑓

𝑐𝑘
)
0.25

106
𝑓
𝑐𝑘
≤ 120

Ros [16] 𝜀
𝑐𝑜
=
(0.0546 + 0.003713𝑓

𝑐𝑘
)

100
𝑓
𝑐𝑘
≤ 43

Fafitis and Shah [17] 𝜀
𝑐𝑜
= 1.491 × 10−5𝑓

𝑐𝑘
+ 0.00195 𝑓

𝑐𝑘
≤ 66

De Nicolo et al. [18] 𝜀
𝑐𝑜
= 0.00076 + [(0.626𝑓

𝑐𝑘
− 4.33) × 10−7]

0.5

𝑓
𝑐𝑘
≤ 90

CEB-fip 228 [9] 𝜀
𝑐𝑜
=
0.7 (𝑓

𝑐𝑘
)
0.31

1000
𝑓
𝑐𝑘
≤ 100

EC2 [19] 𝜀
𝑐𝑜
=
(2.0 + 0.085 (𝑓

𝑐𝑘
− 50)

0.53

)

1000
, for 𝑓

𝑐𝑘
≥ 50MPa; otherwise 𝜀

𝑐𝑜
= 0.002 𝑓

𝑐𝑘
≤ 90

Soroushian and Lee [20] 𝜀
𝑐𝑜𝑓
= 0.007RI + 0.0021, RI =

𝑉
𝑓
𝐿
𝑓

𝐷
𝑓

—

Nataraja et al. [21] 𝜀
𝑐𝑜𝑓
= 0.002 + 0.006(RI), RI =

𝑊
𝑓
𝐿
𝑓

𝐷
𝑓

𝑓
𝑐𝑘
≤ 50

Dhakal et al. [22] 𝜀
𝑐𝑜𝑓
= 0.002 + 2000𝛼

𝑐
𝑉2
𝑓
, 𝛼
𝑓
= 1.0 (flat), 𝛼

𝑓
= 2.4 (hooked) 𝑓

𝑐𝑘
≤ 40

𝐸𝑐: secant elastic modulus of concrete at 0.45𝑓𝑐𝑘 (MPa), 𝜀𝑐𝑜: strain corresponding to peak stress (normal concrete),𝑓𝑐𝑘: compressive strength of concrete (MPa),
RI: reinforcing index,𝐷𝑓: diameter of steel fiber (mm), 𝐿𝑓: length of steel fiber (mm), 𝑉𝑓: volume fraction of steel fiber,𝑊𝑓: weight fraction of steel fiber.

Table 4: Prediction equations for modulus of elasticity (previous researches).

Researcher Equation Limitation
KCI2007 [23] 𝐸

𝑐
= 8,500 3√𝑓

𝑐𝑢
, 𝐸
𝑐
= 0.077𝑤1.5

𝑐

3√𝑓
𝑐𝑢
, 𝑓
𝑐𝑢
= 𝑓
𝑐𝑘
+ 8

Did not specify but √𝑓
𝑐𝑘

cannot exceed 8.4MPaKCI2012 [24]
𝐸
𝑐
= 8,500 3√𝑓

𝑐𝑢
, 𝐸
𝑐
= 0.077𝑤1.5

𝑐

3√𝑓
𝑐𝑢
, 𝑓
𝑐𝑢
= 𝑓
𝑐𝑘
+ Δ𝑓, where

Δ𝑓 = 4 when 𝑓
𝑐𝑘
≤ 40MPa and Δ𝑓 = 6 when 𝑓

𝑐𝑘
> 60MPa.

Interpolate between 40MPa and 60MPa
ACI318-11 [1] 𝐸

𝑐
= 4,700√𝑓

𝑐𝑘
(normal weight concrete), 𝐸

𝑐
= 𝑤1.5
𝑐
0.043√𝑓

𝑐𝑘

CEB-fip 228 [9] 𝐸
𝑐𝑖
= 𝐸
𝑐𝑜
[
(𝑓
𝑐𝑘
+ Δ𝑓)

𝑓
𝑐𝑚𝑜

]

1/3

, Δ𝑓 = 8, 𝑓
𝑐𝑚𝑜
= 10, 𝐸

𝑐𝑜
= 22GPa 𝑓

𝑐𝑘
≤ 90

Martinez et al. [25] 𝐸
𝑐
= 3,320√𝑓

𝑐𝑘
+ 6,900 21MPa < 𝑓

𝑐𝑘
< 83MPa

Cook [26] 𝐸
𝑐
= 3.385 × 10−5𝑤2.55

𝑐
(𝑓
𝑐𝑘
)
0.315 —

Ahmad and Shah [27] 𝐸
𝑐
= 3.385 × 10−5𝑤2.55

𝑐
(𝑓
𝑐𝑘
)
0.325

𝑓
𝑐𝑘
< 84MPa

Graybeal [11] 𝐸
𝑐
= 3,840√𝑓

𝑐𝑘
𝑓
𝑐𝑘
< 200MPa

Gao et al. [28] 𝐸
𝑐𝑓
= 𝐸
𝑐
(1 + 0.173(RI)) 70MPa < 𝑓

𝑐𝑘
< 85MPa

Padmarajaiah [29] 𝐸
𝑐𝑓
= 𝐸
𝑐
+ 2440(RI) 𝑓

𝑐𝑘
< 69MPa

𝐸𝑐: secant elastic modulus of concrete at 0.45𝑓𝑐𝑘 (MPa), 𝑤𝑐: unit weight of concrete (kg/m3), 𝑓𝑐𝑘: compressive strength of concrete (MPa), RI: reinforcing
index, RI = 𝑉𝑓𝐿𝑓/𝐷𝑓.

elastic modulus. As shown in statistical values for KCI2012,
current Korean design code provision, a standard deviation
is not the lowest among other estimation methods.

However, mean value, coefficient of variation, and IAE
(integrated absolute error) values for KCI2012 have low-
est value among other prediction methods. In general,
the estimation equation for the elastic modulus tends to
underestimate the modulus of elasticity for normal strength
concrete and overestimate the modulus of elasticity for high
strength concrete. However, highest accuracy of KCI2012
occurs because the estimation equation was developed to
provide relatively safe estimates for both normal strength and
high strength concrete, using different value of Δ𝑓 according
to the compressive strength of concrete. Therefore, even for
an ultrahigh strength concrete, there should be no significant

problems associated with using the estimation equation
presented in the current design standards to estimate the
elastic modulus of the concrete.

Because 𝜀
𝑐𝑜
, the strain at the maximum stress, is an

important boundary condition in defining the stress-strain
relationship and important design parameter, we also com-
pared the results of previous studies and the results of this
study with respect to this parameter. In previous studies on
the stress-strain relationship of concrete, the typical value
used for the strain at the maximum stress is 0.002. However,
Figure 5 confirms that the strain at the maximum stress tends
to increase with the compressive strength of the concrete.
It was confirmed that equations from previous studies for
estimation of 𝜀

𝑐𝑜
, which take the form of an exponential

function of the compressive strength, underestimate the
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Figure 4: Elastic modulus: test results and prediction equations.
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increase in 𝜀
𝑐𝑜
with increasing compressive strength. Table 6

confirms that the accuracy of these equations increases as
the compressive strength range considered increases. Given
that the equation proposed by Collins et al. [6] has the lowest
IAE and average value, Collins et al. [6] equation for 𝜀

𝑐𝑜
was

concluded to be suitable for use with high strength mixes.
Collins et al. [6] equation, shown in Table 1, reflects the effect
of the elastic modulus. Because our analysis confirmed that
the equation presented in the current design standards yields
the highest accuracy in the estimation of the elastic modulus,
this equation was used with Collins et al. [6] equation to

Table 5: Statistics on the prediction methods for modulus of
elasticity.

Researcher Mean SD CV IAE
KCI2007 [23] 0.99 0.12 0.12 8.52
KCI2012 [24] 1.01 0.12 0.12 8.42
ACI318-11 [1] 0.93 0.13 0.14 13.72
CEB-fip 228 [9] 0.83 0.10 0.12 20.65
Martinez et al. [25] 1.05 0.13 0.12 9.45
Cook [26] 0.75 0.09 0.12 32.44
Ahmad and Shah [27] 1.07 0.12 0.12 9.83
Graybeal [11] 1.14 0.16 0.14 13.54
SD: standard deviation, CV: coefficient of variation, IAE: integrated absolute
error (%).

Table 6: Statistics on the predictionmethods for strain at peak stress
under uniaxial compression.

Researcher Mean SD CV IAE (%)
Collins et al. [6] 0.99 0.12 0.12 8.74
Wee et al. [7] 1.16 0.17 0.15 16.37
Ros [16] 0.78 0.19 0.25 42.04
Fafitis and Shah [17] 0.84 0.09 0.11 19.49
De Nicolo et al. [18] 0.93 0.11 0.12 11.58
CEB-fip 228 [9] 0.99 0.13 0.13 10.56
EC2 [19] 1.09 0.15 0.14 12.52
SD: standard deviation, CV: coefficient of variation, IAE: integrated absolute
error (%).

estimate 𝜀
𝑐𝑜
. As a result, the IAE decreased by 8.67%, and

the average of the ratios of experimental values to estimated
values was found to be 1.02, indicating that the estimated
values were on the safe side.

3.2. Effect of Steel Fiber Contents on Compressive Strength
Increase. Figure 6 shows test results from previous studies
[30–44] and from this study on the effect of the steel fiber con-
tents on the increase in concrete compressive.The increase of
maximum stress of test results was expressed as the ratio of
the compressive strength of fiber-reinforced specimens to the
compressive strength of non-fiber-reinforced specimens.The
average compressive strength increase due to fiber reinforce-
ment was 9.7%. However, for specimens of the same design
compressive strength, the compressive strength tended to
increase linearly with increasing proportions of fiber. Exam-
ination of the results classified by the design compressive
strength of the concrete indicated that the increase achieved
in compressive strength with increasing fiber content tended
to decrease with increasing design compressive strength.
However, it is difficult to confirm that a clear correlation exists
because of the high degree of variation in the test results.
In particular, the correlation between compressive strength
increase and fiber content tended to decrease with increasing
design compressive strength.The results of our study suggest
that the increases achieved in compressive strength with
increasing fiber content were comparable over the range of
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Figure 6: Compressive strength increase rate according to reinforc-
ing index.

compressive strengths considered. A maximum compressive
strength increase of 10% was verified.

3.3. Effect of Steel Fiber Contents on Strain at Peak Stress.
Figure 7 illustrates the effect of the steel fiber contents on the
change in the strain at the maximum stress, as indicated by
the results of previous studies and by the results of this study.
The change in the strain at the maximum stress exhibited a
higher correlation to the contents of steel fibers than did the
increase with compressive strength of matrix. The results of
the experiments conducted in our study are shown in Figure 7
along with the results from previous studies. The test results
indicate that, for mixes with design compressive strengths of
80MPa, 𝜀

𝑐𝑜
increases with increasing steel fiber content but,

for mixes with strengths of more than 100MPa, 𝜀
𝑐𝑜
decreases

with increasing fiber content. This phenomenon was partic-
ularly significant for the specimens with design compressive
strengths of 200MPa. Normal strength concrete has shown
similar change according to the steel fiber inclusion.

3.4. Effect of Steel Fiber Contents on Elastic Modulus of Con-
crete. Higher compressive strength of concrete is achieved
by homogenization of the constituent materials and of their
strengths. Accordingly, the elastic modulus of concrete tends
to increase with increasing concrete strength. The elastic
modulus derived from test results obtained in previous
studies and in our study was examined to assess the trend
in the elastic modulus of fiber-reinforced reactive powder
concrete with respect to the previously defined reinforcing
index. Figure 8 shows the distribution of elastic modulus
of concrete test results according to the reinforcing index.
Because the elastic modulus is affected by the strength
and strain simultaneously, the increases in strength and
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Figure 7: Strain at peak stress increase rate according to reinforcing
index.

stress exhibit similar trends. The degree to which the elastic
modulus increased with the fiber reinforcing index decreased
with increasing concrete compressive strength. However, the
average increase was 6.5% which is lesser than that for the
strength or strain. Our test results revealed similar trends.
Specimens in the C80 test group (with design compressive
strengths of 80MPa) exhibited the greatest increases among
high strength concrete mixes. Specimens in test groups with
design compressive strength greater than 100MPa exhibited
smaller increases and trends similar to those observed in the
results from previous studies.

4. Equation for Estimating the Effect of
the Steel Fiber Contents on the Mechanical
Properties of Steel Fiber-Reinforced
Reactive Powder Concrete under
Uniaxial Compression

The effects of steel fiber on concrete strength improvement
observed in the test results obtained in this study and in
previous studies [30–44] were quantified for compressive
strength ranges in increments of 20MPa, as shown in Fig-
ure 9. The magnitude of the improvement within each range
was determined from linear regression analysis of the data for
the specimens within that range. The regression analysis was
performed using the model form shown as

𝑘
𝑐𝑓

𝑘
𝑐𝑜

= 1 + RI × 𝛼, (2)

where 𝑘
𝑐𝑓
is mechanical properties for steel fiber-reinforced

concrete, 𝑘
𝑐𝑜
is mechanical properties on nonreinforced con-

crete, RI is reinforcing index, and 𝛼 is regression coefficient.
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index.
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Figure 9: Change of statistical values and trend lines onmechanical
characteristics of steel fiber-reinforced reactive powder concrete
under uniaxial compression.

The increase in compressive strength with inclusion of
steel fiber exhibited a clear decreasing trend with increasing
concrete compressive strength. The results of the regression
analysis suggest that themagnitude of the improvement in the
compressive strength, which depends on the elastic modulus,
the strain at the maximum stress, and the compressive
strength of concrete, can be expressed by

𝑘
𝑐𝑓

𝑘
𝑐𝑜

= 1 + RI (𝑎
1
− 𝑏
1
𝑓
𝑐𝑘
) . (3)

In the above equation, 𝑎
1
and 𝑏

1
are regression coeffi-

cients.The values of 𝑎
1
and 𝑏
1
were determined to be 0.29 and

0.0013, respectively, for change in the compressive strength;
0.52 and 0.0026, respectively, for change in 𝜀

𝑐𝑜
; and 0.20 and

0.00092, respectively, for change in elastic modulus.
In order to verify the applicability of proposed equations

predicting mechanical properties of steel fiber-reinforced
reactive powder concrete under uniaxial compression, we
apply these equations to the stress-strain relation of concrete
under uniaxial compression.

Most of the stress-strain relation of concrete are deter-
mined by the important mechanical properties, elastic mod-
ulus of concrete, and strain at peak stress. Stress-strain
relations proposed by previous researches were investigated.
There are several types of stress-strain relation of concrete.
But in this study, we investigated the way to use the elastic
modulus for predicting stress-strain relation of concrete,
because stress-strain relations of high strength or ultrahigh
strength concrete depend on the elastic modulus as we
investigated in this study.The first one of stress-strain relation
of concrete we investigated is suggested by Collins et al.
[6] and the other is suggested by Attard and Setunge [10].
Collins et al. use the differential of plasticity as base model
and Attard and Setunge [10] use the mathematical model to
predict stress-strain relationship. Both of them use the elastic
modulus of concrete as main variable for prediction of stress-
strain relation. However, mathematical model which was
suggested by Attard and Setunge [10] needs more boundary
conditions such as inflection points after experiencing peak
stress. Inflection points of descending curve of stress-strain
relation are highly dependent on the experimental equip-
ment.Therefore, in this study, stress-strain relation suggested
by Collins et al. [6] is used for prediction of stress-strain
relation by using proposed equation of main variables such
as elastic modulus and strain at peak stress. The stress-strain
relation suggested by Collins et al. [6] can be described using

𝑓
𝑐

𝑓
𝑐

=
𝑛 (𝜀
𝑐𝑓
/𝜀
𝑐
)

𝑛 − 1 + (𝜀
𝑐𝑓
/𝜀
𝑐
)
𝑛𝑘
, (4)

where𝑓
𝑐
is peak stress obtained from cylinder test, 𝜀

𝑐
is strain

when 𝑓
𝑐
reaches 𝑓

𝑐
, 𝑛 is curve fitting factor equal to 𝐸

𝑐
/(𝐸
𝑐
−

𝐸
𝑐
), 𝐸
𝑐
is tangent stiffness when 𝜀

𝑐𝑓
is zero, 𝐸

𝑐
is secant

stiffness when 𝜀
𝑐𝑓

is 𝜀
𝑐
, and 𝑘 model the strain decay before

and after experiencing peak stress. 𝑛 and 𝑘 are suggested by
using data of high strength concrete and we decided to use
these two variables without change. 𝑛 and 𝑘 can be calculated
by using

𝑛 = 0.8 +
𝑓
𝑐

17
,

𝑘 = 0.67 +
𝑓
𝑐

62
.

(5)

For the verification of the applicability of suggested
equations, stress-strain relationships of concrete were con-
structed and compared with experimental results. As can
be seen in Figure 10, predicted stress-strain relationship
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Figure 10: Applicability for stress-strain relationship: prediction and experimental results.

of ascending curve was well fitted into the experimental
results. However, descending curve of prediction shows less
accuracy in descending part of the total stress-strain relation.
The inaccuracy of descending curve of stress-strain relation
prediction might be caused by the difference of stiffness of
experiencing equipment.Makingmore exact solution, energy
absorption capacity under compression shall be investigated.

5. Conclusion

In this study, we conducted material testing to evaluate the
properties of ultrahigh strength concrete which was made
from reactive powder concrete reinforced with steel fibers
under compressive loading, and we evaluated the suitability
of equations developed in previous studies for use in estimat-
ing material properties of ultrahigh strength concrete. The
results of this study are summarized as follows.

(1) The compression test results for non-fiber-reinforced
andfiber-reinforced ultrahigh strength concrete spec-
imens indicated that non-fiber-reinforced concrete
specimens exhibited brittle fractures, whereas fiber-
reinforced concrete specimens did not. The test
results suggest that reinforcing fibers resisted the hor-
izontal tensile forces induced by vertical compressive
loading.

(2) The test results confirmed that the effects of steel
fiber on the concrete compressive strength, strain at
maximum stress, and elasticmodulus exhibited linear
trends regardless of the compressive strength of the
mix. Compressive strength and elastic modulus were
not significantly affected by the amount of reinforcing

fiber in the mix. However, a relatively strong effect on
the strain at the maximum stress was confirmed.

(3) The mechanical properties of the concrete, such as
the elastic modulus and the strain at the peak stress,
were estimated with a high degree of accuracy using
the secant modulus estimation equation presented in
the current design standards and by Collins et al.’s
equation, respectively. Thus, the applicability of these
equations to concrete in the ultrahigh strength range
was confirmed.

(4) Regression analyses were performed on the test
results from this study and previous studies to
describe the effects of fiber reinforcement on the
material properties of interest. The analysis results
showed that the reinforcing effects of steel fiber can
be expressed in terms of the fiber reinforcing index.

(5) Analysis of the test results confirmed that the rel-
evant mechanical properties of concrete mix at a
given strength level improve in proportion to the
fiber reinforcement index. Linear regression analyses
were performed for the mechanical properties using
equations of the same form for all strength levels.
The equation formwas chosen so that different values
of the regression coefficients were obtained for each
strength level.

(6) Proposed equations for mechanical properties under
uniaxial compression on concrete can be used as
main variables of stress-strain relation. According
to comparison, ascending curve of stress-strain rela-
tion can be well fitted into experimental results.
However, descending part of stress-strain relation
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cannot be well fitted because prediction method did
not consider the energy dissipation capacity after
experiencing peak stress. In order to construct full
range of stress-strain relation of fiber-reinforced con-
crete, boundary conditions after peak stress shall be
considered.
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