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An experimental study to investigate nonlinear material behavior in tension of steel–carbon
hybrid fiber reinforced cementitious composites (FRCC) was performed. In the tests, tensile
strength, toughness index, and fracture properties, including fracture energy and crack
opening or elongation, were measured. Based on the test results, a fictitious crack model
for steel–carbon hybrid FRCC was developed. The proposed crack model was verified by
comparing its predictions with the test results. Acceptable accuracy in simulating the tensile
behavior of steel–carbon hybrid FRCC was obtained. For convenience in design and struc-
ture analysis, simplified equations to predict tensile strength and fracture energy in hybrid
FRCC were developed.

Keywords: fiber reinforced cementitious composites (FRCC); steel fiber; carbon fiber;
hybrid FRCC; crack model; tensile strength

1. Introduction

From ancient times, unprocessed natural fibers, such as straws, horse hairs, and bamboos,
have been used as reinforcing materials of earthen construction materials including mud
bricks and mortar (ACI 544.1R [1]). Such fibers can enhance the properties and reliability of
construction materials. Recently, advances in construction and material technologies have
enabled the use of high-performance engineered fibers, including synthetic and steel types,
instead of crude natural fibers.

According to studies performed by ACI 544.1R [1], Naaman [2] and Li [3], the addition
of fibers into concrete can significantly enhance material properties, including tensile and
compressive strengths, flexural toughness, impact resistance, and fracture energy [4]. This is
mainly a result of fibers transferring significant residual tensile stress across crack surfaces,
even after tensile cracks develop in the matrix. In the steel fiber reinforce mortar in compres-
sion, the compressive strength and the strain corresponding to the compressive strength are
increased, and the descending branch in the stress-strain curve shows more ductile behavior
than that of the plain mortar [5]. Furthermore, the use of FRCC significantly improves flex-
ural and shear strengths of cementitious structures [6–8]. It was also reported that fibers can
reduce shrinkage cracking and crack widths in concrete [9–13] which can contribute to dura-
bility of the concrete [14]. Khuntia et al. [15] found, when using steel fibers in high-strength
concrete, that the enhanced tensile strength of FRCC makes the failure mode more ductile.
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Swamy et al. [16] performed experimental studies investigating the effect of steel fibers on
the shear resistance of concrete beams containing steel fibers, 0–1% by volume. From the
test, it was found that the addition of fibers can enhance the ultimate shear strength by 60–
200%, and a truss model applicable to both lightweight and normal weight concrete beams
was developed.

Naaman [2] reported that the primary fiber parameters that affect the material properties
of FRCC are fiber aspect ratio (Lf=df ), volume ratio (Vf ), and fiber–matrix interfacial bond
stress (s), where Lf and df are fiber length and fiber diameter, respectively. Based on previous
studies, ACI 544 [17] and RILEM TC 162 [18] have proposed design equations, which can
evaluate nominal moment strength and shear strength of FRCC structures, defined using
primary design parameters as functions. Theodorakopoulos and Swamy [19] and Harajli et al.
[20] investigated the use of the steel fibers in the slab–column connections as shear reinforce-
ment because the conventional shear reinforcement using stirrups is impractical due to the
thin slab thickness. In their test, it was found that the punching shear strength can increase
almost linearly with the steel fiber content, and the design equation to predict the punching
shear strength of slab–column connections containing steel fiber was developed. Based on the
advantages of FRCC, it has been used in various construction areas: airport paving [21],
industrial flooring [22], and bridge deck overlays [23].

Recently, instead of conventional FRCC using a single type of fibers, there has been
growing interest in hybrid FRCC (HFRCC) using two or more fiber types. Banthia and Sheng
[24] and Kobayashi and Cho [25] performed experimental studies to investigate the behav-
ioral characteristics of steel and carbon HFRCC and steel and polypropylene HFRCC, respec-
tively. Their results showed that the use of HFRCC can enhance both material properties and
structural capacities. Lawler, Zampini, and Shah [26] and Weiss and Shah [27] also performed
extensive research to investigate the permeability and the cracking characteristics of hybrid
fiber reinforced mortar. The test results contributed to quantify the crack damage (i.e. plastic
shrinkage and restrained shrinkage cracking) and to use the hybrid fiber reinforcement for the
purpose of cracking control of concrete structures. Yao et al. [28] found that the use of differ-
ent fiber types with different fiber lengths can increase the tensile strength of concrete, and is
effective for crack control for both micro-cracks and macro-cracks (Lawler et al. [26]).
Recently, Johnston [29], Song and Hwang [30], and Arisoy and Wu [31] also found that the
use of steel–polyvinyl alcohol (PVA) hybrid fibers can enhance the workability in concrete
mixing and the material strength and deformability as well.

On the other hand, among the synthetic fibers, carbon fibers may not be used widely since
they are relatively expensive. However, carbon fibers have various attractive material advanta-
ges (e.g. high tensile strength, elastic modulus, fire resistance, and long-term durability), and
are inert to various chemicals (ACI 544.1R-96 [1]). Li and Obla [32] performed experimental
and theoretical studies investigating the fiber length variation effect in carbon fiber cement
composites. To utilize the advantages of carbon fibers in civil engineering application, further
laboratory researches need to be continued to investigate the material properties of carbon
fibers when used in hybrid FRCCs like steel–carbon hybrid fibers.

However, to date, limited experimental and theoretical studies on steel–carbon hybrid
fibers have been reported. In addition, the applicability of current crack models, such as the
German stress–strain model (DIN [33]) and the RILEM TC 162 [18] model, to HFRCC has
not yet been confirmed by tests on HFRCC. Therefore, further studies were necessary to
understand the material properties of HFRCC and to analyze structural behaviors when using
HFRCC.

In the present study, a direct tension test was performed to investigate nonlinear material
behavior of a HFRCC showing quasi-brittle behavior. Based on the experimental
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observations, a fictitious crack model, simulating a tensile stress–crack-opening relationship,
was developed. In the development of the crack model, the fracture mechanism of HFRCC
and the effects of varying steel and carbon content in the HFRCC were addressed. The devel-
oped crack model was verified by comparing predictions with test results. For ease of applica-
tion of the crack model in structure analysis and design, simplified equations for predicting
and evaluating tensile strength and fracture energy were developed.

2. Test program

Experimental investigation of the tensile behavior of a steel–carbon HFRCC was performed
using the direct tension test method described below.

2.1. Material

For mortar, a commonly used mix was employed. The mortar mix comprised: fine aggregate
(river sand), 1246 kg/m3; Type I Portland cement (Hanil Cement Co., Seoul, Korea), 745 kg/m3;
and water, 298 kg/m3. According to the manufacturer’s data sheets, the cement’s specific gravity
was 3.15 and its specific surface area was 320m2/kg. A high-range water reduction agent
Mighty 150 (Kao Co., Japan) acted as a plasticizer. The mortar mix details are designed to
achieve a 28 day compressive strength of mortar of 25–30MPa and presented in Table 1.

Smooth, brass-coated hooked-end steel fibers (S) were used (Figure 1). The diameter ðdf Þ,
length (Lf ), and aspect ratio (Lf=df ) were 0.5 , 30 , and 60mm, respectively. The steel fiber’s
tensile yield strength was 1176N/mm2. Carbon fibers (C) with df of 7m, Lf of 6mm, Lf=df
of 857, and tensile strength of 4067N/mm2 were used (Figure 1).

Table 1. Mix proportion of mortar.

Mean compressive
test strength (MPa) W/C (%)

Unit content, kg/m3

Slump
(mm)

Air content
(%)Water Cement

Fine
agg. Admixture

27.0 40.0 298 745 1246 2.2 190 3.0

Figure 1. Steel and carbon fibers used in test.
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A standard pan mixer was used to mix cement, water, plasticizer, and fibers. First, sand
and cement were added by weight. Then, water was added and mixed for 5min to form a
uniform mix. Next, fibers were added, by weight, gradually to the mix. For improved mixing,
plasticizer was added. Subsequently, mixing continued for 10min to ensure that the fibers
were uniformly dispersed in the mixture. Three (100� 200)mm cylinders were cast from a
batch without fibers, and tested to determine compressive strength. The mean compressive
strength of the concrete cylinders after 28 days was 27.0MPa. Three replicas of tensile test
specimens were cast from each batch. In each batch, different proportion of steel and carbon
fibers was used. All cast specimens were vibrated by using a table vibrator. Following cast-
ing, the specimens were covered with plastic sheets for one day prior to mold removal.
Before load testing, the specimens were cured for 14 days in a water bath, then stored for
another 14 days in ambient air at 20 ± 2 °C with a relative humidity of 65%.

2.2. Direct tension tests

Thirty-three specimens were prepared for direct tension testing using the apparatus shown in
Figure 2. The tensile behavior of the test specimens, including initial stiffness, tensile
strength, fracture energy, and crack opening, were assessed. A displacement-controlled test
machine (actuator) with a loading capacity of 500 kN was used. To measure tensile behavior,
loads were applied at low load rates of 0.5mm/min (after Naaman and Baccouche [34]) and
1.0mm/min, for displacements of 0–1 and 1–15mm, respectively. Tests were performed at
20 ± 5 °C.

Details of dimensions and material properties of the test specimens are presented in
Figure 3 and in Tables 1 and 2. The test specimens were (150� 150� 500)mm and at its
center, the specimens had a 60mm deep and 3mm wide pre-crack notch. The load was
applied 125mm from the top and bottom edges of the specimens as shown in Figures 2 and
3. Details on the steel joint connecting the specimens and the actuator are presented in
Figures 2 and 4.

(a) Test setup of direct tension test

Steel frame

Actuator

Test 
specimen

Test 
specimen

Notch

Steel joint

Load 
cell

No stressed
un-notched 
regions

Un-notched 
region in 
tension

No stressed
un-notched 
regions

Un-notched 
region in 
tension

wUN /2

wUN /2

w

Displacement

(b) Test specimen connected to test
machine through steel joint

Figure 2. Direct tension test setup and specimen.
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In the direct tension test, two primary parameters were varied: the total volume ratio of
fibers and the proportions of steel and carbon fibers within a given total volume ratio of
fibers. Three total volume ratios were used: 0, 1.0, and 1.5%. The test specimen with 0%
fiber was plain mortar. Two FRCC specimens, each containing only steel or carbon fibers,
were tested. Thirty specimens containing both steel and carbon fibers, and with different pro-
portions of each fiber, were tested to assess the effects of different steel and carbon fiber vol-
ume ratios on tensile behavior of steel–carbon HFRCC.

Unit: mm

Figure 3. Details and dimensions of test specimen.

Table 2. Properties of test specimens.

Specimens Total fiber volume ratio (%) Steel vs. carbon fiber content

Training group
M 0 NA
C-1.5 1.5 0: 1
S-1.5 1.5 1: 0

Validation group
S1C5-1.5 1.5 1: 5
S1C4-1.5 1.5 1: 4
S1C3-1.5 1.5 1: 3
S1C2-1.5 1.5 1: 2
S1C1-1.5 1.5 1: 1
S2C1-1.5 1.5 2: 1
S3C1-1.5 1.5 3: 1
S4C1-1.5 1.5 4: 1
S5C1-1.5 1.5 5: 1
S1C1-1 1.0 1: 1

NA: not applicable.
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3. Test results and discussion

FRCC showing a quasi-brittle behavior usually fails in a pure opening mode called Mode I
[35], and has a wide energy absorption zone with numerous micro-cracking [16]. Their failure
modes are typically rather ductile compared to conventional concrete [22]. Thus, fracture
energy per unit area (Gf ) and crack opening data are necessary to explain the nonlinear
fracture mechanism of FRCC.

In this study, instead of using a conventional three-point bending test, a direct tension test
was performed to investigate the tensile behavior including the fracture energy of steel–car-
bon HFRCC. The test specimens had a central notch to simulate a pre-crack locale and dam-
age localization of the FRC materials. In the present study, the deformation at the notched
cross section (w) was evaluated by subtracting the elastic deformation (wUN) in the unnotched
region from the total deformation (wT) of the whole specimen, which was acquired from the
actuator (Figure 2): w ¼ wT � wUN. In the unnotched region, deformation (wUN) was insignifi-
cant because that region’s tensile stress level was relatively low compared to that in the
notched region, and it was evaluated based on the elasticity theory (Figure 2(b)). It should
also be noted that the acquired test data from the actuator were corrected to compensate the
initial slip of the test specimens and set-up at the early loading stage.

Figure 5 illustrates the formation of cracking patterns around the notched region of test
specimens: C-1.5, S-1.5, and S5C1-1.5. In C-1.5 having carbon fibers, one major tensile crack
developed within the notched region, and the carbon fibers were evenly distributed throughout
the cross section of notched region. In S-1.5 having steel fibers, entire notched region cracked
severely and unnotched region also suffered significant cracking damage. The S5C1-1.5
having both steel and carbon fibers shows almost a similar cracking pattern to S-1.5.

Figure 6 shows the tensile stress–displacement behavior of two test specimens: S5C1-1.5
having more steel fibers than carbon fibers (S to C fiber ratio was 5:1) and S1C5-1.5 having
less steel fibers than carbon fibers (S to C fiber ratio was 1:5). The other material properties,
including total fiber volume ratio (1.5%), were similar. The tensile strength, rt, was evaluated
in the unnotched area (30� 150mm) shown in Figure 3. As shown in Figure 6, the S5C1-1.5
has a higher tensile strength than S1C5-1.5. In terms of tensile strength of FRCC, bond stress

Unit: mm

Figure 4. Steel joint details connecting test machine and specimen.
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(s) at fiber pullout failure is a key parameter [2,8]. As the bond stress value of steel fibers is
significantly greater than that of carbon fibers (4.15 and 0.6MPa, respectively; Bentur et al.
[36]), the tensile strength of steel–carbon HFRCC is heavily dependent on the steel fiber
content.

With regard to ductile tensile behavior, S1C5-1.5 with more carbon fibers exhibited
greater ductile behavior than that shown by S5C1-1.5 with more steel fibers. This may be

Figure 5. Typical cracking patterns of test specimens: (a) C-15 (b) S-15 and (c) S5C1-1.5.
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explained by fiber size differences. Since the carbon fibers were micro-fibers with a short
fiber length (6mm) and small diameter (7m), more carbon fibers than steel fibers could be
located at crack surfaces. Across thin cracks, such micro-fibers can transfer significant tensile
stress after peak tensile strength has been reached, which in turn produces the greater ductile
tensile behavior of FRCC [36]. However, since the length of carbon fibers is short, they are
not effective across macro-cracks. It has been reported that each fiber can transfer tensile
stress until the maximum crack opening, approximately Lf /2, has developed [37]. Figure 7
shows the load–displacement relationship of test specimens, C-1.5 and S-1.5 (1.5% carbon or
1.5% steel fibers, respectively). As shown in Figure 7, at a small displacement, the C-1.5
FRCC specimen showed greater ductile tensile behavior compared to the S-1.5 FRCC speci-
men. However, the C-1.5 FRCC did not develop residual tensile stress at a large crack open-
ing. The maximum displacement of C-1.5 and S-1.5 was approximately 1.3 and 12mm,
respectively, which in turn correspond to Lf=4:6 and Lf=2:5. Among the steel–carbon HFRCC
specimens, the maximum displacement was approximately 12mm, similar to that of our pure
steel FRCC specimen (S-1.5).

In ASTM C1018 [38], the toughness index (In) is used to quantify the toughness of
FRCC at a given deformation. Here, In is defined as the ratio of the area under the load–
deflection curve at ðnþ 1Þ=2 times the first-cracking deflection to the area under the load–
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deflection curve at the first-cracking deflection. To investigate the tensile behavior of the
HFRCC test specimens, toughness indices were calculated. As shown in Table 3, the I100
of S1C5-1.5 and S5C1-1.5 were 130.3 and 43.0, respectively. As expected, the toughness
index of S1C5-1.5 with more carbon fibers was greater than that of S5C1-1.5 with more
steel fibers. Toughness indices for all specimens are presented in Table 3 and Figure 8(a).
The results show that as carbon fiber content increases, the toughness index (I100)
increases.

Figures 8(b) and (c) present the tensile strength and fracture energy (Gf ) of those test
specimens with a total fiber volume ratio of 1.5%. The figure shows that with increasing steel
fiber content, tensile strength and fracture energy increase. Since steel fibers have a high bond
stress, they can enhance the tensile strength of HFRCC. At a large crack opening, the steel
fibers with the longer fiber length (30mm) can work effectively while the carbon micro-fibers
with short fiber lengths (6mm) were not effective. It should be noted that the toughness indi-
ces and fracture energy acquired from test results showed wide deviations, which was partly
due to the large loading capacity of the machine (500 kN) while the maximum applied load
was under 25 kN.

Table 3. Toughness index, tensile strength, fracture energy, and characteristic length obtained from
tension test and predicted by proposed model.

Specimens

Test results Proposed method

Toughness
index, I100

Tensile strength,
ft,frc (MPa)

Fracture energy,
Gf,frc (MPam)

Tensile strength,
ft,frc (MPa)

Fracture energy,
Gf,frc (MPam)

S1C5-1.5 130.3 2.02 5.71E�03 1.45 5.30E�03
112.4 0.71 3.52E�03

S1C4-1.5 76.6 1.82 7.50E�03 1.53 5.54E�03
S1C3-1.5 72.8 2.19 5.67E�03 1.67 5.89E�03

143.6 1.20 5.87E�03
75.1 2.54 6.84E�03

S1C2-1.5 81.2 2.33 1.05E�02 1.88 6.42E�03
58.5 1.75 6.58E�03

S1C1-1.5 76.0 1.42 7.63E�03 2.32 7.32E�03
104.9 3.33 8.29E�03
55.9 1.49 4.23E�03

S2C1-1.5 25.9 3.31 8.20E�03 2.75 8.00E�03
68.8 1.64 4.57E�03

S3C1-1.5 52.0 3.32 1.10E�02 2.97 8.26E�03
74.9 2.16 9.24E�03
38.6 1.77 4.70E�03

S4C1-1.5 61.2 3.21 7.04E�03 3.10 8.38E�03
99.1 4.08 1.66E�02
57.3 4.45 1.00E�02

S5C1-1.5 43.0 4.62 1.64E�02 3.19 8.46E�03
82.9 3.82 8.83E�03

S1C1-1 82.7 1.05 6.50E�03 1.88 5.22E�03
48.0 1.74 5.62E�03
71.5 1.88 6.33E�03

Meana 1.04 1.13
SDa 0.189 0.238

aMean and standard deviation of the ratio of the tensile strength (or fracture energy) obtained from experimental
results and predicted by proposed method.
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Based on these limited experimental observations, it is concluded that steel fiber content
is a primary parameter in determining fracture energy (Gf ) and tensile strength, while carbon
fiber content is a primary parameter determining toughness index.

4. Model development and validation

4.1. Fictitious crack model for steel-carbon HFRCC

A fictitious crack model has been used to simulate the progressive fracture process including
strain and damage localization [39,40]. This method can be used to describe the near-tip
nonlinear zone as well as the concrete fracture process when pre-cracks are present (Bazant
and Planas [35]). In this crack model, the cohesive stress (rðwÞ) after a peak load, which is
transferrable across a cohesive crack, was a function of the crack opening (w) as shown in
Figure 9 and Equation (1).

r ¼ f ðwÞ ð1Þ

The fictitious crack model can be used as a constitutive relation in structural analysis [35]
and can connect classic mechanics based on strength with fracture mechanics based on
energy. In this study, neglecting the bulk dissipation energy (GI) developed during unloading
of tensile stress after tensile cracking occurs, a simplified bi-linear fictitious crack model
[18,39,40], with three material parameters (wm;wc; and a), was modified for application to
steel or carbon FRCC.

r ¼ ft;frc þ ½ða� 1Þft;frc=wc�w for w � wc ð2aÞ

r ¼ ½aft;frc=ðwm � wcÞ� � ðwm � wÞ for wc\w � wm ð2bÞ

where, ft;frc is the tensile strength of the FRCC, wm is the maximum crack opening, and a
and wc are modeling parameters. The bi-linear crack model is expected to be conveniently
used in design practice.

Our data were divided into two groups: a training group for determining the modeling
parameters of the crack model and a testing group for validating the proposed model. The
training group included three test specimens: specimen M without fibers; specimen S-1.5 con-
taining 1.5% steel fibers; and specimen C-1.5 containing 1.5% carbon fibers. The remaining
30 test specimens were used in the testing group for verification of the model.
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Figure 8. Variation of toughness index, tensile strength, and fracture energy according to the fiber
volume ratio between steel and carbon fibers.
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For specimen M, the tensile strength (ft) and the fracture energy Gf ;m) were 1.02 and
3.30� 10�5MPam, respectively. In the S-1.5 specimen, the tensile strength (ft;frc) and the
fracture energy (Gf ) were 3.87 and 9.28� 10�3MPam, respectively, while the tensile strength
(ft;frc) and the fracture energy ((Gf ) in C-1.5 were 0.82 and 5.20� 10�4 MPam, respectively.
The results indicate that the fracture energy of M is insignificant compared to those of steel
or carbon FRCC. Based on these observations, the modeling parameter, a, was evaluated so
that the proposed crack model using the above modeling parameters produced fracture ener-
gies identical to those obtained from the test results on M, S-1.5, and C-1.5. The parameter
was determined by

a ¼ ðGf � ft;frcwc=2Þ=ðft;frcwm=2Þ ð3Þ

where, Gf ¼ ½Gf ;m þ Gf ;frc� is the sum of the fracture energy of M (Gf ;m) and that developed
by either steel or carbon fibers (Gf ;frc). From Equation (3), a values of S-1.5 FRCC and
C-1.5 FRCC were 0.08 and 0.38, respectively. It should be noted that the fracture energy of
M (Gf ;m) was obtained from test results while the fracture energy developed by either steel or
carbon fibers (Gf ;frc) was evaluated by subtracting Gf ;m from the total fracture energy (Gf ) of
S or C series of test specimens. In addition, for simplicity, the bulk dissipation energy GI was
assumed to be zero.
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Figure 9. Tensile stress–deformation relationship of HFRC: (a) realistic tensile stress–deformation, (b)
idealized tensile stress–deformation (crack opening) in fictitious crack model [35].
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The proposed fictitious crack model shown in Equation (2) was also used for the steel–
carbon HFRCC specimens. However, prior to the predictions, tensile strengths and the three
modeling parameters (wm;wc; and a) for steel–carbon HFRCC were required. For simplicity,
wm and wc of the steel–carbon HFRCC were defined to be constants, wm ¼ Lf=3 ¼ 10mm
and wc ¼ 0:40 � wm ¼ 4mm based on least square techniques to obtain minimum root mean
square prediction error after Fan and Yuan [41]. The wm of the steel–carbon HFRCC was
defined to be 10mm for all tested HFRCC specimens regardless of the proportion of steel
and carbon fibers in the specimens (see Figure 10). Neglecting the possible interactions
between steel and carbon, the a value of steel–carbon HFRCC specimens were based on the
superposition principle and determined by

a ¼
P

Vf ;iai
Vfo

ð4Þ

where, i is s or c indicating steel or carbon FRCC, Vf ;i is the fiber volume ratio of the steel
or carbon FRCC, Vfo (=0.015) is the fiber volume ratio of the test specimen used during
crack model training, and from the above, as = 0.08 and ac = 0.38.

Based on the Naaman and Reinhardt [42] model, the tensile strength of HFRCC may be
defined as

ft;frc ¼ ftð1� Vf Þ þ Vf ;sss
Ls

ds
a1a2 ð5Þ

where, ss is a steel fiber–matrix interfacial bond stress (4.15MPa) [42], a1 is a coefficient rep-
resenting the fraction of a bond mobilized at first matrix cracking, and a2 is the efficiency
factor of fiber orientation in the uncracked state of the composite. For simplicity, a1 = 1.0 and
a2 = 0.7 [36] were used. Tensile strength of the matrix, ft is 0:166

ffiffiffiffi
f 0c

p
(MPa) based on the

test results for specimen M. It should be noted that in Equation (5), the contribution of carbon
fiber to the tensile strength of HFRCC was neglected because the tensile strengths of the
specimens M and C-1.5 did not show a significant difference.

4.2. Model validation

To verify the proposed fictitious crack model for steel–carbon HFRCC (Equations (2), (4),
and (5)), its predictions were compared with test results. It should be noted that the specimens
used during verification were not used in the development of the crack model. Figure 10
presents both experimental results and tensile stress–displacement relations predicted by the
proposed crack model for 30 test specimens (validation group). Six test specimens were
omitted from the validation as they failed prematurely due to unexpected damage.

As shown in Figure 10, the proposed crack model accurately simulated the stress–dis-
placement relationship before and after cracking. In the proposed model (refer to Figure 9),
fracture energy is evaluated as

Gf ¼ ðawm þ wcÞft;frc=2: ð6Þ

In Table 3, the predicted fracture energies calculated by Equation (6) are presented and
compared with the test results. The mean and standard deviation of the ratios between the
fracture energies obtained from experiments and those predicted by the proposed model
(Equation (6)) were 1.13 and 0.238, respectively. In addition, the predicted tensile strengths
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using Equation (4) are shown in Table 3. The mean and standard deviation of the ratios
between the tensile strengths obtained from experiments and those predicted by the model are
1.04 and 0.189, respectively. The results show that the proposed fictitious crack model can
predict tensile strength and fracture energy of steel–carbon HFRCC with acceptable accuracy.
However, further investigation into the effects of fiber parameters (e.g. fiber aspect ratio and
bond stress at pullout failure) and the combined effect of steel and carbon fibers on the tensile
behavior of steel–carbon HFRCC are needed. Such investigations may improve the accuracy
and precision of the proposed fictitious crack model and its modeling parameters.

5. Conclusions

Direct tension tests were performed to investigate the tensile behavior of steel and carbon FRCC
and steel–carbon HFRCC. The results showed that carbon in FRCC contributes toughness in
tensile behavior before reaching the maximum crack opening while steel in FRCC contributes
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Figure 10. Prediction of tensile stress–displacement relationship of test specimens by using proposed
crack model.
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tensile strength. Further, as steel fiber content increased and carbon fiber content decreased, ten-
sile strength showed an increase while the toughness index decreased. Since tensile behavior at
large crack widths would be predominantly governed by the steel fibers, fracture energy would
be mainly dependent on the steel fiber content rather than on the carbon fiber content.

Based on the experimental observations, a fictitious crack model was developed. The
modeling parameters of the crack model were defined as functions of the fracture parameters
obtained from the steel and carbon FRCC results. Our results verified that the proposed model
can properly simulate the tensile behavior of steel–carbon HFRCC, and can predict tensile
strength and fracture energy with acceptable accuracy. We suggest that the proposed crack
model is suitable for use in finite element analysis for simulating realistic tensile behavior of
steel–carbon HFRCC that exhibit quasi-brittle behavior. It is noted that this finding is based
on direct tension test results only, and further investigation on fiber orientation effect is neces-
sary to completely understand the tensile behavior of steel–carbon HFRCC.

Notations

df fiber diameter
ft tensile strength of specimen M
ft,frc tensile strength of specimen C or S
Gf fracture energy per unit area
Gf,m fracture energy of specimen M
Gf,frc fracture energy developed by either steel or carbon fibers
GI bulk dissipation energy developed during unloading of tensile stress after tensile cracking occurs
In toughness index
Lf fiber length
Lf/df fiber aspect ratio
Vf volume ratio
Vf,i fiber volume ratio of the steel or carbon FRCC
Vfo fiber volume ratio of the test specimen used during crack model training
w crack opening
wc modeling parameter
wm maximum crack opening
a modeling parameter
a1 coefficient representing the fraction of a bond mobilized at first matrix cracking
a2 efficiency factor of fiber orientation in the uncracked state of the composite
s fiber–matrix interfacial bond stress
ss steel fiber–matrix interfacial bond stress
rðwÞ cohesive stress after a peak load
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