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This study developed a novel curvilinear steel fiber to improve the tensile behavior of ultra-

high-performance concrete (UHPC) and to mitigate the stress concentration observed in

conventional deformed steel fibers. To achieve this, four curvilinear steel fibers of differ-

ent  curvatures (0.02–0.10 mm range) and a commercial smooth, straight steel fiber were

employed. The average and equivalent bond strengths could be improved using the curvi-

linear steel fibers than the straight fiber from the UHPC matrix. The tensile performance

of UHPC was improved by using the curvilinear fibers of curvature (�) up to 0.04 mm. The

tensile strength and energy absorption capacity were significantly increased up to 52% and

174%,  respectively, by replacing the straight steel fiber to the moderately curved steel fibers

with  � = 0.04 mm, which is the optimum fiber type. The highly curved steel fibers, i.e., with

curvatures beyond 0.04 mm, slightly deteriorated the tensile performance because of the

poorer fiber dispersibility and excessive matrix damage. A comparison of the pullout and

tensile parameters showed that the equivalent bond strength of inclined steel fibers in UHPC
is  the most appropriate indicator for predicting the tensile performance.

©  2020 The Author(s). Published by Elsevier B.V. This is an open access article under the

CC  BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1.  Introduction

Richard and Cheyrezy first introduced a reactive powder con-
crete in the mid-1990s to improve the strength of ordinary

concrete [1]. This has since been developed into ultra-high-
performance fiber-reinforced concrete (UHPFRC) and has not
only been extensively studied but also employed in numerous
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countries including the United States, Germany, Japan, and
South Korea [2–5]. Since an ultra-high-performance concrete
(UHPC) is fabricated by using very fine ingredients rather than
coarse aggregate, a high particle packing density is achieved,
leading to compacted microstructures. Hence, it has excel-
lent mechanical properties, such as an extraordinarily high
compressive strength (≥150 MPa) and durability [6,7], owing to
which, it has attracted worldwide attention for building and

infrastructure applications [8].

Although its tensile strength is much higher than that
of ordinary concrete, the compressive strength of the UHPC
remains low, which makes it extremely brittle because a large
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Table 1 – Mixture proportions.

W/Bb Unit weight (kg/m3)

Water Cement Silica fume Silica sand Silica flour SPa

0.2 160.3 788.5 197.1 867.4 236.6 52.6

Note:  W/B, water-to-binder ratio; SP, superplasticizer.
a 3

 36.8 kg/m3).
 kg/m3) by total amount of binder (788.5 kg/m3 + 197.1 kg/m3).
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Table 2 – Chemical compositions and physical properties
of cement and silica fume.

Composition [%] (mass) Type I Portland cement Silica fume

CaO 61.33 0.38
Al2O3 6.40 0.25
SiO2 21.01 96.00
Fe2O3 3.12 0.12
MgO 3.02 0.10
SO3 2.30 –
Superplasticizer includes 30% solid (= 15.8 kg/m ) and 70% water (=
b W/B is calculated by dividing total water content (160.3 kg/m3 + 36.8

mount of its energy is rapidly dissipated in the failure state
9]. To overcome these limitations and meet the design ten-
ile strength of 8 MPa and ductility in accordance with the
ecommendations of the international codes [2,3], discontin-
ous fibers such as the micro straight steel fiber, are generally

ncorporated. Although the commercially available steel fibers
or the UHPC have a high tensile strength of over 2000 MPa
10], the micro straight steel fiber of 0.2 mm diameter and
3 mm length, which is widely used exhibits a maximum ten-
ile stress of only 981 MPa [11], i.e., its capacity is not fully
eveloped. In other words, the straight fibers in the UHPC are
urrently being pulled out with less than half of the maxi-
um tensile strength, and hence, a new type of steel fiber

s required to maximize the reinforcing effect. Accordingly,
umerous studies [12–21] have been conducted for enhancing
he reinforcing efficiency of the steel fibers in the UHPC.

Wille and Naaman [12] reported that the highest equivalent
ond strength of up to 47 MPa,  which is 4–5 times greater than
hat of the straight steel fiber, can be obtained by embedding
igh-strength deformed steel fibers, i.e., hooked and twisted
bers, in the UHPC. Tai et al. [13,14] conducted fiber pull-
ut tests using straight, hooked, and twisted steel fibers in
he UHPC under static and impact loading conditions, rang-
ng from 0.018 to 1800 mm/s, at various inclination angles
etween 0◦ and 60◦. They reported that the deformed steel
bers exhibited enhanced pullout resistance in comparison
ith the straight steel fiber. Similarly, Wille et al. [15] reported

hat the hooked and twisted steel fibers could also effectively
nhance the tensile and flexural performance of UHPC. How-
ver, recent studies by Yoo et al. [16] showed that, although the
ooked fibers in UHPC clearly exhibited higher pullout resis-
ance than the straight fiber, it exhibited a relatively poorer
exural performance owing to premature matrix cracking that
ccurs near the end hooks of the inclined fibers. Similarly,
im and Yoo [17,18] observed a stress concentration at the
nd hook of the hooked fiber in the UHPC during the pullout
rocess using the digital image  correlation method. Xu et al.

19] and Yoo and Kim [20] attempted to mitigate the stress con-
entration by developing half-hooked steel fibers, which they
chieved by cutting one end hook of the hooked fiber. How-
ver, although the UHPC samples with the half-hooked fibers
xhibited better tensile performance than that with hooked
bers, its performance was still poorer than those reinforced
sing the straight and twisted fibers. Therefore, Kim et al. [21]
eveloped a new type of curvilinear fiber by bending the com-

ercially available straight fiber and reported several useful

ndings based on the single fiber pullout tests: (1) the pull-
ut resistance of the curvilinear steel fiber is higher than that
f the straight fiber; (2) the effectiveness increases with the
Specific surface area [cm2/g] 3413 200,000
Density [g/cm3] 3.15 2.10

curvature, regardless of the inclination angles and loading
rates; and (3) the matrix spalling area in the developed
curvilinear fibers is relatively smaller than that in the other
conventional deformed, i.e., hooked and twisted, fibers. These
observations imply that the curvilinear steel fiber is a highly
potential and novel alternative to the conventional UHPC
reinforcement using the straight and deformed steel fibers.
However, its impact on the tensile performance of the com-
posites must be examined prior to the practical use of such
a novel type of reinforcing fiber, as it is influenced by various
factors including fiber dispersibility, random orientation, and
effective matrix volume covering the fibers.

Accordingly, this study evaluated the tensile performance
of the UHPC samples with the newly developed curvilinear
steel fibers to verify their feasibility and effectiveness. Four
types of steel fibers of different curvatures, ranging from 0.02
to 0.10 mm,  were adopted along with a commercial straight
steel fiber for comparison, and the same fiber volume fraction
of 1.5% was applied to all the tested samples. The tensile test
results of UHPFRC were verified through an examination of the
number of fibers located at the localized crack planes. The cor-
relation between the fiber pullout and tensile parameters was
analyzed and compared to determine the most proper indica-
tor for predicting the tensile performance of UHPC reinforced
with the straight and curvilinear steel fibers.

2.  Materials  and  methods

2.1.  Raw  materials  and  mixture  proportions

An identical UHPC mixture proportion was applied for all
the specimens in both pullout and direct tensile tests. The
details of the used materials and mixture proportion are pro-

vided in Table 1. Type I Portland cement and silica fume
were adopted as the cementitious materials, and their chem-
ical compositions and physical properties are provided in
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Table 3 – Geometrical and physical properties of steel fibers.

df (mm) lf (mm) Aspect ratio (lf /df) Density (g/cm3) fft (MPa) Ef (GPa)

S-fiber 0.300 30.0 100.0 7.9 2580 200

Note:  S, straight steel fiber; df, fiber diameter; lf, fiber length; fft, tensile stre
Fig. 1 – The detailed geometric of the used steel fibers.

Table 2. As suggested in previous studies [22,23], the coarse
aggregate, which causes deterioration of fiber pullout resis-
tance and post-cracking tensile performance, was excluded
in the UHPC mixture. Silica sand with a grain size in the
range of 0.2–0.3 mm and silica flour with an average diam-
eter of approximately 4.2 �m were adopted as the filler. A
UHPC mixture proportion optimized with high-strength steel
fibers based on the study by Park [24], and a low water–binder
(W/B) ratio of 0.2 was adopted. Furthermore, polycarboxylate
superplasticizer (SP) with density of 1.01 g/cm3 was used as a
water-reducing admixture to ensure the proper flowability of
the fresh UHPC, as it exhibits insufficient flowability due to
the low W/B ratio and high amounts of fine ingredients [25].
All used steel fibers were fabricated from the commercially
available straight steel fiber of 0.3 mm diameter and 30 mm
length. Its detailed physical properties, such as density, ten-
sile strength (fft), and elastic modulus (Ef), are summarized in
Table 3.

To improve the bridging capability of the fiber, various types
of curvilinear steel fibers were used. The detailed geometrical
properties of the used steel fibers are described in Fig. 1. The
labels used for the curvilinear steel fibers include information
regarding the fiber type, radius of curvature, and fiber orien-
tation. The straight and curvilinear fibers are denoted by the
capital letters, S and C, respectively. The subsequent numeral
in company with the capital letter R indicates the radius of cur-
vature. The aligned and inclined conditions denote the capital
letters A and I, respectively. For example, the C50R-A indicates
the aligned curvilinear steel fiber with a radius of curvature of
50 mm.

2.2.  Mixing  sequence  and  specimen  fabrication

To fabricate fresh UHPC, we first mixed the dry ingredients
(namely cement, silica fume, silica sand, and silica flour) for
10 min  using a Hobart-type mixer to obtain a well-dispersed
mixture. Next, water that was premixed with SP added dry

ingredients was added and mixed for 10 min, to make a
flowable mixture. For pullout test specimens, fresh UHPC
was poured into the mold to which the steel fiber fixed, and
for direct tensile test specimens, the steel fibers were
ngth of fiber; Ef, elastic modulus of fiber.

incorporated into the fresh UHPC mortar. The fabri-
cated UHPC mortar was poured into the pullout and
tensile specimen molds and cured for 48 h at room tem-
perature, after which, the hardened specimens were
demolded. Subsequently, the specimens were steam-
cured in a water tank at a high temperature of 90 ± 2 ◦C
for 48 h according to the FHWA recommendations
[26].

Pullout test specimen whose height, width, and cross-
sectional area were 75 mm,  40 mm,  and 25 mm × 25 mm,
respectively, was used, as shown in Fig. 2a. A polyethy-
lene (PE) film was set at the middle cross-section of the
pullout test specimen to precisely investigate the pullout
behavior of the steel fiber, excluding the matrix contribu-
tion. A single steel fiber was placed in the middle of the
cross-section of the specimens. To arrange the fibers to be
pulled out from the same side in all specimens, the shorter
embedment length was set to 10 mm on one side, while
the other side had a longer embedment length of 20 mm.
To investigate the effect of the fiber inclination, consider-
ing the random fiber orientation in the composites, both
aligned and inclined fiber samples were prepared: thus, the
capital letters A and I indicate the two inclination angles,
namely aligned (0◦) and inclined (45◦), respectively. The nota-
tions of the fiber pullout specimens are summarized in
Table 4.

The direct tensile test was conducted using specimens,
whose the cross-sectional area of each tensile specimen was
30 mm × 13 mm and the gauge length was 80 mm,  based on
the recommendations of the Japan Society of Civil Engi-
neers (JSCE), as illustrated in Fig. 2b [27]. Although steel
fibers with 2% volume fraction were normally used for the
commercial products and direct tensile specimens in a pre-
vious study [28], in this study, steel fibers with 1.5% volume
fraction were used not only for fabricating the UHPFRC com-
posites but also to verify if the 0.5% steel fibers could be
reduced by replacing with the curvilinear steel fibers and
to minimize the fiber ball effect due to the fiber deforma-
tion (curvature). Before the test, the surfaces of the tensile
specimens were coated with polyurethane after the heat
curing process to effectively detect the microcracks. Five
specimens were fabricated for each variable in both fiber
pullout and direct tensile tests to obtain more  accurate test
results.

2.3.  Setup  for  the  fiber  pullout  and  direct  tensile  tests

Two types of servo controlled universal testing machines

(UTMs) were utilized for the fiber pullout and direct tensile
test. The experimental setups for fiber pullout and direct ten-
sile test are shown in Fig. 3a and b. The pullout specimens
were inserted into the steel grip jig and pulled vertically with
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Fig. 2 – Schematic description of specimens for (a) fiber pullout test and (b) direct tensile test.

Table 4 – Test variables.

Specimens Radius of curvature (mm) Curvature (�) (mm−1) Fiber orientation

S-A – – Aligned (0◦)
C50R-A 50 0.020
C25R-A 25 0.040
C15R-A 15 0.067
C10R-A 10 0.100

S-I – – Inclined (45◦)
C50R-I 50 0.020
C25R-I 25 0.040
C15R-I 15 0.067
C10R-I 10 0.100

Note:  S, straight steel fiber; C, curvilinear fiber; R, radius of curvature; A, aligned; I, inclined.
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oading rate of 0.018 mm/s, and the fiber pullout load was
easured using a load cell with a maximum capacity of 3 kN.

 fixed-fixed boundary condition was applied for the fiber
ullout test. In addition, since the elastic deformations of the
pecimens and grips were negligibly small, the displacement
f the crosshead was measured and utilized as the fiber slip. A
xed-fixed boundary condition was applied for the fiber pull-
ut test.

Likewise, a tensile specimen was inserted into the steel
rip, and a uniaxial tensile load was applied with loading rates
f 0.4 mm/min, and the tensile load was measured using a

oad cell with a maximum load capacity of 250 kN. As sug-
ested in a previous study by Kanakubo [29], a pin-fixed
oundary condition was adopted to minimize the secondary
exural stress and to ensure a centric loading condition.
o measure pure elongation, an aluminum frame with two
inear variable differential transformers (LVDTs) was affixed

o the specimen, and the tensile strain was calculated by
ividing the measured elongation with the gauge length of
0 mm.
3.  Results  and  discussion

3.1.  Fiber  pullout  behaviors

3.1.1.  Average  pullout  load  versus  slip  response
Fig. 4 shows the average pullout load and slip curves of the
straight and curvilinear steel fibers in the UHPC at two  differ-
ent inclination angles, namely 0◦ and 45◦. The results were
similar to those previously reported by Lee et al. [30] and Tai
and El-Tawil [14]: clearly, it is differed for the pullout load
and slip curves according to the fiber shapes (curvatures)
and inclination angles. A steeply increasing pullout load was
observed in the initial debonding zone for the aligned fibers.
Although the steel fibers are chemically bonded to the sur-
rounding UHPC matrix, these bonds are relatively weak and
not slip-induced [31]; therefore, the measured slip is almost

zero during pullout test. In the subsequent partial debond-
ing stage, it is observed that the steel fibers are debonded
with the surrounding UHPC matrix as frictional bond stresses
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Fig. 3 – Experimental test setups: (a) pullout test machine and (b) tensile test machine.

curv
Fig. 4 – Pullout load versus slip responses 

activate and increase. After the fiber is completely debonded,
it begins to be pulled out from the matrix, leading to a grad-
ual decrease in the pullout load due to the decrease in the
embedment length until the end of slip.

Fig. 4b clearly shows the different shapes of the pullout
load-slip curves for the inclined samples: it is observed that
these samples generally provide a higher maximum pullout
load and slip capacity than the aligned fiber specimens, except
for C10R; this is consistent with the findings of the previous
studies [30,32]. In general, when a conventional cement mor-
tar is used as a matrix, a sudden decrease in pullout load is

observed due to a Poisson’s ratio effect [31]; however, such
effect was not observed for the UHPC matrix due to the char-
acteristics of UHPC which has very few pores and compact
structure [33]. Furthermore, although the pullout parameters
es: (a) aligned and (b) inclined steel fibers.

such as the bond strength and energy absorption capacity
were affected by the curvatures of the fibers, the shapes of the
load-slip curves of the straight and curvilinear steel fibers were
reasonably similar, regardless of their degrees of curvature
and inclination angles. Generally, the curvilinear fibers exhib-
ited better pullout resistance than the straight ones under
both aligned and inclined conditions, which was observed to
increase with their curvature.

3.1.2.  Effects  of  fiber  curvature  and  inclination  angle  on
the pullout  parameters

The results of the single fiber pullout tests are highly sensi-
tive to the manufacturing process of specimens and testing
conditions. For instance, although fibers should be embedded
in the UHPC matrix the same length of 10 mm  for all pullout
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Fig. 5 – The results of bond strength: (a) average bo

Table 5 – Summary of pullout parameters of fibers
depending on fiber types, fiber orientations.

Fiber type Parameters Fiber orientation

Aligned Inclined

S-fiber Pmax (N) 81.45 (19.65) 88.40 (14.08)
Wp (× 10−3 J) 395.75 (111.32) 632.09 (100.83)
�f,max (MPa) 1152.34 (278.03) 1250.56 (199.12)
�av (MPa) 9.01 (2.21) 9.79 (1.70)
�eq (MPa) 9.13 (2.61) 14.58 (2.49)

C50R Pmax (N) 89.93 (33.15) 101.50 (19.62)
Wp (× 10−3 J) 450.75 (191.64) 592.44 (137.46)
�f,max (MPa) 1272.21 (771.72) 1435.91 (685.67)
�av (MPa) 9.88 (5.76) 12.51 (6.05)
�eq (MPa) 10.20 (5.86) 16.63 (7.65)

C25R Pmax (N) 103.10 (11.10) 106.34 (20.71)
Wp (× 10−3 J) 611.74 (315.92) 654.74 (178.77)
�f,max (MPa) 1458.57 (806.57) 1504.45 (292.98)
�av (MPa) 10.31 (5.76) 13.15 (3.21)
�eq (MPa) 11.48 (6.47) 18.58 (4.84)

C15R Pmax (N) 93.11 (8.70) 120.16 (7.99)
Wp (× 10−3 J) 504.53 (41.62) 710.59 (98.81)
�f,max (MPa) 1317.30 (598.68) 1699.86 (766.49)
�av (MPa) 10.17 (4.61) 13.19 (6.16)
�eq (MPa) 11.35 (5.14) 16.09 (7.85)

C10R Pmax (N) 156.86 (20.86) 145.46 (12.81)
Wp (× 10−3 J) 945.57 (222.55) 933.99 (150.61)
�f,max (MPa) 2219.08 (1024.77) 2057.80 (933.56)
�av (MPa) 15.41 (7.01) 14.13 (6.49)
�eq (MPa) 17.11 (7.96) 16.64 (7.98)

Note:  Pmax, maximum pullout load; Wp, pullout work; �f,max, maxi-
mum fiber tensile stress; �av, average bond strength; �eq, equivalent
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strengths in the range of 3.1–29.7%, compared with the aligned
bond strength; (), standard deviation.

pecimens, as the fiber pullout resistance is directly related
o the embedment length, even a small error of less than

 mm in the fiber embedment length could cause large devia-
ions. Therefore, for a more  reliable data analysis, the pullout
erformance was compared in terms of the average and equiv-
lent bond strengths – which can reflect the actual embedded
ength, rather than the maximum pullout load and pullout
nergy. The results of the fiber pullout test are summarized in
able 5 and Fig. 5. Among the various pullout parameters, the

verage and equivalent bond strengths, which are related to
he peak point and energy absorption capacity, respectively,
re shown in Fig. 5.
nd strength and (b) equivalent bond strength.

The average bond strength was calculated using the fol-
lowing formula, which is based on the maximum pullout
load: assuming that the frictional bond stress is uniformly
distributed throughout the embedment length of a fiber, the
average bond strength can be calculated by dividing the max-
imum pullout load with the bonding area between the fiber
and matrix, which is given in Eq. (1).

�av = Pmax

�df LE
(1)

where �av is the average bond strength in MPa,  Pmax is the
maximum pullout load in N, df is the fiber diameter in mm,
and LE is the initial embedded length of the fiber in mm.

The equivalent bond strength is based on the pullout
energy and calculated by assuming that the interfacial shear
stress is distributed equally along the entire embedment
length of the fiber. The equivalent bond strength is calculated
by the following Eq. (2).

�eq = 2Wp

�df L2
E

(2)

where Wp is the fiber pullout energy in Nm,  where �eq is the
equivalent bond strength in MPa.

The straight steel fiber in the UHPC exhibited an aver-
age bond strength of 9.01 MPa. The aligned curvilinear fibers
clearly exhibited higher average bond strengths than the
straight fiber, and these values were observed to increase as
the curvature increased from 9.88 MPa for C50R to 15.41 MPa
for C10R. Similarly, the average bond strengths of the aligned
fibers tended to increase by a maximum of 71% for the C10R
fibers as compared with the straight fiber; the inclined straight
fiber exhibited an average bond strength of 9.79 MPa,  which
slightly increased as the curvature was increased, i.e., from
12.51 MPa for C50R to 14.13 MPa for C10R. Except for the C10R
sample, the inclined fibers exhibited higher average bond
strengths than the aligned fibers because of the snubbing
effect, which was more  dominant than the matrix spalling
effect at the 45◦ angle [30]. Furthermore, the inclined straight
fiber exhibited an increase of 8.5%, while the C50R, C25R,
and C15R samples exhibited an increase in the average bond
fibers. Synthetically, the bond strengths exhibited an increas-
ing tendency with the increase in the curvature for both the
aligned and inclined states.
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Fig. 6 – Typical matrix spalling images of the

cross-sectional surface after completion of pullout test.

The equivalent bond strengths of the curvilinear fibers
were larger than those of the straight fibers: the aligned fibers
exhibited a general increasing tendency with increasing cur-
vature, i.e., from 10.20 MPa for C50R to 17.11 MPa for C10R. The
equivalent bond strength of the inclined straight fiber was
14.58 MPa,  while that of the inclined C25R sample was highest
at 18.58 MPa,  which is 27% higher than the former. On the other
hand, there was no consistent increase in the equivalent bond
strengths of the inclined fibers with curvature increase: for
example, the inclined C15R and C10R fibers exhibited smaller
equivalent bond strengths than the inclined C25R fiber, which
could be due to the increased matrix spalling effect.

If the maximum fiber stress exceeds the fiber tensile
strength during the pullout test, the fiber will be fractured
before it is completely pulled out. Therefore, the maximum
fiber stress, which is calculated by Eq. (3), can be used to deter-
mine the suitability of the fibers in concrete, and is based on
the maximum pullout load and the cross-sectional area of the
fiber.

�f,max = Pmax

Af
(3)

where �f,max is the maximum tensile stress of the fiber, Pmax is
the maximum pullout load, Af is the fiber cross-sectional area
(= �df

2/4), and df is the fiber diameter.
The maximum fiber stress was observed to increase with

increasing curvature due to the increase in the pullout resis-
tance. The maximum stress for the aligned fibers varied

from 1152.3 MPa for the straight fiber to 2219.1 MPa for the
C10R; similarly, under the 45◦ inclined condition, it gradually
increased from 1250.6 MPa for the straight fiber to 2057.8 MPa
for the C10R. As these values are lower than the tensile

Fig. 7 – Comparative matrix spalling ar
Fig. 8 – Average tensile stress versus strain curves.

strength of the fiber (2580 MPa) provided by the manufacturer
(Table 3), the straight and curvilinear steel fibers could be com-
pletely pulled out from the UHPC matrix without any breakage.

3.1.3.  Analysis  on  the  matrix  spalling  property
The generation of matrix spalling reduces the pullout resis-
tance during fiber pullout reducing the interfacial bonding
area between the fiber and surrounding matrix. Thus, under-
estimated average and equivalent bond strengths were
measured because these parameters are calculated based on
the initial embedment length, LE. For the aligned fiber spec-
imens, matrix spalling was not clearly observed regardless
of fiber shape (curvature); therefore, it was concluded that
there has almost been no spalling. However, the inclined
fibers exhibited some matrix spalling during the pullout pro-
cess from the UHPC matrix. Therefore, the degree of matrix
spalling was analyzed only for the inclined fiber samples. Typ-
ical matrix spalling images of the cross-sectional surface after
completion of pullout test are shown in Fig. 6, and the mea-
sured average matrix spalling areas of the inclined fibers in

the UHPC are summarized in Fig. 7. As the curvilinear fibers
were bent over its entire length, the stress concentration was
reduced, which in turn mitigated the matrix damage and

eas of inclined fibers in UHPC [34].
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Table 6 – Summary of tensile results.

Fiber type Tensile strength, �pc (MPa) Strain capacity, εpc (%) g-value (kJ/m3)

S-fiber 10.85 (0.98) 0.386 (0.16) 39.80 (13.70)
C50R 12.16 (1.32) 0.503 (0.35) 55.29 (35.50)
C25R 16.50 (2.66) 0.978 (0.30) 109.27 (26.49)
C15R 11.33 (1.25) 0.310 (0.05) 31.59 (6.49)
C10R 9.96 (1.23) 0.448 (0.12) 38.48 (13.51)

(), standard deviation.

 strain capacity, and g-value of UHPFRCs.
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Fig. 10 – Number of fibers at cross-sectional area near
Fig. 9 – Summary of tensile strength,

palling as compared with the conventional deformed, i.e.,
wisted, hooked, and half-hooked, steel fibers. However, the
palling area in the highly curved fiber samples, such as the
15R and C10R, was greater than in the others (namely the
traight and moderately curved fibers), and their spalling areas
ere smaller than those of the hooked and twisted steel fibers
ut similar to the that of the half-hooked fiber (Fig. 7).

.2.  Direct  tensile  behaviors  of  UHPFRC

.2.1.  Average  tensile  stress  versus  strain  response
ig. 8 shows the average tensile stress and strain curves of
ll the tested samples. According to the curvature of the
teel fibers, the evidently different tensile stress–strain curves
ere obtained. The UHPC samples with C25R fibers noticeably

xhibited the best tensile performance, followed by the C50R
ber. In contrast, the C10R fibers, which has highest curvature,
xhibited poorer tensile performance than even the straight
bers. The result is inconsistent with the results of the sin-
le fiber pullout tests, wherein better fiber pullout resistance
as observed in steel fibers with a higher degree of curvature.
he strain-hardening, a phenomenon in which tensile stress

ncreases after initial matrix crack, were observed in most of
he UHPC samples such as the C50R, C25R, and C10R fibers.
lthough there is no obvious increase in the tensile stress
or the UHPC samples with the straight and C15R fibers after
atrix cracking, the tensile stress was maintained close to

he peak value during some strain section and then gradually
ecreased.
localized crack.

Although the curvature of the fibers had little effect on the
tensile stiffness of the test samples before the first crack, the
post-cracking tensile stiffness was different: the C25R fiber
specimens clearly exhibited the highest post-cracking stiff-
ness, whereas the C10R fiber specimens exhibited the lowest.
Meanwhile, the other test specimens, such as the straight,
C50R, and C15R fibers, exhibited similar post-cracking ten-

sile stiffness, which was between that of the C25R and C10R
fiber samples. The poor dispersibility of the highly curved
steel fibers could be the main reason for this lower post-
cracking stiffness. Furthermore, during the mixing process,
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Fig. 11 – Relationships between tensile parameters and
number of fibers per unit area: (a) tensile strength, (b) strain
7578  j m a t e r r e s t e c h n

the fire ball phenomenon becomes more  prominent as the
curvature of the increases. As the number of fibers reinforcing
the UHPC matrix is closely related to the post-cracking ten-
sile performance in terms of the strength and stiffness, the
tensile cracks can locally occur in sections where the fiber rein-
forcement is weak when the fibers are not evenly dispersed.
In addition, severe damage to the matrix during the pullout
process of the fibers could be another reason for the poorer
tensile performance. Similarly, poorer tensile performance of
UHPC reinforced with the conventional deformed steel fibers
was due to the high mechanical anchorage effect owing to
their premature pullout from the matrix [34]. For instance,
matrix splitting cracks are typically formed at the crack sur-
face toward the end of the fiber because of the extremely high
mechanical anchorage of the twisted steel fiber in the UHPC
matrix [14]. The hooked steel fibers were also not fully straight-
ened in the composites because premature matrix cracking
occurs due to a stress concentration close to the end hook of
the fibers [32]. In the case of C15R and C10R fibers, the non-
straightened fibers were easily found in the localized crack
planes, especially when they were severely inclined, mainly
due to the increased mechanical anchorage effect from the
higher curvature. The abovementioned investigation shows
that the matrix spalling area of the inclined C15R and C10R
fibers is similar to that of the deformed steel fibers (Fig. 7) and
greater than the straight and moderately curved ones. Thus,
the tensile performance of the UHPC samples with highly
curved steel fibers was deteriorated.

3.2.2.  Effect  of  fiber  curvature  on  the  tensile  parameters
In order to investigate the effects of fiber curvature on
the tensile behavior of the UHPC, several important tensile
parameters such as post-cracking tensile strength (�pc), strain
capacity (εpc), and energy absorption capacity up to the peak
load (g-value) were examined, and they are summarized in
Table 6 and Fig. 9. The UHPC samples with the C25R fibers
clearly exhibited the best tensile performances in terms of all
tensile parameters, followed by those with the C50R fibers.
This indicates that the tensile performance of UHPFRC could
be improved by using the curvilinear steel fibers up to a
curvature of 0.04 mm.  For the UHPC samples with straight
fibers exhibited tensile strength of 10.85 MPa,  strain capacity of
0.39%, and g-value of 39.80 kJ/m3. The highest tensile strength,
strain capacity, and g-value were observed to be 16.5 MPa,
0.98%, and 109.3 kJ/m3 in the C25R fiber samples, respectively.
These tensile parameters were higher by 52%, 153%, and 174%,
respectively, than those of the straight fiber samples.

However, no significant benefits of increasing the fiber
curvature on the tensile parameters were observed beyond
these values (C25R). A slightly poorer tensile performance was
observed in the curvilinear fiber samples, i.e., C15R and C10R.
This result, i.e., the highest tensile strength in the C25R fiber
specimen, is inconsistent with those of the single fiber pull-
out tests. The highest average bond strength, which is directly
related to the post-cracking tensile strength, was found in the
specimens of the C10R fibers. As mentioned earlier, this is

because of the matrix damage caused by the deformation of
fibers, random orientation, and ununiformed dispersion. The
inclined fibers generally led to damages in the matrix dur-
ing the pullout process and the matrix spalling area in the
capacity, and (c) g-value.

C10R and C15R fibers is as large as that in the conventional
deformed fibers (Fig. 7). Moreover, owing to the fiber ball effect,
the localized cracks were more  easily generated through the
weakest section of the specimen (with less fibers). This implies
that the highly curved steel fibers (C15R and C10R) are inap-

propriate for improving the tensile performance of UHPC.

According to a previous study, fiber-reinforced concrete
(FRC) is considered to be at the highest tensile performance
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Fig. 12 – Summary of number of cracks and average crack
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evel if its g-value is higher than 50 kJ/m3 [35]. The UHPC sam-
les with the C50R and C25R fiber used in this study exhibited

 g-value greater than 50 kJ/m3. In particular, the highest g-
alue of 109.3 kJ/m3 for the C25R fiber samples was two times
igher than the required value of 50 kJ/m3 [35]. Moreover,
lthough the UHPC samples with conventional steel fibers,
.e., straight, twisted, and hooked fibers, which exhibited a g-
alue of approximately 55–94 kJ/m3 with a volume fraction of
–3% [35], the UHPC samples in this study contained only steel
bers with a volume fraction of 1.5%. Therefore, synthetically,
he C25R fiber is an adequate alternative to the existing rein-
orcing fiber type for enhancing the tensile performance of
HPC.

.2.3.  Correlations  among  the  tensile  parameters  and  the
umber  of  fibers  at  the  localized  crack  of  samples
ncreasing the fiber curvature was observed to efficiently
mprove the tensile performance of the UHPC only up to
.04 mm.  The post-cracking tensile behaviors of tested sam-

les were directly affected by the number of fibers at the

ocalized crack planes of them; therefore, the number of
bers at the localized crack planes was examined and sum-
arized in Fig. 10. The actual average number of fibers per

Fig. 13 – Cracking pattern and failure mode of UHPFRC: 
 0;9(4):7570–7582 7579

unit area (ea/cm2) was found to be 15.1, 20.3, 25.7, 12.5, and
11.3 ea/cm2 for the UHPC samples with straight, C50R, C25R,
C15R, and C10R fiber, respectively. For the UHPC samples with
the C15R and C10R fibers, the number of fibers on the local-
ized cracks was clearly smaller than those with the other types
of fibers, mainly due to the fiber ball phenomenon, leading
to poorer dispersibility and random orientation of the fibers.
The more  inclined fibers damaged the surrounding matrix
more severely, thereby causing the degradation of the rein-
forcing effect. However, the moderately curved fibers such as
the C50R and C25R increased the number of detected fibers at
the localized cracks because both ends of the fiber, positioned
perpendicularly to the cracks, can be detected owing to the
curvature.

The correlations among the tensile parameters, (i.e., the
tensile strength, strain capacity, and g-value), and the number
of fibers per unit area for all the tested samples are illus-
trated in Fig. 11. The tensile strength of UHPFRC is observed
to increase with the increase in the number of fibers in gen-
eral, although the tendency was not linear (Fig. 11a). The
C50R and C25R fiber samples exhibited a relatively linear
increase with increasing number of fibers at the localized
cracks, whereas the C15R and C10R fiber samples showed no
significant increase or decrease in the tensile strength with the
number of fibers. Similarly, the strain capacity and g-value of
only the moderately curved, i.e., C50R and C25R, fiber samples
exhibited an increasing tendency with the number of fibers
detected at the localized cracks (Fig. 11b and c). On the con-
trary, for the highly curved C15R and C10R fiber samples, the
parameters were quite consistent regardless of the number of
fibers per unit area owing to the more  severe matrix damage,
caused by a premature pullout failure before reaching their
ultimate capacity. Thus, the tensile parameters were not influ-
enced by the number of highly curved fibers located at the
localized crack planes.
3.2.4.  Analysis  of  cracks  and  failure  modes
The average number of cracks and crack spacings are sum-
marized in Fig. 12, and the typical failure cracking patterns
and failure modes are shown in Fig. 13. The number of cracks

(a) S-fiber, (b) C50R, (c) C25R, (d) C15R, and (e) C10R.
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Fig. 14 – Correlation between average bond strength and
the tensile parameters: (a) tensile strength, (b) strain
capacity, and (c) g-value.

Fig. 15 – Correlation between equivalent bond strength and
the tensile parameters: (a) tensile strength, (b) strain
capacity, and (c) g-value.



 . 2 0 2

i
i
n
h
i
a
C
w
n
c
s
t
a
t
H
t
w
t
T
o

3
b
T
o
a
e
w
t
w
fi
a
t
o
T
fi
fi
d
fi
l
(
t
r
i
e
t
s

4

I
t
m
a
t
s
B
p
t

r

j m a t e r r e s t e c h n o l

s inversely proportional to the spacing between the cracks
n the tested samples; in other words, a generation of larger
umber of cracks caused a smaller average crack spacing. The
ighest number of cracks and smallest average crack spac-

ng were found in the UHPC samples with the C25R fibers,
nd they were 12.3 ea and 6.53 mm,  respectively. Thus, the
25R fiber samples exhibited the best tensile performance
ith effective stress transmission to the composites. As the
umber of microcracks is related to deformability, a better
racking behavior of the C25R fiber samples led to a higher
train capacity. Although the straight fiber samples exhibited
he second-best crack performance with the number of cracks
nd an average crack spacing of 9.6 ea and 8.33 mm,  respec-
ively, these values were similar to those with the C50R fibers.
owever, the UHPC samples with the highly curved fibers, i.e.,

he C15R and C10R fibers, exhibited lower number of cracks,
hich became more  significant with the increase in curvature;

his is consistent with the results of the tensile parameters.
hus, the moderately curved fibers are also effective in terms
f the cracking performance.

.2.5.  Correlation  between  single  fiber  pullout  and  tensile
ehaviors
o investigate the correlation between the single fiber pull-
ut and tensile behaviors, the pullout parameters, i.e., the
verage and equivalent bond strengths, and the tensile param-
ters, i.e., the tensile strength, strain capacity, and g-value,
ere compared as shown in Figs. 14 and 15. While the

ensile parameters of the aligned fibers tended to decrease
ith increasing average bond strength, those of the inclined
bers exhibited a tendency to increase (Fig. 14). Similarly,
lthough the tensile parameters of the aligned fibers tended
o decrease with increasing equivalent bond strength, those
f the inclined fibers exhibited a tendency to increase (Fig. 15).
his is because, while fabricating the UHPFRC, the steel
bers are randomly oriented in the matrix and the steel
bers inclined by approximately 30◦–45◦ form the largest
istribution of fiber orientations [36]. Moreover, the most
tting curves for the average bond strength exhibited very

ow coefficient of determination (R2) values of less than 0.1
Fig. 14), whereas those for the equivalent bond strength of
he inclined fibers exhibited relatively higher R2 values in the
ange 0.63–0.73. Therefore, the equivalent bond strength of the
nclined straight or curvilinear steel fibers in UHPC is consid-
red to be the most appropriate indicator for predicting the
ensile performance of UHPFRC, rather than the average bond
trength and aligned fiber cases.

.  Conclusion

n this study, a novel curvilinear steel fiber was developed
o improve the tensile performance of the UHPC. For deter-

ining the optimum fiber curvature, both single fiber pullout
nd tensile tests were conducted for fibers with various curva-
ures, ranging from 0.02 to 0.1 mm.  The commercially available

mooth, straight steel fiber was also included for comparison.
y comparing the pullout and tensile parameters, the most
roper indicator among the pullout parameters to predict the
ensile performance of UHPFRC was suggested. Based on the
 0;9(4):7570–7582 7581

test results and discussion, the following conclusions can be
drawn:

1) The curvilinear fibers exhibited higher average and equiv-
alent bond strengths than the straight fiber, regardless of
the inclination angle. The bond strengths of the aligned
fibers generally increased with increasing fiber curvature,
whereas the moderately curved (C25R) fiber exhibited the
highest equivalent bond strength at 45◦ inclination.

2) The tensile performance of the UHPC can be improved by
replacing the straight steel fiber reinforcements with the
curvilinear steel fibers of curvature up to 0.04 mm.  The
C25R fiber with a curvature of 0.04 mm exhibited the best
tensile performance, and its tensile strength and g-value
were increased by 52% and 174%, respectively, compared
with those of the straight fiber. At the fiber volume fraction
of 1.5%, the UHPC samples with C25R fibers achieved a g-
value of 109.3 kJ/m3, which is two times greater than the
required value (50 kJ/m3) for the highest FRC level.

3) In contrast to the fiber pullout test result, the tensile per-
formance of UHPC reinforced with the highly curved, i.e.,
C15R and C10R, fibers was slightly deteriorated, mainly due
to their poorer dispersibility and excessive matrix dam-
age. Moreover, a lower number of fibers at the localized
crack planes was detected for the highly curved fiber sam-
ples as compared to the straight or moderately curved fiber
samples.

4) The tensile parameters of the UHPC samples with straight
or moderately curved, i.e., C50R and C25R, fibers increased
with an increasing number of fibers at the localized cracks,
whereas the highly curved fiber samples exhibited quite
consistent tensile parameters, regardless of the number of
fibers.

5) The equivalent bond strength of the inclined straight or
curvilinear steel fibers in UHPC was the most proper indica-
tor for predicting the tensile performance of UHPFRC rather
than the average bond strength or aligned fiber cases.
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