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A B S T R A C T   

This study evaluated the effects of volume fraction, aspect ratio, and shape of steel fibers on the mechanical 
properties of ultra-high-performance fiber-reinforced concrete (UHPFRC) and the structural behavior of rein
forced (R-) UHPFRC beams. The tensile strength and energy absorption capacity of ultra-high-performance 
concrete (UHPC) are improved by adding steel fibers and increasing its volume contents by up to 3.0 %. 
Compared with short straight steel fiber, medium-length straight and twisted fibers at a volume fraction of 2.0 % 
result in twice higher energy absorption capacity and higher flexural strength of R–UHPFRC beams. The flexural 
strength of R–UHPC beams increases by increasing the fiber content up to 3.0 %. However, the strain-hardening 
characteristics of UHPFRC negatively influence the cracking behavior and stress redistribution in structural 
beams, causing 48.2–54.1 % lower ultimate ductility indices. The small amounts of steel fibers with volume 
fraction of ≤1.0 % that exhibit strain-softening behavior only improve the peak ductility.   

1. Introduction 

Owing to the excellent tensile strength and ductility of ultra-high- 
performance fiber-reinforced concrete (UHPFRC), introduced by 
Richard and Cheyrezy (1995), its practical applications in civil in
frastructures and buildings as flexural members have attracted the 
attention of structural engineers (Feng et al., 2021; Hung and Chueh, 
2016; Sawicki et al., 2022; Zhou et al., 2022; Shao and Ostertag, 2022). 
As the steel fibers incorporated in ultra-high-performance concrete 
(UHPC) can withstand only a portion of the tensile load at the crack 
surfaces, an additional tensile stress block in the section is considered, 
which generally increases the moment capacity of reinforced UHPC 
beams (Yoo and Yoon, 2015). In addition, the excellent bond strength 
between the steel reinforcing bar (rebar) and UHPFRC results in a sub
stantially lower development length (approximately 20–30 % of that in 
ordinary concrete) (Ronanki et al., 2018). Previously, a steel rebar with 
a yield strength of 522.7 MPa was obtained after it was embedded in 
UHPFRC with an embedment length of two times the rebar diameter, 

given a sufficient cover depth (Yoo et al., 2015a). This allows the easy 
use of steel rebars in UHPFRC members by reducing the attention of 
rebar anchorage design. 

Several studies (Yoo and Yoon, 2015; Saqif et al., 2022; Yang et al., 
2010; Chen et al., 2018; Qiu et al., 2022; Yoo et al., 2016a; Feng et al., 
2022; Shao and Billington, 2022) have been conducted to evaluate the 
flexural behavior of reinforced (R-)UHPFRC beams that have various 
reinforcement ratios and volume fractions of discontinuous fibers. Yang 
et al. (2010) investigated the effects of the rebar ratio (0–1.96 %) and 
placement method on the flexural behavior of R–UHPFRC beams with a 
constant fiber volume fraction (Vf ) of 2 %. They reported that a ductility 
index greater than 1.6 was maintained for the R–UHPFRC beams and 
that it generally increased with an increase in rebar ratio. The fiber 
orientation and arrangement were influenced by the placement method, 
and a better flexural performance resulted from placing the UHPFRC at 
the beam end rather than at the mid-span. The presence of steel fibers 
(Vf of 2 %) is effective in improving the moment capacity, post-cracking 
stiffness, and cracking response of the R–UHPC beams; however, it 
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decreases their ductility (Yoo and Yoon, 2015). Further, increasing of 
the straight steel fiber length and using twisted steel (TS) fibers improves 
the post-peak response and ductility of R–UHPFRC beams. Based on 
numerical analysis, Yoo and Yoon (2015) concluded that the adoption of 
a fiber orientation coefficient (K) of 1.25, as per the AFGC Interim 
Recommendations (AFGC, 2013), yields a better prediction than that 
without considering K, because of the different fiber distribution char
acteristics between the small prismatic beams used for inverse analysis 
and the large structurally reinforced beams. Chen et al. (2018) found 
that the flexural capacity and ductility of R–UHPFRC beams, which 
included 2 % 13-mm-long SS fibers, were influenced by the reinforce
ment ratio. The flexural capacity increased as the reinforcement ratio 
was raised from 1.09 % to 4.99 %. However, the highest ductility indices 
were obtained at certain reinforcement ratios. To predict the ultimate 
moment capacity of R–UHPFRC beams, they (Chen et al., 2018) sug
gested a tensile strength coefficient of 0.47 for an equivalent tensile 
stress block. According to a study performed by Saqif et al. (2022), an 
increase in material ductility does not necessarily enhance the ductility 
of R–UHPFRC beams at low reinforcement ratios of 0.85 % and 1.54 %, 
and a decrease in reinforcement ratio leads to an increase in the rein
forced beam ductility. Saqif et al. (2022) suggested that a Vf between 1.0 
% and 1.5 % is appropriate for the fabrication of R–UHPFRC beams with 
low reinforcement ratios. Shao and Billington (2022) examined the 
synergistic impacts of steel fiber volume fractions (0.5–2.0 %) and lon
gitudinal rebar ratios (0.96 % and 2.10 %). They (Shao and Billington, 
2022) found that reducing the tensile strength of UHPFRC, increasing 
the steel rebar ratio, and enhancing the post-yield hardening strength of 
steel rebar are effective strategies for enhancing drift capacity. More
over, these measures alter the failure path of flexural elements, shifting 
from crack localization to failure after gradual strain hardening. 

Naaman and Reinhardt (2006) classified fiber-reinforced cement 
(FRC) composites as tensile strain-softening or -hardening composites. 
The strain-hardening composites provide a higher load-carrying capac
ity in tension after a formation of matrix percolation cracks, thus 
exhibiting multiple-crack patterns, whereas the strain-softening com
posites develop single-crack widening with softening behavior after the 
initiation of matrix crack. The fiber bridging capacity, which is a main 
factor affecting the post-cracking tensile response, is influenced by the 
volume content of the fibers (Yoo et al., 2017a). Therefore, depending 
on the steel fiber content, either strain-softening or -hardening of the 
UHPFRC composites under tension can be achieved (Wille et al., 2011). 
According to Wille et al. (2011), UHPFRC with short straight (SS) steel 
fibers (lf , 13 mm) in volume fraction of 1.5 % or higher lead to the tensile 
strain-hardening behavior (σpc ≥ σcc), where lf is the fiber length, σpc is 
the post-cracking tensile strength, and σcc is the initial cracking tensile 
strength. As strain-softening and -hardening composites exhibit different 
cracking patterns, the structural ductility of R–UHPFRC is expected to be 
affected by the tensile characteristics of the material. Although a few 
studies (Saqif et al., 2022; Shao and Billington, 2022) have evaluated the 
effect of steel fiber content on the ductility of R–UHPFRC beams, pub
lished studies evaluating the structural ductility according to the ma
terial tensile characteristics, such as strain softening versus strain 
hardening, are currently lacking. Accordingly, in this study, various 
steel fiber volume fractions, ranging from very low (0.5 %) to high (3.0 
%), were considered to produce strain-softening and -hardening 
UHPFRC composites; subsequently, their impact on the flexural 
behavior of R–UHPFRC beams was evaluated. 

The AFGC recommendations (AFGC, 2013) suggest using a fiber 
orientation coefficient, K, to consider the random orientation of the fi
bers. However, the coefficient K must be changed according to various 
factors, such as the fiber volume fraction, aspect ratio, shape, 
cross-sectional dimensions, and casting method. Yoo et al. (2017b) re
ported that the coefficient K increases with increasing cross-sectional 
area of reinforced concrete beams. Therefore, the effect of the fiber 
reinforcing index (FRI), which considers both the fiber volume fraction 

and aspect ratio, on the fiber orientation coefficient K must be investi
gated simultaneously. To this end, finite element (FE) analysis was 
performed by considering the material models suggested from the ex
periments to predict the behavior of R–UHPFRC beams under flexure, 
and by inverse analysis, an appropriate coefficient K was suggested as a 
function of the FRI. 

2. Research significance 

The demand for R–UHPFRC structures has been increasing, leading 
to extensive studies conducted on this topic. Since UHPFRC exhibits 
superior tensile strength and energy absorption capacity, researchers 
have been particularly interested in its applications in tensile or flexural 
members. Most studies have focused on assessing the flexural behavior 
of R–UHPFRC beams with varying longitudinal steel rebar ratios, 
emphasizing high steel fiber volume fractions. However, only a limited 
number of studies have considered low steel fiber volume fractions 
below 1.0 %. The tensile behavior of UHPFRC significantly influences 
the structural performance of R–UHPFRC beams, and it is highly 
dependent on the steel fiber volume fractions. Therefore, this study in
vestigates the effects of steel fiber volume fractions ranging from low to 
high (0.5 %–3.0 %). The study evaluates the impact of tensile strain- 
hardening and -softening characteristics on the ductility of R–UHPFRC 
beams. Additionally, for an accurate prediction of the flexural behavior 
of R–UHPFRC beams, the fiber orientation factor (K) must be consid
ered. Fiber orientation is influenced by the FRR, and thus, this study first 
examines the changes in the factor K according to the FRI. 

3. Test program 

3.1. Fabrications of UHPC and UHPFRC 

According to ACI Committee 239 (ACI Committee 239, 2012), UHPC 
is suggested as a concrete material with a minimum specified 
compressive strength of 150 MPa and specified durability, tensile 
ductility, and toughness requirements. Discontinuous fibers are gener
ally included to meet specified requirements. Thus, to achieve such an 
ultrahigh strength, a very low water-to-binder (W/B) ratio of 0.2 was 
adopted, including 70 % water from the polycarboxylate super
plasticizer (SP). As a binding material, type I ordinary Portland cement 
and silica fume with mean grain sizes of 11.43 and 0.20 μm, respec
tively, were used. In addition, silica sand and flour with mean grain sizes 
of 236.24 and 6.75 μm were used as fine aggregate and filler to increase 

Table 1 
Mix proportion of UHPC.  

W/ 
B 

Mix design [kg/m3] 

Water Cement Silica 
fume 

Silica 
flour 

Silica 
sand 

Superplasticizera 

0.2 160.3 788.5 197.1 236.6 867.4 52.6 

[Note] UHPC = ultra-high-performance concrete and W/B = water-to-binder 
ratio. 

a Superplasticizer includes 30 % solid (=15.8 kg/m3) and 70 % water (=36.8 
kg/m3). 

Table 2 
Geometrical and physical properties of SS, MS, and TS fibers.  

Fiber 
type 

Diameter, 
df [mm] 

Length, 
lf [mm] 

Aspect 
ratio 
[lf/df ] 

Density 
[g/cm3] 

Tensile 
strength 
[MPa] 

Elastic 
modulus 
[GPa] 

SS 0.2 13 65.0 7.9 2,788 200 
MS 0.2 19.5 97.5 7.9 2,500 200 
TS 0.3 30.0 100.0 7.9 2,428 200 

[Note] SS = short straight steel fiber, MS = medium length straight steel fiber, 
and TS = twisted steel fiber. 
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density of matrix, respectively. Owing to the addition of SP, the UHPC 
was a type of self-consolidating concrete with a flow value of approxi
mately 250 mm. The details of the mix proportions of the UHPC are 
provided in Table 1. 

To evaluate the effects of steel fiber content and type on the tensile 
behavior of UHPC, three types of steel fibers, namely SS, medium-length 
straight steel (MS), and TS steel fibers, were used. Their properties are 
listed in Table 2. For the SS fibers, five volume fractions, ranging from 
0.5 % to 3 %, were considered to achieve both strain-softening and 
strain-hardening behaviors under tension. The steel fiber-doped UHPC is 
designated as UHPFRC. An identical fiber volume fraction of 2 % was 
used for the MS and TS fibers. The designation of the test variables was 
determined by the type and volume fraction of the fiber. For example, 
specimen SSU2.0 denotes the UHPFRC with 2.0 % (by volume) SS fibers. 

The cylindrical and dog-bone specimens for mechanical property 
evaluation, and the reinforced UHPC and UHPFRC beams for structural 
behavior evaluation were fabricated using a Hobart-type lab mixer with 

a capacity of 1,200 L. All dry ingredients were initially added to the 
mixer and premixed for 10 min to ensure sufficient dispersion. Subse
quently, a mixture of water and SP was added and mixed for 10 min to 
form a flowable UHPC mixture, which was then used to fabricate the 
UHPC specimens and beams. For the UHPFRC, SS, MS, and TS fibers 
were carefully added to the mixer and mixed for additional 5 min to 
achieve fiber dispersion. As the fiber orientation of UHPFRC is strongly 
dependent on the casting method (Zhou and Uchida, 2017; Yoo et al., 
2014a, 2016b; Martinie et al., 2015), all specimens and beams were cast 
parallel to their longitudinal direction. 

To achieve sufficient strength, all specimens and beams were sub
jected to steam-heat curing. After casting the fresh concrete mixture, the 
samples were initially cured in a laboratory for 48 h and then demolded. 
Next, special steam-heat curing at a temperature of 90 ◦C and relative 
humidity of over 95 % was applied for 3 d. Subsequently, the samples 
were stored outside until testing was conducted. 

3.2. Mechanical property evaluation 

For obtaining fundamental data, the compressive strengths of UHPC 
and UHPFRC were determined using cylindrical specimens measuring 
100 mm in diameter and 200 mm in height. Three specimens were used 
for each variable to determine the average strength. A universal testing 
machine was used, and a uniaxial load was monotonically applied to the 
specimen until failure. The load was recorded using a load cell, and the 
compressive strength was calculated by dividing the maximum load by 
the cross-sectional area of the cylinder. 

Dog-bone-shaped specimens were fabricated and tested to evaluate 
their tensile behavior, as per the JSCE recommendations (JSCE, 2008). 
The specimens utilized had cross-sectional dimensions of 13 mm × 30 
mm and a gauge length of 80 mm. To ensure consistent fiber orientation, 
each specimen was cast with fresh UHPFRC parallel to the longitudinal 
direction. As shown in Fig. 1, the specimen was inserted into a steel grip 
jig, and an aluminum frame with two displacement transducers was 
affixed to the specimen. A fixed-fixed support system was used. A uni
axial tensile force was applied at a rate of 0.4 mm/min, and the force and 
displacement were simultaneously recorded. The recorded tensile load 
and displacement were converted to tensile stress and strain by dividing 
them by the cross-section and gauge length, respectively. Five dog-bone 
specimens were fabricated and tested for each variable to obtain reliable 
average values. 

3.3. Reinforcing details and test setup of R–UHPC and UHPFRC beams 

Fig. 2 shows the geometrical and reinforcement details of reinforced 

Fig. 1. Direct tensile test setup.  

Fig. 2. Cross-sectional and reinforcement details of reinforced UHPC and UHPFRC beams.  
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R–UHPC and R–UHPFRC beams. The cross-sectional dimensions were 
150 mm × 185 mm with an effective depth of 142 mm and total length 
of 1200 mm. Two deformed steel rebars with a diameter of 15.9 mm and 
cross-sectional area of 198.6 mm2 were used as longitudinal re
inforcements. Thus, the reinforcement ratio was 0.01865. Its yield 
strength (fy) and strain (εy) were 497.5 MPa and 0.25 %, respectively, 
and the ultimate strength (fu) was 629.7 MPa. The mechanical properties 
of the steel rebars are listed in Table 3. To prevent shear failure, shear 
stirrups with a diameter of 9.53 mm were applied in a spacing of 70 mm. 
To install the shear stirrups, a top reinforcement with an identical 
diameter was also used (Table 3). Yoo and Yoon (2017) reported that the 
development length of UHPFRC is 2 or 2.5 times the bar diameter of a 
normal- or high-strength steel rebar, respectively. This implies that the 
steel rebar embedded in UHPFRC yields before pull-out when its 

embedded length is greater than twice the bar diameter. Therefore, the 
longitudinal steel rebars were not bent at the end of the beam but rather 
extended outside the beam (Fig. 2). The R–UHPFRC beams were man
ufactured by pouring the fresh UHPFRC mixture in a manner parallel to 
the longitudinal direction of the beam, akin to the dog-bone specimens. 

The detailed setup for the flexural tests of the R–UHPC and 
R–UHPFRC beams is shown in Fig. 3. A uniaxial load was applied to the 
center of the beams at a rate of 2 mm/min using a universal testing 
machine. To prevent the local crushing of concrete at the point load, a 
rubber pad was placed between the loading pin and top surface of the 
concrete beams. The beam was placed on a pin support with a clear span 
length of 1000 mm. To measure the mid-span deflection and deflection 
shape during testing, seven linear potentiometers (pots) were installed 
underneath the beam. The locations of the linear pots are shown in 
Fig. 3. The uniaxial load was applied until the load dropped suddenly 
owing to the rupture of the longitudinal rebar or compressive crushing 
of the concrete, which are the general flexural failure modes. 

4. Test results and discussion 

4.1. Mechanical properties 

4.1.1. Compressive strength 
As shown in Fig. 4, the average compressive strength of UHPC was 

influenced by the steel fiber content and type. The average compressive 
strength for the plain UHPC without steel fibers was 152.5 MPa, which is 
slightly higher than the required strength value according to ACI Com
mittee 239 (ACI Committee 239, 2012). By incorporating steel fibers, 
the compressive strength of the UHPC was significantly improved. For 
example, the highest compressive strength achieved at a fiber volume 
fraction of 2 % was 210.9 MPa, which is 38 % higher than that of the 
plain UHPC without fibers. The compressive strength of UHPFRC with 
SS fibers exhibited an increase with the rise in fiber volume fraction up 
to 2 %, after which it slightly decreased. Yang et al. (2021), Meng et al. 
(2022), and Yoo et al. (2014b) consistently reported an increase in 
compressive strength of UHPC by incorporating steel fibers and by 

Table 3 
Properties of steel reinforcing bars.  

Designation Usage Area [mm2] fy [MPa] εy fu [MPa] εu 

D10-SD400 Top longitudinal and transverse reinforcements 71.3 549.5 0.0028 667.1 0.0985 
D16-SD400 Longitudinal reinforcement 198.6 497.5 0.0025 629.7 0.1149 

[Note] fy = yielding strength, εy = yield strain, fu = ultimate tensile strength, and εu = ultimate strain. 

Fig. 3. Setup of structural flexural test for reinforced UHPC and 
UHPFRC beams. 

Fig. 4. Summary of compressive strengths of UHPC and UHPFRC: (a) effect of SS fiber volume content and (b) effect of steel fiber type.  
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increasing the volume fraction up to a certain dosage. This is because the 
incorporated steel fibers inhibit the propagation and widening of 
microcracks (Yoo and Yang, 2018). However, a higher fiber volume 
content also leads to an increase in air content (Soulioti et al., 2011) and, 
possibly, fiber balling, thus causing poor dispersion of the fibers. Soulioti 
et al. (2011) reported that the air content of fresh concrete initially 
decreased at a low fiber volume fraction of 0.5 % but continuously 

increased with an increase in volume fraction of fibers up to 1.5 %. 
Owing to the pros and cons of steel fibers, a slightly decreased 
compressive strength of 203.5 MPa was observed at the highest fiber 
volume fraction of 3 %. 

Fig. 4b compares the effects of the fiber aspect ratio and shape on the 
compressive strength of the UHPFRC at an identical volume fraction of 2 
%. Similar compressive strengths were obtained for the cases of SS and 
MS fibers; however, noticeably lower compressive strength of 157.0 
MPa was observed in the case of TS fiber. This was possibly caused by 
the longer length (i.e., 30 mm) and angular shape of the cross-section, 
which might have deteriorated the degree of fiber dispersion. 

Song and Hwan (Song and Hwang, 2004) predicted the compressive 
strength of high-strength concrete containing steel fibers based on a 
quadratic function of the fiber volume fraction. In this study, fiber aspect 
ratios of 65 and 97.5 were adopted to predict the compressive strength 
of UHPFRC with straight steel fibers based on the FRI, which is a product 
of the fiber volume fraction and aspect ratio, instead of the fiber volume 
fraction. The proposed quadric function is as follows. 

f ′
cf = f ′

c + aVf

(
lf

df

)

+ b
[

Vf

(
lf

df

)]2

, (1)  

where f′
cf is the compressive strength of the UHPFRC; f′

c is the 
compressive strength of the UHPC without fibers; Vf is the fiber volume 
fraction; lf/df is the fiber aspect ratio; and a and b are regression co
efficients. 

Based on nonlinear regression analysis, the coefficients were found 
to be a = 54.95 and b = − 13.59. In Fig. 5, the compressive strength of 
the UHPFRC was well predicted by Eq. (1) with a high coefficient of 
determination (R2) of 0.9327. This implies that the compressive strength 

Fig. 5. Correlation between the compressive strength and FRI of SFRC.  

Fig. 6. Comparative tensile stress versus strain curves of UHPC and UHPFRC: (a) strain-softening UHPFRC, (b) strain-hardening UHPFRC, and (c) effect of steel fiber 
type [Note: A): initial tensile behaviors]. 
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of UHPFRC is influenced by the FRI. 

4.1.2. Direct tensile response 
Fig. 6 shows the average tensile stress and strain curves of UHPC and 

UHPFRC. Very brittle tensile behavior was detected in the plain UHPC 
because of its ultrahigh strength and the absence of fibers. Linear elastic 
behavior was observed up to the peak strength, immediately after 
which, the stress dropped to almost zero. The brittle nature of the UHPC 
changed to a ductile nature by including steel fibers owing to their crack- 
bridging effect. At a low fiber volume fraction of 0.5 %, similar tensile 
strengths were obtained for the UHPC and UHPFRC (approximately 7 
MPa); however, the post-peak tensile stress gradually decreased by 
bridging fibers at the crack surface. The maximum tensile strength of the 
SS0.5 specimen was observed at the initial cracking point; therefore, it 
can be categorized as a strain-softening material. According to a previ
ous study by Meng et al. (2022), 0.5 % SS fibers resulted in a 
deflection-softening behavior under flexural conditions. When the fiber 
volume fraction increased from 0.5 % to 1.0 %, both strain-softening and 
strain-hardening behaviors were detected. Three of the five specimens 
exhibited strain-softening behavior, whereas the remaining two 
exhibited strain-hardening behavior. Therefore, the tensile behaviors of 
the SSU1.0 specimen were separated into two different curves in Fig. 6a 
and b. Both cases provided similar tensile strength values of 8.36–8.76 
MPa; however, the strain capacity was different by 10-fold. Thus, the 
SSU1.0 specimen is considered as a material that barely exhibits 
strain-hardening behavior in tension. Tensile strain-hardening charac
teristics were observed when the volume fraction of SS fibers was ≥1.5 
%. Specimens SSU1.5, SSU2.0, and SSU3.0 can be considered as 
strain-hardening materials. By increasing the volume fraction of fibers, 
the post-cracking tensile strength of the UHPFRC increased, although 
the initial cracking strength changed only slightly. Yoo et al. (2017a) 

observed that the fiber volume content had minimal influence on the 
first cracking strength, as it was primarily influenced by the matrix 
strength rather than the effect of fiber bridging capability. However, the 
post-cracking strength was predominantly determined by the strength of 
fiber bridging (Yoo et al., 2017a; Huang et al., 2018; Lee et al., 2011), 
which increases with increasing fiber content (Yoo et al., 2017a; Huang 
et al., 2018). Important tensile parameters, such as the tensile strength 
(ft), strain capacity (εu), and strain energy density (g-value), are sum
marized in Fig. 7. The tensile strength gradually increased with the fiber 
volume fraction, and the highest value of ft (17.1 MPa) was found in the 
SSU3.0 specimen, approximately 2.4 times higher than that of the plain 
UHPC specimen. However, both the strain capacity and energy ab
sorption capacity changed significantly at a Vf of 1.0 % because these 
parameters were significantly influenced by the strain-hardening or 
-softening behavior. In addition, a higher fiber content resulted in higher 
values of εu and g. Thus, the highest εu and g values, found to be 0.43 % 
and 65.1 kJ/m3, were observed in the SSU3.0 specimen, and they were 
17.8 and 72.6 times higher than those of the plain UHPC specimen, 
respectively. This suggests that the inclusion of steel fibers is more im
pactful in enhancing the deformability and energy absorption capacity 
of UHPC rather than improving its tensile strength. 

The effects of the fiber aspect ratio and shape on the tensile behavior 
of the UHPFRC at the same Vf of 2 % are shown in Fig. 6c. The use of MS 
and TS fibers resulted in an obvious improvement in the tensile per
formance compared with using only SS fibers. Twist torque was applied 
as an additional bond component between the TS fiber and the UHPC 
matrix, which resulted in a much higher pullout resistance than that of 
the SS fiber (Wille and Naaman, 2012). The MS fiber was longer than the 
SS fiber with an identical diameter of 0.2 mm. Although the number of 
MS fibers was lower than that of the SS fibers when UHPFRC was mixed, 
the actual number of fibers located at the localized crack surface was 

Fig. 7. Summary of tensile parameters of UHPC and UHPFRC: (a) effect of SS fiber content and (b) effect of fiber type at 2 vol%.  
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similar owing to the higher possibility of fiber detection at the crack 
surface for the former (Yoo et al., 2014a). As the MS fibers had a higher 
bonding area with the UHPC matrix, they exhibited a better bridging 
capability than the SS fibers. As shown in Fig. 7b, the TS fiber specimen 
exhibited the highest tensile strength of 17.4 MPa, followed by the MS 
and SS fiber specimens. Further, approximately 20 % higher ft value was 
achieved using the MS and TS fibers, compared with the SS fibers. The 
strain and energy absorption capacities were also improved using the MS 

and TS fibers instead of the SS fibers, and the increase rates were higher 
than that of the ft value. For example, the values of εu and g increased by 
93 % and 118 %, respectively, compared with SS fibers when TS fibers 
were used. Thus, high strain energy densities of 99.2 and 99.8 kJ/m3 

were achieved in the cases of MS and TS fiber specimens, respectively. 
Although the SSU3.0 specimen had a higher Vf than those of the MSU2.0 
and TU2.0 specimens, the latter resulted in a better energy absorption 
capacity. According to Wille et al. (2014), most UHPFRC reported in the 

Fig. 8. Relations of (a) tensile strength and FRI and (b) strain energy density and FRI × lf.  

Fig. 9. Summary of load versus mid-span deflection curves: (a) plain UHPC beams (PU), (b) strain-softening UHPFRC beams (SSU-0.5 % and 1.0 %), (c) strain- 
hardening UHPFRC beams (SSU-1.5 %, 2.0 %, and 3.0 %), and (d) effect of steel fiber type at vf of 2.0 % (SSU-2.0 %, MSU-2.0 %, and TU-2.0 %). 
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literature have g-values of 55–94 kJ/m3. Thus, the UHPFRCs with MS 
and TS fibers tested in this study are considered to be among the best 
energy-absorbent UHPFRC materials currently available. 

4.1.3. Regression analysis on tensile parameters 
The relationships between the tensile strength and FRI, and the strain 

energy density and quantity Vf (l2f /df ) are shown in Fig. 8. The post- 
cracking tensile strength has a linear relationship with the FRI and is 
expressed as: σpc = ΛτeqVf (lf /df ), where Λ is the product of several 
coefficients involving the expected pullout length, orientation efficiency 
factor, group reduction factor, and snubbing coefficient; and τeq is the 
equivalent bond strength (Naaman, 2003). In addition, the pull-out 
surface energy is a good estimate of the fracture energy under tension 
and is expressed as a function of the quantity Vf (l2f /df ) (Pyo et al., 2015). 
Therefore, the values of ft and g were fitted to the following equations. 

ft = ftp + αVf

(
lf

df

)

, (2)  

g= gp + βVf

(
l2
f

df

)

, (3)  

where ft and g are the tensile strength and strain energy density of 
UHPFRC, respectively; ftp and gp are the tensile strength and strain en
ergy density of UHPC without fibers, respectively; Vf (lf /df ) is the FRI; 
and α and β are regression coefficients. 

The regression coefficients and R2 values are shown in Fig. 8. The 
tensile strength and strain energy density fit well with Eqs. (2) and (3) 
with high R2 values of 0.9575 and 0.9840, respectively. This verifies that 
the quantities Vf (lf /df ) and Vf (l2f /df ) are the dominant factors affecting 

Fig. 10. Pictures of failed reinforced UHPC and UHPFRC beams.  

Fig. 11. Typical pictures of ruptured and highly deflected steel rebars.  
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the tensile strength and g-value of UHPFRC. 

4.2. Flexural behaviors of R–UHPC and R–UHPFRC beams 

4.2.1. General behavior 
The load versus mid-span deflection curves of the R–UHPC beam are 

shown in Fig. 9a. Initially, an almost linear increase in load was 
observed until the longitudinal steel rebar reached its yield strength. 
Subsequently, the flexural stiffness substantially decreased owing to the 
yielding of the steel rebar; however, the load-carrying capacity 
increased up to the maximum point owing to the strain-hardening 
behavior of the steel rebar under tension. The maximum flexural 
strength was obtained at a mid-span deflection of about 15 mm, after 
which the load decreased owing to the spalling and crushing of the 
UHPC in the compressive zone and the formation of cracks parallel to 
the top steel rebars generated from the loading point. The R–UHPC 
beams finally failed owing to the rupture of the longitudinal steel rebars 
at a deflection of approximately 59.6–69.6 mm. As shown in Fig. 10a, 
multiple flexural cracks formed near the mid-span of the R–UHPC beam 
because the tensile stress was transferred to the surrounding concrete 
through the bond between the steel rebars and concrete. The widths of 
multiple flexural cracks were sufficiently large to be detected by the 
naked eye. This implies that the deformation of the longitudinal steel 
rebars can be distributed through the zone of multiple flexural cracks, 
thus leading to a much larger ultimate deflection of the beam with rebar 
rupture. In Fig. 11, necking and rupture of the longitudinal steel rebar in 
the R–UHPC beam were clearly detected. Owing to its ultrahigh strength 
and absence of coarse aggregates, UHPC cracked into pieces with very 
sharp shapes. Spalling and parallel cracks began to form in the UHPC at 
the top of the beam near the peak load point (Fig. 10a). Owing to the 
UHPC spalling, the top rebar was even deflected at the end of the flex
ural test (Fig. 11). 

Fig. 9b shows the comparative flexural behaviors of R–UHPC and 
R–UHPFRC beams with strain-softening characteristics under tension. 
The inclusion of steel fibers allowed for the absorption of a portion of the 
tensile stress at the surfaces of cracks. Consequently, higher post- 
cracking flexural stiffness and flexural strength were achieved in the 
SSU0.5 and SSU1.0 specimens that is coherent to the findings of Ashour 
and Wafa (1993) that steel fibers enhance the post-cracking stiffness and 
flexural rigidity of reinforced concrete beams, resulting in improved 
deflection control. Further, the deflections of the R–UHPFRC beams 
were lower than those of the R–UHPC beams, given the same loading 
levels. The post-yielding stiffness was not significantly affected by the 
relatively small dosages of SS fibers; however, the load-carrying capacity 
continued to increase beyond the deflection capacity of the R–UHPC 
beams. This is because the steel fibers prevented spalling of the matrix 
and top crack formation (Fig. 10b and c). The repetitive load drop and 
increase detected in the SSU0.5 and SSU1.0 specimens were caused by 
the slippage of the longitudinal steel rebar from the UHPFRC along with 
a formation of multiple flexural cracks. Similar to the plain beam, 

specimens SSU0.5 and SSU1.0 finally failed owing to the sudden load 
drop, which was attributed to the rupture of the longitudinal steel re
bars; however, the ultimate deflection capacities were much lower than 
those of the R–UHPC beam. This is consistent with the findings of Yoo 
and Yoon (2015), and this can be attributed to the exceptional bond 
strength between the deformed steel rebar and UHPFRC, as well as the 
phenomenon of crack localization. The steel fibers inhibit the formation 
and widening of cracks such that the deformation of steel rebars is 
localized, thus leading to their premature rupture. As shown in Fig. 10b 
and c, multiple flexural and flexural-shear cracks were formed in the 
SSU0.5 and SSU1.0 beams; however, most of them were excessively tiny 
microcracks, which is inconsistent with the crack patterns of the 
R–UHPC beams. In accordance with Monte et al. (2024), UHPFRC 
exhibited a faster and more uniform self-healing process, attributed to 
the substantial presence of anhydrous particles and the formation of 
extremely narrow cracks resulting from multiple cracking. The tiny 
microcracks formed in the R–UHPFRC beams are expected to contribute 
to enhanced durability, thanks to their crack self-healing characteristics. 
One of the multiple cracks was localized, and the longitudinal steel rebar 
was then ruptured at the localized crack surface (Fig. 11). By increasing 
a volume fraction of steel fibers from 0.5 % to 1.0 %, the ultimate 
deflection, corresponding to the point of rebar rupture, decreased from 
31.7 to 29.7 mm. 

Fig. 9c shows the flexural behaviors of the R–UHPFRC beams that 
exhibited strain-hardening behavior (SSU1.5, SSU2.0, and SSU3.0) 
compared with those of the R–UHPC beams. In contrast to the SSU0.5 
and SSU1.0 beams, smooth post-yield load–deflection curves were ob
tained with a higher flexural stiffness. The maximum flexural load 
increased as the fiber volume fraction increased from 1.5 % to 3.0 %; 
however, as the fiber volume fraction increased, the deflection capacity 
at the peak load and ultimate deflection decreased. For example, the 
ultimate deflection decreased from 28.0 to 26.0 mm when Vf increased 
from 1.5 % to 3.0 %. The number of flexural cracks in the R–UHPFRC 
beams decreased noticeably when the Vf was 1.5 % or higher, and most 
of the longitudinal deformation was localized to one or two cracks 
(Fig. 10d–f). The tensile strain-hardening characteristics of the UHPFRC 
negatively affected the cracking behavior and stress redistribution of the 
R–UHPC and R–UHPFRC beams. This might be due to the deterioration 
of fiber orientation owing to fiber interference. Meng et al. (2022) re
ported that the fiber orientation factor (ηθ) of UHPFRC decreased from 
0.80 to 0.61 when the Vf increased from 0.5 % to 2.0 %. The lower ηθ 
value implies that more fibers are inclined to the longitudinal direction, 
thus resulting in a decreased number of fibers detected at the surface of 
localized crack (Yoo et al., 2015b). The further increase in tensile stress, 
transferred from the steel rebars and fibers to the surrounding UHPFRC, 
was limited to the weakest part (localized crack) owing to the deterio
rated fiber orientation. Thus, it became more difficult to generate mul
tiple cracks because the remaining parts attained higher tensile strength 
through the existence of more fibers. Specimens SSU1.5, SSU2.0, and 

Table 4 
Summary of flexural test results of R–UHPC and R–UHPFRC beams.  

Designation FRI At yield At peak At ultimate Ductility index 

Deflection, Δy [mm] Load, Pp [kN] Deflection, Δp [mm] Deflection, Δu [mm] μp μu 

PU-1 0.00 5.38 148.9 15.04 59.62 2.79 11.07 
PU-2 0.00 5.23 144.8 13.71 69.62 2.62 13.30 
SSU0.5 0.33 5.53 184.7 22.30 31.74 4.03 5.74 
SSU1.0 0.65 4.99 179.9 21.56 29.66 4.32 5.94 
SSU1.5 0.98 5.01 175.7 15.11 28.00 3.02 5.59 
SSU2.0 1.30 4.49 178.7 13.86 28.33 3.09 6.31 
SSU3.0 1.95 4.42 180.8 12.87 25.97 2.91 5.88 
MSU2.0 1.95 4.54 191.1 9.42 27.22 2.07 5.99 
TU2.0 2.00 5.16 193.3 14.19 29.00 2.75 5.62 

[Note] FRI = fiber-reinforcing index, μp = ductility index at the peak, and μu = ductility index at the ultimate.  
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SSU3.0, all failed by the rupture of steel rebars, and because of the 
limited distribution of rebar deformation, they exhibited rebar rupture 
earlier than the R–UHPC and strain-softening R–UHPFRC beams. 

For a fixed Vf of 2 %, the fiber aspect ratio and shape also influenced 
the flexural capacity of the R–UHPFRC beams, as shown in Fig. 9d. The 
use of MS and TS fibers was more effective in increasing the flexural 
strength of R–UHPFRC beams because their higher aspect ratio and 
untwisting torque improved the post-cracking tensile properties. This 
result is consistent with the findings of Yoo and Yoon (2015). For 
instance, the maximum loads of the MSU2.0 and TU2.0 specimens were 
191.1 and 193.3 kN, respectively, approximately 6.9–8.2 % higher than 
that of the SSU2.0 specimen (Table 4). However, no trends were 
observed in the deflection capacity or ultimate deflection. The deflection 
capacity and ultimate deflection of the TU2.0 specimen were 14.2 and 
29.0 mm, respectively, larger than those of the SSU2.0 specimen; 
however, the MSU2.0 specimen resulted in lower values of 9.4 and 27.2 
mm, respectively. As shown in Fig. 10g and h, the MSU2.0 and TU2.0 
specimens exhibited localized flexural cracks and finally failed owing to 
longitudinal steel rebar ruptures. 

4.2.2. Ductility 
Yield deflection is defined based on an equivalent elastoplastic sys

tem with decreased stiffness (Park, 1988), as shown in Fig. 12. Defining 
the yield point from the flexural load–deflection curves is challenging 
because of the material nonlinear behavior and the formation of plastic 
hinges in different parts of the beam at different load levels (Park, 1988). 
Thus, herein, a secant stiffness of 75 % of the peak load was used owing 

to the crack formation near the end of the elastic range. Subsequently, 
the ductility indices were calculated using Eqs. (4) and (5), based on the 
deflections corresponding to the peak, ultimate, and yield states (Shin 
et al., 1989). 

μp =
Δp

Δy
, (4)  

μu =
Δu

Δy
, (5)  

where Δp is the peak load deflection; Δy is the steel-bar yielding 
deflection; and Δu is the ultimate deflection. 

The ductility indices are given in Table 4 and Fig. 13. The average 
ductility indices at the peak and ultimate states of the plain UHPC beams 
were 2.71 and 12.19, respectively. The steel fiber volume content 
significantly influenced the ductility indices. The ductility index at the 
peak, μp, of the R–UHPC beams first increased by adding steel fibers up 
to Vf of 1 %, and subsequently, it decreased to have similar values to that 
of the R–UHPC beams. This indicates that only small amounts of steel 
fibers exhibiting strain-softening characteristics are effective in 
increasing the peak ductility index of R–UHPC beams. This is similar to 
the results obtained by Saqif et al. (2022), who reported that an increase 
in the material ductility of UHPFRC does not necessarily translate into 
an increase in the structural ductility of lightly reinforced UHPFRC 
beams. Although most of the R–UHPFRC beams that exhibited strain 
hardening under tension also exhibited slightly higher peak ductility 
indices, the differences between the peak ductility indices of the 
R–UHPC and R–UHPFRC beams were insignificant. 

However, regardless of the fiber volume fraction and tensile char
acteristics (strain-softening or -hardening), the ultimate ductility index, 
μu, of the R–UHPC beams decreased significantly owing to the addition 
of steel fibers. The μu value decreased from 12.19 for the R–UHPC beams 
to 5.59–6.31 for R–UHPFRC beams, which corresponds to approxi
mately 45.9–51.8 % reduction. In addition, among the R–UHPFRC 
beams, the SSU2.0 specimen exhibited the highest μu value of 6.31, and 
it generally increased and decreased based on the fiber volume fraction 
of 2 %. Similarly, Yang et al. (2020) reported that the ductility index of 
R–UHPFRC beams increased with an increase in Vf of steel fibers from 
1.0 % to 1.5 % and decreased at a higher fiber Vf of 2 %. The presence of 
steel fibers is a predominant factor affecting the ductility of R–UHPC 
beams at low reinforcement ratios (Yang et al., 2020). Saqif et al. (2022) 
also noted that the deflection ductility index of R–UHPFRC beams is 
influenced by the strain-hardening ratio (εt/εcr). Structural ductility 
increased with the εt/εcr ratio up to 20 and then decreased afterward. 

Fig. 12. Schematic description of yield deflection (Δy) based on reduced 
stiffness equivalent elasto-plastic yield (Park, 1988). 

Fig. 13. Effect of FRI on the (a) peak ductility and (b) ultimate ductility.  
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This indicates that better strain-hardening behavior of UHPFRC does not 
ensure better structural ductility of R–UHPFRC beams. A potential 
reason for this is the crack localization phenomenon of UHPFRC, which 
results in the concentration of inelastic deformation in few large cracks. 
Espion (1994) reported that the inelastic deformation in FRC beams is 
concentrated at the ultimate stage in one large crack, whereas it is more 
evenly distributed in concrete beams without fibers. The excellent 
bridging capabilities of the high volume of steel fibers at the crack 
surfaces prohibit the formation of more flexural cracks, which can be 
distributed throughout the beams, thus leading to concentrated defor
mation in the longitudinal steel rebars. Ashour (2000), Yoo and Moon 
(2018), and Qiu et al. (2020) reported that the ultimate ductility index 
decreases with an increase in the reinforcement ratio of high-strength 
concrete (HSC) or UHPFRC beams. Steel fibers are also a type of rein
forcement that withstand tensile stresses at the crack surface, such as in 
steel rebars; thus, the ultimate deflection ductility, μu, of R–UHPC beams 
decreases with the addition of steel fibers. Yoo and Moon (2018) re
ported a reduction in the ductility index of RC beams with low rein
forcement ratios, ranging from 0.178 % to 0.406 %, upon the addition of 
hooked steel fibers up to a volume fraction of 1.0 %. By contrast, other 
researchers (Ashour and Wafa, 1993; Abbass et al., 2019; Oh, 1992) 
reported an increased ductility index of RC beams with the inclusion of 
steel fibers. In accordance with Ashour and Wafa (1993), the ductility 
index, μu, of reinforced HSC beams with a shear span-depth ratio of 4 

was 1.538, and it increased to 3.378 by including 1.5 % (by volume) 
steel fibers. Abbass et al. (2019) reported that the ductility indices of 
both solid and hollow RC beams increased from 3.7 to 5.5 and from 4.2 
to 5.9, respectively, by adding 1.5 vol % hooked steel fibers. In their 
study (Abbass et al., 2019), a steel fiber-reinforced concrete (SFRC) 
mixture with Vf of up to 1.5 % exhibited deflection-softening behavior. 
These discrepancies are caused by the susceptibility of the ductility 
index of RC beams to various factors, such as the fiber content, rein
forcement ratio, material tensile characteristics, and crack patterns. 
However, in the case of R–UHPC beams, the addition of steel fibers 
decreased the ultimate deflection ductility, μu, regardless of the fiber 
volume content, as presented in this study and previous studies (Yoo and 
Yoon, 2015; Yang et al., 2020). 

4.2.3. Deformation shape 
Fig. 14 summarizes the deformation shapes of the R–UHPC and 

R–UHPFRC beams at mid-span deflections of 10–30 mm. All the 
UHPFRC beams exhibited symmetric deformation shapes, even beyond 
the maximum load point, up to 30 mm (Fig. 14c–i). However, the UHPC 
beam (PU-1) exhibited symmetric deformation shapes only up to 15 mm 
near the maximum load point and left-skewed deformation shapes 
thereafter (Fig. 14a). This is caused by the widening of multiple 
distributively-formed flexural cracks. The effect of the steel fibers on the 
deformation shape of the R–UHPC beams is shown in Fig. 15. As shown 

Fig. 14. Summary of deformation shapes of reinforced UHPC and UHPFRC beams: (a) PU-1, (b) PU-2, (c) SSU0.5, (d) SSU1.0, (e) SSU1.5, (f) SSU2.0, (g) SSU3.0, and 
(h) MSU2.0, (i) TU2.0. 
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in Fig. 15a and b, the steel fibers had no clear effect on the deformation 
shape of the UHPC beams up to the maximum load point. However, 
beyond the maximum point, different deformation shapes were formed 
based on the presence of steel fibers (Fig. 15c and d). The UHPFRC 
beams exhibited sharper and more symmetric deflection shapes than the 
UHPC beams because the steel fibers bridged and controlled the 
widening of the cracks. As shown in Fig. 10, the UHPC beams developed 
multiple flexural cracks and caused an increase in their widths. The 
widened flexural cracks were distributed from the mid-span to the 
supports of the UHPC beams. However, the UHPFRC beams developed 
only few flexural cracks and limited the widening of most of them except 
single localized cracks. Therefore, the deformation shapes of the UHPC 
beams were gradual and skewed compared with those of the UHPFRC 
beams. 

The deformation shapes of the UHPFRC beams were not significantly 
influenced by the steel fiber content, aspect ratio, or shape. In particular, 
although the strain-softening UHPFRCs (SSU0.5 and SSU1.0) developed 
multiple flexural cracks, in contrast to the strain-hardening UHPFRC, 
the deformation shapes of both the strain-softening and strain-hardening 
UHPFRC beams were similar as symmetry. Therefore, in conclusion, the 
inclusion of steel fibers affects the deformation shape of UHPC beams; 
however, the steel fiber properties have a minor impact on the defor
mation shape of UHPFRC beams. 

4.3. FE analysis 

A nonlinear FE analysis was conducted by considering the material 
models suggested from the experiments to predict the flexural behavior 
of the R–UHPFRC beams. Fig. 16 shows the FE mesh used in this anal
ysis. The UHPFRC and steel rebars were modeled using the linear 

hexahedron element C3D8 and linear beam element B31, respectively, 
in the commercial finite element software ABAQUS (ABAQUS, 2021). 
The loading and supporting pins were modeled in accordance with the 
experimental setup. No interpenetrating displacement between the 
R–UHPFRC beam and the loading and supporting pins was allowed. 
ABAQUS provides several quasi-brittle material models, namely 
smeared cracking model, cracking model for concrete, and concrete 
damaged plasticity model. The concrete damaged plasticity model, 
which is generally used because it models simply the strain-hardening 

Fig. 15. –Comparative deformation shapes of reinforced UHPC and UHPFRC beams at deflection points of (a) 10 mm, (b) 15 mm, (c) 20 mm, and (d) 30 mm.  

Fig. 16. Three-dimensional (3D) FE mesh and modeling of R–UHPFRC beam.  
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behavior, was adopted. The tensile behavior of the UHPFRC was 
modeled by considering its typical tensile properties, as reported by 
Wille et al. (2014). The tensile behavior was modeled as bilinear with 
two different zones: a strain-based elastic zone and strain-based hard
ening zone, as shown in Fig. 17, because the UHPFRC exhibited tensile 
strain-hardening behavior. Herein, σcc is the initial cracking strength, εcc 
is the cracking strain, Ecc is the elastic modulus, σpc is the post-cracking 
strength, and Ehc is the hardening modulus. These parameters were 
obtained from the tensile test results using a regression analysis based on 
the least-squares error method. 

The flexural load and mid-span deflection curves of the reinforced 
UHPFRC beams obtained from the FE analysis at K = 1 are compared 

with the experimental results, as shown in Fig. 18. The initial flexural 
stiffness values of most of the R–UHPFRC beams obtained from the FE 
analysis were similar to those obtained experimentally. After the steel 
rebars yielded, the flexural stiffness decreased significantly, and hard
ening behaviors were observed in the FE analysis, similar to those in the 
experiments. In the case of the SS fiber-reinforced series, the load- 
carrying capacity and post-yield flexural stiffness, which increased 
with an increase in the fiber Vf , were precisely simulated through FE 
analysis. The FE analysis successfully simulated the increased maximum 
load and post-yield flexural stiffness of R–UHPFRC beams achieved due 
to the increase of the aspect ratio of SS fibers and incorporating TS 
fibers. 

In Fig. 18d, the contour plot for the SSU1.5 specimen is representa
tively shown when the maximum load was applied. The distribution of 
the positive principal strain for the entire model is shown in Fig. 18d. As 
mentioned above, if a high volume of steel fibers is incorporated into 
UHPC, it exhibits a crack localization phenomenon owing to the superb 
bond strength between the deformed steel rebar and UHPFRC and the 
crack bridging capability. In the FE analysis, a similar trend was 
observed, thus indicating that the maximum principal strain was locally 
observed at the bottom center of the beam. The distribution of the von 
Mises stress of the steel rebars in Fig. 18d also indicates that the steel 
rebar yielded around the center of the beam. If a material model of 
UHPFRC that simulates crack propagation and element deletion is 
further developed using a user subroutine in ABAQUS, crack growth and 
clear crack localization can be simulated in the analysis. 

Fig. 17. Bilinear tensile modeling of UHPFRC used for FE analysis.  

Fig. 18. Comparison of flexural load versus mid-span deflection curves between experiments and FE analysis: (a) strain-softening UHPFRC beams (SSU0.5 and 
SSU1.0), (b) strain-hardening UHPFRC beams (SSU1.5, SSU2.0, and SSU3.0), (c) effects of fiber aspect ratio and shape (SSU2.0, MSU2.0, and TU2.0), and (d) 
principal strain and von Mises stress contours of SSU1.5 (deformation scale factor = 5). 
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Fig. 19. Predictive load versus deflection curves according to the fiber orientation coefficient (K): (a) SSU0.5, (b) SSU1.0, (c) SSU1.5, (d) SSU2.0, (e) SSU3.0, (f) 
MSU2.0, and (g) TU2.0. 
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4.4. Suggestion for the fiber orientation coefficient, K 

An inverse analysis by varying the fiber orientation coefficient K was 
conducted to determine the appropriate coefficient according to the FRI. 
Based on the AFGC recommendations (AFGC, 2013), the tensile stresses 
were modified by considering the coefficient K. Subsequently, initial 
cracking and post-cracking tensile stresses were changed to σcc/ K and 
σpc/K, respectively. The AFGC recommendations (AFGC, 2013) sug
gested K = 1.25 for all loading conditions other than local effects to 
consider the random fiber orientations. However, the degree of random 
fiber orientation is affected by parameters such as the fiber aspect ratio 
(Yoo et al., 2014a), shape, and volume fraction (Meng et al., 2022). 
Thus, the variation in the coefficient K according to the FRI need to be 
analyzed. 

Six K values, ranging from 1.00 to 1.25, were considered. The coef
ficient K with the smallest difference between the maximum loads ob
tained from the analysis and experiments was selected as the 
appropriate value. Fig. 19 shows the flexural load and mid-span 
deflection curves obtained from the inverse analysis. As shown in 
Fig. 19, the flexural behavior of the reinforced UHPFRC beams was 
slightly changed by the coefficient K, and most of the FE analytical re
sults were similar to those from the experiments. 

Based on the results of the inverse analysis, the selected appropriate 
fiber orientation coefficient, K, is summarized in Fig. 20. As shown in the 
figure, the coefficient K can be simulated as a linear function of the FRI, 
as follows. 

K = cVf

(
lf

df

)

+ d, (6)  

where Vf (lf /df ) is the FRI; and c and d are regression coefficients. 
Due to the distinct bond mechanisms and cross-sectional shape of 

twisted steel fibers in comparison to straight steel fibers, the TU speci
mens were not taken into consideration when predicting the regression 
coefficients. Based on linear regression analysis, the values of c and d 
were found to be 0.1226 and 0.9539, respectively. As the TS fiber has 
different pullout mechanisms compared with the straight steel fiber, the 
result of the TU2.0 specimen was not considered to evaluate the co
efficients c and d. The coefficient K was clearly influenced by the FRI and 
generally increased with increasing FRI. This is because fibers with a 
higher aspect ratio or higher volume fraction result in nonuniform 
dispersion by the interruption of the internal steel rebars. Thus, better 
predictions are obtained using Eq. (6), compared with the fixed coeffi
cient K of 1.25, which changes according to the FRI. 

5. Conclusions 

This study investigated the effects of the steel fiber volume fraction, 
aspect ratio, and shape on the mechanical properties of UHPFRC and the 
structural behavior of R–UHPFRC beams under flexure. The mechanical 
strength was predicted using FRI, whereas the strain energy density was 
predicted based on the surface energy of the pull-out. Based on FE 
analysis, the fiber orientation coefficient, K, was suggested by consid
ering the FRI. Based on the experimental and numerical results, the 
following conclusions were derived.  

1) For the SS fiber, a fiber volume fraction of 1.0 % or less resulted in a 
strain-softening behavior under tension. The tensile strength and 
energy absorption capacity of UHPC were improved by incorporating 
SS fibers and increasing their content to 3.0 %. At an SS fiber volume 
fraction of 3.0 %, the tensile strength and strain energy density ob
tained (17.1 MPa and 65.1 kJ/m3) were 2.4 and 72.6 times higher 
than those of plain UHPC, respectively. 

2) The compressive and tensile strengths of UHPFRC were well pre
dicted as a function of the FRI, whereas the strain energy density was 
predicted based on the quantity Vf (l2f /df ) with an R2 higher than 
0.98.  

3) Given an identical fiber volume fraction of 2.0 %, the utilization of 
MS and TS fibers resulted in significantly improved tensile perfor
mance than that of SS fibers: more than twice the energy absorption 
capacity of approximately 100 kJ/m3 was achieved. The flexural 
strength of the R–UHPFRC beam with SS fibers was also improved by 
using MS and TS fibers.  

4) The flexural strength of the R–UHPC beam significantly increased by 
incorporating steel fibers and increasing the volume fraction up to 
3.0 %, whereas the ultimate deflection decreased. The tensile strain- 
hardening characteristics of the UHPFRC deteriorated the cracking 
behavior and stress redistribution of the structural R–UHPC and 
R–UHPFRC beams.  

5) Small amounts of SS fibers (Vf of ≤1.0 %) that exhibit strain- 
softening characteristics were effective to improve the peak 
ductility, μp, of R–UHPC beams. By contrast, the ultimate ductility, 
μu, of R–UHPC beams decreased significantly by 48.2–54.1 % 
through the incorporation of steel fibers owing to concentration of 
inelastic deformation in few large cracks.  

6) Through nonlinear FE analysis, the flexural behavior of reinforced 
UHPFRC beams was accurately predicted. The fiber orientation co
efficient K was not a fixed value but rather varied with the FRI. Thus, 
an appropriate coefficient K was suggested as a linear function of the 
FRI based on inverse analysis. 
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