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-is experimental research was performed to evaluate the shear and flexural behavior for two cases of reinforced concrete beams:
ultrahigh-performance concrete (UHPC) and normal-strength concrete jacketed with UHPC. -e experiment was performed to
examine the optimum para-aramid fiber to reinforce the ductile UHPC, with the test variables fiber diameter and length. Beam
tests were then performed to evaluate the performance of the UHPC and jacketed beams.-e UHPC beam tests with and without
stirrups were conducted to evaluate flexural and shear behavior, respectively. -e beam tests with and without jacketing were
conducted to evaluate the reinforcement performance of UHPC.

1. Introduction

-e importance of concrete has grownwithin the construction
industry as a superior buildingmaterial. Today, the strength of
concrete, which affects the size and Manhattanization of
buildings, can reach over 150MPa; this type of concrete is
called ultrahigh-performance concrete (UHPC). UHPC ex-
hibits equal internal force with less thickness compared with
normal-strength concrete (NSC) because of its high strength,
so UHPC is judged more effective than NSC as a re-
inforcement material. Recently, more buildings and bridges
are being constructed with UHPC; this trend is leading to
research on, and utilization of, reinforcement for structures
that are old or have insufficient seismic capacity [1, 2].

Concrete, which is known as a brittle material, over-
comes its brittle property through fiber mixing [3–10]. -e
most superior fiber among the various fibers used in research
is steel fiber. So far, because steel fiber is most effective, it is
used in both NSC and UHPC. To replace steel fiber, studies
have applied various fibers and have found fibers that have
superior performance, such as carbon fiber and para-aramid
(p-A) fiber [11–13].

In particular, p-A fiber is a highly attractive material for
improving the performance of concrete; it is considered an

effective material for improving the performance of both
NSC and UHPC. However, although studies applying p-A
fiber to concrete are increasing, it is still in an insufficient
state. -us, an additional study is required to understand the
reinforcement performance of p-A fiber. -e present study
aimed to (1) test the material properties of UHPC with p-A
fiber; (2) evaluate the flexural and shear behavior of UHPC
beams; and (3) evaluate the flexural and shear behavior of
NSC beams jacketed with UHPC.

2. Experimental Program

We have evaluated the compressive and bending strengths of
UHPC in accordance with the mechanical properties of p-A
fiber before the UHPC beam test. -e mix proportions used
in this study was 150MPa UHPC. However, if p-A fiber is
used to reinforce the bending strength of UHPC, a decrease
in compressive strength is expected [14, 15]. -e mix pro-
portions used in the experiments are shown in Table 1.

-ere were two main experiments in this study. -e first
was material testing to evaluate the compressive and bending
strengths of the specimens. -e second was structure testing
to evaluate the shear and flexural behavior of NSC and UHPC
beams. -e experimental contents are detailed in Table 2.
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2.1.Materials. In this study, we used small-particle materials
because of their impact on concrete strength. -e cement
used was ordinary Portland cement (OPC). -e binder el-
ements (silica fume, zirconium, and silica flour) had a
smaller particle size than is typically used [16, 17]. We used
zirconium to make an economical mix because in previous
research, it was found that it improves flowability instead of
reducing strength when used to replace silica fume [18, 19].
-e material properties are detailed in Tables 3–8.

Many types of p-A fiber were used in this study. -e
three parameters of p-A fiber considered were diameter,
length, and twisted or not.-e types of p-A fiber are detailed
in Table 9. All types had equal properties other than these
three parameters.

2.2. Materials Test. -e purpose of the materials test was to
investigate the influence of binder and the best geometrical
properties of p-A fiber when used to improve the strength
of concrete. -e test of compressive strength was per-
formed with a 100× 200mm concrete cylinder. Parameters
other than binder combination were fixed to evaluate only
the influence of the binder in the cylinder test, and binder
combination is shown in Table 10. -e test of bending
strength in accordance with p-A fiber type was performed
with a 100 ×100 × 400mm beam mold. -ree specimens of
cylinders and beam were made with each combination of
parameters. Experiments were performed to conform to
two KS standards, KS F 2405 (Standard Test Method for
Compressive Strength of Concrete) and KS F 2566
(Standard Test Method for Flexural Performance of Fiber-
Reinforced Concrete). -e test setup is shown in Figures 1
and 2. In the bending test, because p-A fiber has more
influence on the decrease in flowability than steel fiber
[14, 20], we fixed the p-A fiber ratio and controlled only the
amount of SP to satisfy sufficient flowability on the basis of
mix proportion.

2.3. Shear and Flexural Behavior Test of UHPC Beams.
-is section describes the test method for the UHPC beams.
Two aspects were tested: flexural behavior and shear

behavior. -e two types of specimens had one common
parameter, fiber ratio; the other parameters were tension
reinforcement ratio and shear span-depth ratio. -e tension
reinforcement ratio was selected by reference to Korean code
KCI-2012 6.3.2. In the Korean code, the minimum re-
inforcement ratio is regulated as

ρmin �
0.25

���
fck



fy
,

or ρmin �
1.4
fy

,

(1)

where fck is the specified concrete compressive strength and
fy is the specified steel yield stress. It is the same data used in
standard ACI 318-14. In the ACI code, the reason for
regulating the minimum reinforcement ratio shown is as
follows: “With a small amount of tension reinforcement
required for strength, the calculated moment strength of a
reinforced concrete section using cracked section analysis
becomes less than that of the corresponding unreinforced
concrete section calculated from its modulus of rupture.
Failure in such a case could occur at first cracking and
without warning. To prevent such a failure, a minimum
amount of tension reinforcement is required in both positive
and negative moment regions.”

-e reinforcement ratio was determined based on the
minimum reinforcement ratio to evaluate whether equation
(1) was applicable to UHPC. -e shear span-depth ratio was
determined to three values based on Lee’s work [21]. -e
fiber ratio satisfying the most superior strength and flow-
ability was used for the materials test.

A total of 12 specimens were fabricated and tested
under the displacement control method until failure. Each
specimen’s properties are shown in Table 11. -ose section
and rebar placing are shown in Figure 3. -e test setup was
a four-point bending configuration, as shown in Figure 4
[22, 23]. We attached one steel strain gauge at the bottom of
each reinforcement steel, so a total of two steel strain
gauges were used, as shown in Figure 5. -ree concrete
strain gauges were then attached in a vertical orientation at

Table 1: Mix proportions.

Water Binder White sand River sand Sf SP Fiber
Compression test
0.24 1.23 0.65 0.65 0.2 0.05 Steel fiber
Bending test
0.24 1.23 0.65 0.65 — 0.04 p-A fiber
Binder: cement, silica fume, and zirconium; Sf: silica flour; SP: superplasticizer.

Table 2: Experimental contents.

Experiment Parameters
Fresh concrete Slump flow —

Hardened concrete
Materials test Compressive strength Admixture

Bending strength Fiber ratio

Structure test UHPC beam Rebar ratio, fiber ratio, shear span-depth ratio
Jacketed beam Jacketed thickness
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Table 3: Physical properties of cement.

Density (g/cm3) Fineness (cm2/g)
Setting time (min) Compressive strength (MPa)

Initial Final 3 days 7 days 28 days
3.15 3,200 230 390 22 29 40

Table 4: Chemical composition and physical properties of silica fume.

Density (g/cm3) Retention 45 μm (%) L.O.I (%)
Chemical composition (%)

SiO2 Fe2O3 Al2O3 CaO MgO
2.2 1.0 1.04 96.32 0.41 0.08 0.09 0.55

Table 5: Chemical composition and physical properties of zirconium.

Density (g/cm3) Retention 45 μm (%) L.O.I (%)
Chemical composition (%)

SiO2 Fe2O3 Al2O3 CaO MgO
2.2 0.2 1.01 94.3 0.1 0.2 0.01 0.01

Table 6: Physical properties of aggregates.

Classification Density (g/cm3) Fineness modulus Unit weight (kg/m3) Absorption ratio (%)
White sand 2.6 1.23 1,610 0.1
River sand 2.6 0.45 1,520 0.1

Table 7: Physical properties of filler.

Density (g/cm3) Retention 45 μm (%)
Chemical composition (%)

SiO2 Fe2O3 Al2O3 CaO MgO
Silica flour 2.61 0 (12.4 μm) 99.8 0.07 0.06 0.02 0.02
LCD glass 2.61 94.3 — — — — —

Table 8: Chemical properties of superplasticizer.

Ingredient Type Density (g/cm3) pH
Polycarbonate Fluid 1.05 6± 1

Table 9: Physical properties of p-A fibers.

Fiber number Density (g/cm3) Diameter (mm) Length (mm) Twisted Tensile strength (MPa)
p-A 4-13

1.44

0.2

13 0
2600p-A 4-19 19

p-A 4-13T 13 150p-A 4-19T 19
p-A 10-13

0.32

13
0

1950

p-A 10-19 19
p-A 10-25 25
p-A 10-13T 13

100p-A 10-19T 19
p-A 10-25T 25
p-A 15-13T

0.38

13

— —p-A 15-19T 19
p-A 15-25T 25
p-A 15-30T 30
p-A 4-13T: p-A: para-aramid; 4: denier (4⟶ 400D, 10⟶1000D, 15⟶1500D); 13: length (13, 19, 25, 30); T: twist.
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the center line. -e shear behavior test specimens also had
one additional concrete strain gauge at the center of each
line connecting the loading point and support point
[24–26].

2.4. Shear and Flexural Behavior Test of NSC Beams Jacketed
with UHPC. -is section describes the test method for the
NSC beams jacketed with UHPC. Two aspects were tested:
flexural behavior and shear behavior. -e purpose of the test

was to evaluate the performance of UHPC when used as a
jacketing method. -e test setup was the same as that of the
UHPC beam test with regard to loading state and strain
gauge location. -e area and thickness reinforced by UHPC
was selected in accordance with reinforcing performance.
Shear specimens were reinforced at the front and back [1].
Flexural specimens were further reinforced at the bottom in
the shear-jacketed area [27]. -e test setup was the same as
that of the UHPC beams.-e specimen contents are detailed
in Table 12.

Figure 1: Compression test setup.

Figure 2: Bending test setup.

Table 10: Binder combinations for compression testing.

Number 1 2 3 4
Binder combination Cement, silica fume Cement, silica fume, zirconium Cement, zirconium Cement, silica fume (posoco)

Table 11: -e list of UHPC beam specimens.

Set number Section (mm) Fiber ratio (vol.%)
Reinforcement steel

Shear span-depth ratio Length (mm)
Ratio (%) Place

HS2-N 1

135× 270

0

1.1 2-D16

2 1,630HS2-A 1
HS3-N 2 0 3 2,100HS3-A 1
HS4-N 3 0

4 2,560

HS4-A 1
HB4-N 4 0 0.4 2-D10HB4-A 1
HB7-N 5 0 0.7 2-D13HB7-A 1
HB11-N 6 0 1.1 2-D16HB11-A 1
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A total of six specimens were made and tested under
displacement control until failure. -ose section and jack-
eted areas are shown in Figures 6 and 7. -e test setup was a

four-point bending configuration. -e location and method
of attaching strain gauges were the same as those described
for the UHPC beam test.

N1 D10

N4 D10Set 1

N6 D16

50
450 450

1630

N1D10
D16

20

135

Set 1
20

27
0

20
N6

N4 D10

N1 D10
D16

20

135

Set 2
20

27
0

20

N7
N4 D10

N1 D10
D16

20

135

Set 3
20

27
0

20

N8
N4 D10

N3D10

20

135

Set 4
20

27
0

20

N4 D10

N1 D10

20

135

Set 5
20

27
0

20

N5 D13
N4 D10

N1 D10

20

135

Set 6
20

27
0

20

N8 D16
N4 D10

50

N2 D10

N4 D10Set 2
N7 D16

50
685 685

2100 50

N3 D10

N4 D10Set 3
N8 D16

50
915 915

2560 50

N3 D10

N4 D10Set 4

50
10@100 = 1000 10@100 = 1000

2560 50

N3 D10

N4 D10Set 5

50
10@100 = 1000 10@100 = 1000

2560

N5 D16

50

N3 D10

N4 D10Set 6

50
10@100 = 1000 10@100 = 1000

2560

N8 D16

50

Figure 3: UHPC beam specimens spacing list.

400

150 150

P/2 P/2

Figure 4: Setup of the UHPC beam test.
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3. Test Results

3.1. Materials Test Results. -e compressive strength test
results are shown in Table 13 and Figure 8. In the test results,
compressive strength was related to silica fume. -e spec-
imens with silica fume exhibited higher strength than those
with zirconium, but slump flow was decreased.-erefore, an
increment in the addition of superplasticizer is needed. We
should prudently determine the mix proportion in view of
the economic aspects because binders and superplasticizer
are closely related.

-e bending strength test results are shown in Table 14
and Figure 9. A graph of bending strength according to fiber
diameter is shown in Figure 10.-e effect of p-A fiber varied
depending on the diameter, length, and twist of the fiber. For
fibers with the same length and diameter, the twisted p-A
fiber exhibited a higher flexural strength than the nontwisted
fiber. When 0.2mm diameter fibers were used, specimens of
13mm length with twist have the highest strength, but the
effect of length decreased with twisted fibers. When 0.32mm
diameter fibers were used, the p-A fiber with the highest
reinforcing performance was 19mm length with no twist
and 25mm length with twist. All specimens of 0.38mm
diameter had twisting; among them, the 13mm fiber had the
highest strength.

For the 0.2mm diameter fiber specimens, brittle failure
was observed at maximum load with or without twisting. It
is considered that the reinforcement effect was excellent
because the surface area was larger than that of other
specimens because of the small diameter. Increasing sur-
face area leads to a decrease in flowability, which means an
increase in the superplasticizer requirement. Although
twisting was used to improve the surface area, it was ef-
fective in their specimens. For the 0.32mm diameter fiber

specimens, ductile failure was observed with twisting and
brittle failure was observed with no twisting. It balanced the
reinforcing effect and adhesive force. Ductile failure
exhibited after the maximum load. For the 0.38mm di-
ameter fiber specimens, brittle failure was observed under
every condition.

In this study, the optimum fiber sizes were p-A 4-13T
and -19T. However, the results considered only strength
according to fiber size. -us, we must consider not only
reinforcing strength but also economy. -e smaller-
diameter fiber is more expensive. -us, we exclude the
0.2mm diameter fiber considering economy and chose the
0.32mm diameter fiber instead. -e p-A 10-19T and -25T
were the most effective among the 0.32mm diameter fibers.
We chose the p-A 10-19T because the fiber length influences
the flowability and ductile performance.

Twist, diameter, and length of fiber are closely connected
with flexural behavior. When the fiber used to improve
flexural strength was short, the fiber diameter was short; the
more effective the reinforcement was, the most effective the
twist was. However, fiber length was not linearly related with
fiber diameter. -erefore, many more studies are required to
exactly evaluate the influence of various sizes of p-A fiber to
finally derive the optimum fiber. Further studies are then
needed to evaluate reinforcing performance.

3.2. UHPC Beam Test Results. -e shear test results are
shown in Figures 11 and 12 and Table 15. -e specimens
were placed in stirrups for only the minimum amount re-
quired to induce shear failure. Shear or diagonal tension
failure was exhibited in specimens without fiber, and flexural
failure was exhibited in fiber-reinforced specimens. -e
strength of all fiber-reinforced specimens was increased. In

Concrete strain gauge
(shear only)

Concrete strain gauge
(all specimens)

Steel strain gauge
(all specimens)

Concrete strain gauge
(shear only)

Figure 5: Strain gauge locations.

Table 12: -e list of NSC beam jacketed UHPC specimens.

Section (mm)
Jacketed UHPC Reinforcement steel

Shear span-depth ratio Length (mm)
-ickness (mm) Fiber ratio (vol.%) Ratio (%) Place

NS-0

135× 270

0

1 1.1 2-D16

3 2,100NS-10 10
NS-20 20
NB-0 0

4 2,560NB-10 10
NB-20 20
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Figure 6: Section of NSC beams jacketed with UHPC.
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Figure 7: Side elevation of NSC beams jacketed with UHPC.

Table 13: Compression test results.

1 2 3 4
Compressive strength (MPa) 137.8 129.9 113.7 110.2
Strain 0.0026 0.0033 0.0031 0.0036
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Figure 8: Continued.
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Figure 8: Compression strength-strain graphs. (a) Silica fume. (b) Silica fume and zirconium. (c) Zirconium. (d) Silica fume (posoco).

Table 14: Bending test results.

Bending strength (MPa) Displacement (mm)
p-A 4-13 13.6 4.48
p-A 4-19 13.2 4.20
p-A 4-13T 14.9 4.47
p-A 4-19T 14.8 4.73
p-A 10-13 10.6 4.96
p-A 10-19 12.1 4.60
p-A 10-25 11.8 4.13
p-A 10-13T 12.7 4.68
p-A 10-19T 13.2 4.12
p-A 10-25T 13.6 4.41
p-A 15-13T 11.8 5.28
p-A 15-19T 9.3 5.64
p-A 15-25T 10.1 5.57
p-A 15-30T 10.0 6.67
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Figure 9: Continued.
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Figure 9: Load-displacement curves of the bending tests.
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Figure 10: Bending strength and displacement according to fiber diameter.
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specimens with a shear span-depth ratio of 2, the initial crack
load was increased by 130%, diagonal tension crack load was
155%, and ultimate load was 150%. For a shear span-depth

ratio of 3, the initial crack load was increased by 236% and
the ultimate load was increased by 210%, and diagonal
tension cracking did not occur. For a shear span-depth ratio
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Figure 11: Load-displacement curve of UHPC shear specimens.
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Figure 12: Load-steel strain curve of UHPC shear specimens.
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of 4, the initial crack load was increased by 230% and ul-
timate load was increased by 150%, and diagonal tension
cracking did not occur. -e ratio of the initial crack load and
ultimate load was similar with or without p-A fiber. We can
deduce that the p-A fiber was effective for reinforcing the
shear strength of concrete beams through the test results that
showed a change in the failure mode from shear to flexural.

Figure 13 displays the crack patterns of UHPC shear
specimens. -e specimens without p-A fibers indicated
typical shear failure which destroyed simultaneously with
diagonal tension crack. -ese results were the same for all
specimens without shear depth-width ratio. In HS2-A
and HS3-A, the cracks were divided into smaller cracks
and the number of cracks increased due to the presence of
p-A fiber. -e diagonal tension crack occurred, but this
did not lead to shear failure and eventually resulted in
flexural failure yielding of the bottom rebar. In the case of
HS4-A, the crack trend indicated similar result to HS2-A
and HS3-A. However, the diagonal tension crack did not
occur and typical flexural failure was indicated. -rough
these results, we identified that the p-A fiber had the effect
of crack control in high-strength concrete. We expected
that the crack control of the p-A fiber was related to the
effect of shear reinforcement. In terms of flexural
strength, the experimental ultimate flexural load of
specimens with p-A fiber was indicated approximately
1.3∼1.4 times than the calculated ultimate flexural load.
-e shear load was increased over 150% after mixing the
p-A fiber, but this was a minimum value. We did not
establish the ultimate shear load because these specimens
experienced flexural failure.

-e flexure test results are shown in Figures 14 and 15
and Table 16. Flexural strength was increased after fiber
inclusion, regardless of the tension reinforcement ratio. -e
initial crack load increased with increasing tension re-
inforcement ratio and the mixing of fiber. -e initial crack
load increased more when the tension reinforcement ratio
increased. From these results, we surmised that there was a
proportional interaction between the tension reinforcement
ratio and p-A fiber ratio.

-e strength and displacement at the yield point in-
creased after fiber inclusion, but the strength and dis-
placement at the ultimate state were similar with or without
fiber. -e ductility index was rather decreased after mixing
in the fiber. -e ductility index of the HB4 specimen was
decreased from 14.74 to 6.34, representing the largest
change. -e ductility index of the HB7 and HB11 speci-
mens decreased 20%. -e strength increase exhibited

before the yield point; however, after yielding the tension
reinforcement steel, the p-A fiber did not demonstrate
sufficient performance.

Figure 16 displays the crack patterns of UHPC flexural
specimens. HB4-N and HB11-N indicated the compressive
failure between loading points, which changed to flexural
failure mode and did not indicate the compressive failure
after p-A fiber mixing. Furthermore, the effect of crack
control was identified.

3.3. Jacketed Beam Test Results. -is section discusses the
results of testing NSC beams jacketed with UHPC.-e shear
specimen data are as shown in Figure 17 and Table 17. -e
strength of the 10mm jacketed specimen was similar to that
of the plain specimen. However, the strength of the NS-20
specimens increased by 20% compared with specimens NS-0
and NS-10. -e bottom steel of NS-0 and NS-10 did not
yield, but NS-20 yielded, which means that NS-0 and NS-10
exhibited shear failure and NS-20 exhibited flexural failure.
-ese results showed that using UHPC was appropriate for
reinforcing NSC beams. However, NS-20 showed a trend of
continuously decreasing load in the ductility region after the
yield point. -is was due to insufficient adhesion, so
reinforced-section delamination occurred. If the UHPC
jacketing fails to satisfy the adhesion requirement, the beam
strength increases before the yield point but decreases in the
ductility region.

Figure 18 displays the crack patterns of NSC shear
specimens. NS-0 indicated the typical shear failure as di-
agonal shear failure. -e cracks mostly occurred at the
outside of the loading point. In the crack pattern of NS-10,
after delamination of the reinforcement section, the cracks
were not transferred from the NSC beam to the re-
inforcement section. Because of this, the behavior of the
jacketed beam could not be identified from the crack pattern.

-e NS-20 indicated the failure occurred in the flexural
failure mode between the loading points. It did not lose
adhesion until the ultimate load, and we identified the shear
reinforcement effect.

Retaining a balance between adhesion and UHPC,
thickness must be satisfied to exhibit sufficient re-
inforcement performance prior to shear. -e location of the
jacketed area in this study was only to the side of the beam.
Consequently, each UHPC jacketed beam side can be
considered as separate structures during the experiment.

-e flexural specimen’s behavior data are shown in
Figure 19 and Table 18.-e strength of the 10mm reinforced

Table 15: Shear load of UHPC shear specimens.

Initial crack load, Vi (kN) Diagonal tension crack load, Vcr (kN) Ultimate shear load, Vu (kN) Vi/Vu Vcr/Vu

HS2-N 23.0 76.28 118.04 0.19 0.65
HS2-A 53.0 195.2 294.01 (F) 0.18 0.66
HS3-N 9.9 43.55 61.46 0.16 0.71
HS3-A 33.3 — 190.86 (F) 0.17 —
HS4-N 6.0 28.0 55.63 0.11 0.50
HS4-A 20.0 — 141.57 (F) 0.14 —
F: flexural failure specimens, therefore indicating ultimate flexural load.
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Figure 13: Crack patterns of UHPC shear specimens.
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Figure 14: Load-displacement curves of UHPC flexural specimens.
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specimen was similar to that of the plain specimen. -e NB-
10 specimens exhibited decreased strength in the ductility
region. -is means that the fall-off of UHPC from the NSC
beam decreased the strength of the NSC beam after the steel
yield.

-e NB-20 specimen exhibited increased strength in the
region in which steel did not yield, but its maximum load
was exhibited at the yield point; after that, it exhibited a
trend of slowly decreasing load. -e NB-10 and NB-20
specimens exhibited a similar trend after the steel yield.
-e surface treatment improving adhesion was required to

demonstrate sufficient reinforcement performance. If there
was insufficient adhesion, the jacketed reinforcement was
not beneficial.

Figure 20 displays the crack patterns of NSC flexural
specimens. -e NB-0 indicated the flexural crack and
compressive failure finally occurred between loading points.
-e NB-10 also indicated the flexural crack. -e de-
lamination of reinforcement section started after the
yielding point, and the compressive failure occurred at the
NSC beam. -e NB-20 indicated the typical flexural failure
mode and was similar to the result of NS-20.
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Figure 15: Load-steel strain curves of UHPC flexural specimens.

Table 16: Initial crack load and ultimate load and ductility of UHPC flexural specimens.

Initial crack load, Pcr (kN)
Yield point Ultimate

Ductility index, Δu/Δy
Py (kN) Δy (mm) Pu (kN) Δu (mm)

HB4-N 12.5 25.1 6.23 48.6 91.80 14.74
HB4-A 22.0 50.4 10.1 67.2 64.04 6.34
HB7-N 15.0 51.8 8.31 75.4 61.72 7.43
HB7-A 26.0 84.3 10.2 98.4 60.48 6.00
HB11-N 17.4 91.2 8.38 125.5 69.93 8.34
HB11-A 46.5 114.3 11.44 142.0 80.66 7.05
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Figure 16: Crack patterns of UHPC flexural specimens.
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Figure 17: Load-displacement and load-steel strain curve of NSC specimens.

Table 17: Shear load of NSC specimens.

Initial crack load, Vi (kN) Diagonal tension crack load, Vcr (kN) Ultimate shear load, Vu (kN) Vi/Vu Vcr/Vu

NS-0 37.0 79.4 88.1 0.42 0.65
NS-10 12.5 — 94.7 0.13 —
NS-20 44.0 — 129.0 0.34 —
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4. Conclusions

Material and structural tests were conducted to investigate
the performance of p-A fiber mixed in concrete.-e effect of
fiber was evaluated with regard to diameter, length, and twist
of fiber. -e UHPC beam tests were evaluated to compare
the specimens regarding two parameters of p-A fiber: ten-
sion reinforcement ratio and shear span-depth ratio.-e test
results of NSC beams jacketed with UHPCwere evaluated by

comparison with specimens without UHPC jacketing. From
these results, the following conclusions were drawn:

(1) Silica fume was the best material among binders
used in this study in terms of compressive strength.
-e combination specimens with silica fume and
zirconium decreased in compressive strength
compared with those with only silica fume. How-
ever, this combination has the advantage of
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Figure 18: Crack patterns of NSC shear specimens.

Table 18: Initial crack load and ultimate load and ductility of NB specimens.

Initial crack load, Pcr (kN)
Yield point Ultimate

Ductility index, Δu/Δy
Py (kN) Δy (mm) Pu (kN) Δu (mm)

NB-0 38.0 83.8 19.20 98.6 58.16 0.33
NB-10 29.6 77.1 16.80 90.3 67.20 0.25
NB-20 40.7 96.6 29.46 96.8 57.76 0.51
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Figure 19: Load-displacement and load-steel strain curve of NB specimens.
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improved flowability that reduces costs by de-
creasing the amount of superplasticizer. -e use of
only zirconium as a binder greatly reduced the
compressive strength compared to only silica fume,
so the use of zirconium in a UHPC mix should be
used in combination with silica fume. -rough
further experiments regarding the binder combi-
nation, the optimum balance of the flowability and
compressive strength should be derived.

(2) From the results of UHPC beam testing with p-A
fiber, we identified the improvement of shear and
flexural performance.-e flexural reinforcement was
effective before the yield point, but tension re-
inforcement steel was dominant after the yield point.
-e p-A fiber was most effective in reinforcing shear
performance in UHPC beams.

(3) From the test results of NSC beams jacketed with
UHPC, if the reinforcement thickness was not suf-
ficient, the beam strength decreased after the yield
point, and the behavior was similar to that of the
plain specimen before the yield point. -e results for
the NB-20 specimen showed that the reinforcement
section is dropped, and the strength gradually de-
creased after the yield point.

(4) We identified the possibility of p-A fiber for con-
crete reinforcement. -e reinforcement effect of
p-A fiber was exhibited in the results of the ma-
terials and structure testing. However, these results
are inferior to those of previous studies using high-
strength steel fiber. Currently, concrete re-
inforcement through p-A fiber is not efficient
enough to replace existing fibers. If the reinforcing
effect of p-A fiber is improved through various
experiments, it may be considered a viable concrete
reinforcing fiber.
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[17] E. Ghafari, H. Costa, E. Júlio, A. Portugal, and L. Durães, “-e
effect of nanosilica addition on flowability, strength and
transport properties of ultra high performance concrete,”
Materials & Design, vol. 59, pp. 1–9, 2014.

[18] C. K. Park, I. D. Jeong, H. J. Kim, and S. H. Lee, “An ex-
perimental study of chloride diffusion coefficient of HVFAC
with silica fume types,” Proceedings of the Korea Concrete
Institute, vol. 21, no. 2, pp. 355-356, 2009.

[19] M.-J. Kim, D.-Y. Yoo, S. Kim, M. Shin, and N. Banthia,
“Effects of fiber geometry and cryogenic condition on me-
chanical properties of ultra-high-performance fiber-
reinforced concrete,” Cement and Concrete Research,
vol. 107, pp. 30–40, 2018.

[20] S. Abbas, A. M. Soliman, and M. L. Nehdi, “Exploring me-
chanical and durability properties of ultra-high performance
concrete incorporating various steel fiber lengths and dos-
ages,” Construction and Building Materials, vol. 75, pp. 429–
441, 2015.

[21] H.-H. Lee, “Capacity evaluation of high strength SFRC beams
according to shear span to depth ratio,” Journal of the Korea
Institute for Structural Maintenance and Inspection, vol. 18,
no. 3, pp. 76–83, 2014.

[22] I. H. Yang, C. Joh, and B.-S. Kim, “Structural behavior of ultra
high performance concrete beams subjected to bending,”
Engineering Structures, vol. 32, no. 11, pp. 3478–3487, 2010.

[23] D.-Y. Yoo and Y.-S. Yoon, “Structural performance of ultra-
high-performance concrete beams with different steel fibers,”
Engineering Structures, vol. 102, pp. 409–423, 2015.

[24] Y.-C. Kim, S.-M. Baek, W.-S. Kim, T. H. K. Kang, and
Y.-K. Kwak, “An experimental study on flexural behavior of
steel fiber reinforced concrete beams using recycled coarse
aggregates,” Journal of the Architectural Institute of Korea
Structure and Construction, vol. 30, no. 3, pp. 39–48, 2014.

[25] G. H. Mahmud, Z. Yang, and A. M. T. Hassan, “Experimental
and numerical studies of size effects of ultra high performance
steel fibre reinforced concrete (UHPFRC) beams,” Con-
struction and Building Materials, vol. 48, pp. 1027–1034, 2013.

[26] Y. L. Voo,W. K. Poon, and S. J. Foster, “Shear strength of steel
fiber-reinforced ultrahigh- performance concrete beams
without stirrups,” Journal of Structural Engineering, vol. 136,
no. 11, pp. 1393–1400, 2010.

[27] H. K. Cheong and N. MacAlevey, “Experimental behavior of
jacketed reinforced concrete beams,” Journal of Structural
Engineering, vol. 126, no. 6, pp. 692–699, 2000.

Advances in Civil Engineering 17



International Journal of

Aerospace
Engineering
Hindawi
www.hindawi.com Volume 2018

Robotics
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

 Active and Passive  
Electronic Components

VLSI Design

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Shock and Vibration

Hindawi
www.hindawi.com Volume 2018

Civil Engineering
Advances in

Acoustics and Vibration
Advances in

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Electrical and Computer 
Engineering

Journal of

Advances in
OptoElectronics

Hindawi
www.hindawi.com

Volume 2018

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2013
Hindawi
www.hindawi.com

The Scientific 
World Journal

Volume 2018

Control Science
and Engineering

Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com

 Journal ofEngineering
Volume 2018

Sensors
Journal of

Hindawi
www.hindawi.com Volume 2018

International Journal of

Rotating
Machinery

Hindawi
www.hindawi.com Volume 2018

Modelling &
Simulation
in Engineering
Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Chemical Engineering
International Journal of  Antennas and

Propagation

International Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Navigation and 
 Observation

International Journal of

Hindawi

www.hindawi.com Volume 2018

 Advances in 

Multimedia

Submit your manuscripts at
www.hindawi.com

https://www.hindawi.com/journals/ijae/
https://www.hindawi.com/journals/jr/
https://www.hindawi.com/journals/apec/
https://www.hindawi.com/journals/vlsi/
https://www.hindawi.com/journals/sv/
https://www.hindawi.com/journals/ace/
https://www.hindawi.com/journals/aav/
https://www.hindawi.com/journals/jece/
https://www.hindawi.com/journals/aoe/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/jcse/
https://www.hindawi.com/journals/je/
https://www.hindawi.com/journals/js/
https://www.hindawi.com/journals/ijrm/
https://www.hindawi.com/journals/mse/
https://www.hindawi.com/journals/ijce/
https://www.hindawi.com/journals/ijap/
https://www.hindawi.com/journals/ijno/
https://www.hindawi.com/journals/am/
https://www.hindawi.com/
https://www.hindawi.com/

