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ABSTRACT
In recent years, the development and application of high performance fiber reinforced concrete or cementitious
composites are increasing due to their high ductility and energy absorption characteristics. However, it is difficult to
obtain the required properties of the FRCC by simply adding fiber to the concrete matrix. Many researchers are paying
attention to fiber reinforced polymers (FRP) for the reinforcement of construction structures because of their significant
advantages over high strain rates. However, the actual FRP products are skill-dependent, and the quality may not be
uniform. Therefore, in this study, two-way punching tests were carried out to evaluate the performances of FRP
strengthened and steel and polyvinyl alcohol (PVA) fiber reinforced concrete specimens for impact and static loads. The
FRP reinforced normal concrete (NC), steel fiber reinforced concrete (SFRC), and PVA FRCC specimens showed twice
the amount of enhanced dissipated energy (total energy) under impact loadings than the non-retrofitted specimens. In the
low-velocity impact test of the two-way NC specimens strengthened by FRPs, the total dissipated energy increased by 4
to 5 times greater than the plain NC series. For the two-way specimens, the total energy increased by 217% between the
non-retrofitted SFRC and NC specimens. The total dissipated energy of the CFRP retrofitted SFRC was twice greater
than that of the plain SFRC series. The PVA FRCC specimens showed 4 times greater dissipated energy than for the
energy of the plain NC specimens. For the penetration of two-way specimens with fibers, the Hughes formula considering
the tensile strength of concrete was a better predictor than other empirical formulae.
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1.
INTRODUCTION
The addition of fiber reinforcement is one of the most effective methods for enhancing the performance of
concrete [1] [2] [3]. Conventional fiber reinforced concrete has been developed since the 1960s. In recent
years, the development and application of high performance fiber reinforced cementitious composites
(HPFRCC) are increasing due to their high ductility and energy absorption characteristics [4] [5] [6] [7].
However, it is difficult to obtain the required properties of the FRCC by simply adding fiber to the concrete
matrix. In particular, to overcome the main weaknesses of conventional concrete (low tensile strength and
ductility), higher volume fraction of fibers and smaller size of aggregates are applied to fiber-reinforced
composites during mixing process. In addition, as shown in Figure 1, more than two types of fibers are used
simultaneously to control micro cracks and macro cracks. This requires complex compounding processes,
which can lead to entanglement or lack of uniform distribution of fibers in the matrices. Many researchers are
paying attention to fiber reinforced polymers (FRP) for the reinforcement of construction structures because
of their significant advantages over high strain rates [8] [9] [10] [11]. However, the actual FRP products are
skill-dependent, and the quality may not be uniform. Apart from cost, the most essential problem in the FRP
system is the “bond” between the FRP and concrete. The ACI 440 assumes only two failure modes for design
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calculations: compressive failure of the concrete and failure of the FRP strengthening system [12] [13].
Typical failure modes of FRP-plates or sheet reinforced RC beams are classified as FRP rupture, crushing of
compressive concrete, shear failure, concrete cover separation, plate-end interfacial debonding, intermediate
flexural crack-induced interfacial debonding, and intermediate flexural shear crack-induced interfacial
debonding [14]. Also, almost all failure modes show a brittle manner. Therefore, in this study, two-way
punching tests were carried out to evaluate the performances of FRP strengthened and steel and synthetic fiber
reinforced concrete specimens for impact and static loads.

Figure 1. Effects on fibers on cracking.
2.
THE EXPERIMENTAL PROGRAMME
2.1. Test Variables
1.
The test variables in this study are summarized in Table 1. Three concrete matrices (normal concrete
(NC), steel fiber reinforced concrete (SFRC), and hybrid PVA fiber reinforced cementitious composite
(FRCC), were used to fabricate the test specimens. Table 2 shows the mix proportions of the concrete matrix.
Ordinary Portland cement was used for a 40 MPa design strength NC. For the NC’s mixture, 50% water to
cement ratio (W/C) was applied. Aggregates were crushed gravels with a maximum size of 20 mm, and sea
sand. In order to achieve workability, a liquid type polycarboxylate super-plasticizer was injected. A 0.75%
volume fraction of long steel fiber (30 mm end hooked) was applied into the normal concrete mixture for the
steel fiber reinforced concrete (SFRC).
2.
Table 3 presents the mix proportions of PVA FRCC [6] [7] [15] [16] . In the PVA FRCC mixture,
there is no coarse aggregate, but 100 to 120 mm silica sand only used for an aggregate. Properties of steel and
PVA fiber are summarized in Table 4 and shapes of fiber are shown in Figure 2. The total volume of fraction
of the PVA fiber is 2%. In actual mixtures, two different PVA fibers were used, simultaneously, and a ratio of
two fibers was selected from compressive and flexural strength tests [6] [7] [16] . From the mechanical tests,
as summarized in Table 5, 1.6% and 0.4% for short (REC15) and long (RF4000) selected, respectively.
Table 1. Variables of material test.
Variable

Concrete

FRP
strengthening
Angle of fabrics
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Details
Normal concrete (NC)
Steel fiber reinforced concrete (SFRC)
Hybrid PVA fiber reinforced cementitious
composite (FRCC)
Not retrofitted
GFRP
CFRP
±45°

Notation
N
S

0/90°

0/90
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Note that, in the mixture of Kim et al. [16] , the W/C was 40%, however, in this study, the W/C was modified
to 50% in order to match the compressive strength of NC and SFRC.
For the measurement of flexural tensile strength, 100 × 100 × 400 mm prismatic specimens were fabricated
and square specimens of 50 × 350 × 350 mm were prepared for punching test. The cast specimens were stored
in water at 20˚C ± 3˚C for two weeks. Fourteen days after casting, the FRPs were adhered and then cured for
14 more days at 50% ± 5% relative humidity and at a temperature of 20˚C ± 3˚C. The unidirectional E-glass
and high strength carbon fiber sheets were attached with epoxy resin along the shapes of punching test
specimens, with a crossing at right angles of ±45 and 0/90 degrees. Glass fiber reinforced polymer (GFRP)
was only used with the normal concrete, while the carbon fiber reinforced polymer (CFRP) was used with the
three matrices. The mechanical properties of fiber sheets and resins are summarized in Table 6.
2.2. Quasi-static Loading Test
The restraint conditions of punching tests are illustrated in Figure 3, the two-way punching tests were carried
out with 300 mm clear spans, and quasi-static and impact loads were applied at the center of the specimens.
The quasi-static loading with displacement control at a load rate of 0.01 mm/s and gradually applied using a
2700 kN capacity universal testing machine (UTM). The deflections of the center of specimens were
measured with linear variable differential transformer (LVDT) [17] [18] .
3. TEST RESULTS AND DISCUSSIONS
3.1. Basic Mechanical Properties of Concrete
Tests for mechanical properties of concrete such as compressive and flexural tensile strength were carried out
according to ASTM C39 and C1609. The material properties of each matrix are summarized in Table 7 and
typical load-deflection curves of matrices are illustrated in Figure 4. Compressive strengths of three mixtures
were about 50 MPa, similarly, however, flexural tensile strengths of SFRC and PVA FRCC were 1.4 and 2.1
times larger than flexural strength of the NC, respectively. Also, in the curve of PVA FRCC, there is a strain
hardening prior to the peak load, and after the peak, the PVA FRCC shows more rapid strain softening than
the SFRC’s case.
3.2. Punching Test Results
The test results of two-way static punching tests are summarized in Table 8. Figure 5 also show the
representative relationships between static loads and deflections of the two-way punching tests. As shown
in Figure 5, the ultimate strength of FRP reinforced two-way NC specimens increased by 2.65 to 3.03 times
greater than the plain NC series (NC-N) under quasi-static loadings, and the deflections of center at the
maximum loads increased by 3.8 to 4.7 times. For the orientation of fibers, the ultimate loads and deflections
of center of the 0/90 series were slightly higher than the ±45 series. The loads of SFRC-N specimens
gradually increased, and the specimens reinforced with CFRP showed strain softening after the maximum
loads.
In the case of the PVA FRCC, both the non-retrofitted specimens and reinforced specimens with CFRP after
maximum loads showed strain softening. However, the peak loads of the CFRP retrofitted PVA FRCC series
is not greater than that of the plain PVA FRCC specimens. The FRP retrofitted NC specimens and plain SFRC
specimens showed complex failure patterns of splitting and punching. In addition, in the failure cases of the
splitting of concrete matrices, the deboning of FRPs were more serious. However, all the PVA FRCC series
had typical punching failure as shown in Figure 5.
In the PVA FRCC series, the P-N specimens showed 4 times larger dissipated energy than for the energy of
the N-N specimens. However, the CFRP retrofitted PVA FRCC specimens had similar capacities to the CFRP
retrofitted SFRC elements. Also, identically to the SFRC’s cases, retrofitted specimens showed a plateau at
the first blow and nonlinearity of time-deflection curve, and almost failed by one blow (Figure 6 & Table 9).
Figure 8 shows representative failure patterns of the two-way specimens under impact loadings. The
retrofitted specimens with FRPs or long steel fiber exhibited complex failure modes of splitting and punching.
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The NC specimens split with irregular fragments; however, the SFRC failed with radially splitting pieces. The
FRP retrofitted SFRC showed apparent punching failures and FRPs were debonded and ruptured locally. In
PVA FRCC, FRP was relatively well adhered after penetration.
3.3. Comparison of Penetration Depth
Kennedy (1976) [19] suggested that seven phenomena for the impact effect on concrete, as described
in Figure 9. 1) Penetration: tunneling into the target by the projectile (the length of the tunnel is called the
penetration depth); 2) Cone cracking and plugging: formation of a cone-like crack under the projectile and the
possible subsequent punching-shear plug; 3) Spalling: ejection of target material from the proximal face of the
target; 4) Radial cracking: global cracks radiating from the impact point and appearing on either the proximal
or distal face of the concrete slab or both, when cracks develop through the target thickness; 5) Scabbing:
ejection of fragments from the distal face of the target; 6) Perforation: complete passage of the projectile
through the target with or without a residual velocity; and, 7) Overall structural responses and failures: global
bending, shear and membrane responses as well as their induced failures throughout the target.
In this study, the penetration depths were assessed, and various empirical formulas of penetration depth due to
missile impact are shown in appendix.
Table 2. Test results of two-way static punching.
Maximum load
Deflection at max load
Dissipated energy
Specimen
(kN)
(mm)
(J)
N-N
14.90
0.29
35.77
N-G-±45
43.05
1.14
45.10
N-G-0/90
45.18
1.33
49.78
N-C-±45
39.48
1.11
45.16
NC-C44.66
1.36
46.11
0/90
S-N
22.24
5.74
90.58
S-C-±45
63.13
1.25
106.29
P-N
45.39
1.61
161.48
P-C-±0/90
54.21
0.89
460.82
4. CONCLUDING REMARKS
Punching tests were performed in order to observe the behaviors of fiber reinforced polymer (FRP)
strengthened and fiber reinforced concrete specimens for quasi-static and low-velocity impact loads by using
the universal testing machine (UTM) and drop weight testing machine. The following is an outline of
concluding remarks for the material tests:
1) Two-way square specimens were fabricated with normal concrete (NC), steel fiber reinforced concrete
(SFRC), and hybrid PVA fiber reinforced cementitious composite (PVA FRCC). For the hybrid PVA FRCC,
two different types of fiber were used, and the FRPs were attached along the shapes of the specimens at ±45
and 0/90 degrees.
2) The maximum load of FRP reinforced NC specimens increased by 2.65 to 3.03 times greater than the plain
NC series under quasi-static loadings, and the deflections of center at the maximum loads increased by 3.8 to
4.7 times. The ultimate loads of the SFRC-N series increased by 38% more than the N-N series, and for the
PVA FRCC, the carbon fiber reinforced polymer (CFRP) strengthening improves 62% of the peak load. The
loads of SFRC-N specimens gradually increased, but the specimens reinforced with CFRP showed strain
softening after the maximum loads. Both the non-retrofitted specimens and reinforced PVA FRCC specimens
with CFRP after maximum loads exhibited strain softening.
3) The FRP reinforced NC, SFRC, and PVA FRCC specimens showed twice the amount of enhanced
dissipated energy (total energy) under impact loadings than the non-retrofitted specimens. In the low-velocity
impact test of the two-way NC specimens strengthened by FRPs, the ultimate impact loads increased by 1.33
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times, and the total dissipated energy increased by 4 to 5 times greater than the plain NC series. For the twoway specimens, the total energy increased by 217% between the non-retrofitted SFRC and NC specimens. The
total dissipated energy of the CFRP retrofitted SFRC was twice greater than that of the plain SFRC series. In
the PVA FRCC series, the P-N specimens showed 4 times greater dissipated energy than for the energy of the
N-N specimens. However, the CFRP retrofitted PVA FRCC specimens had similar capacities to the CFRP
retrofitted SFRC elements.
4) For the penetration of two-way specimens with steel fiber, the Hughes formula considering the tensile
strength of concrete was a better predictor than other empirical formulae. However, for plain concrete,
specimens need to be of larger size to avoid splitting failure. In addition, penetration depth due to missile
impact may be much different due to the tensile strength of fiber reinforced concrete, so it should be improved
through various experiments.
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