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Although the efficiency of steel fibres for improving mechanical properties (cracking resistance and failure toughness) of the
concrete has been broadly discussed in the literature, the number of studies dedicated to the fibre effect on structural behaviour of
the externally bonded elements is limited. This experimental study investigates the influence of steel fibres on the failure character
of concrete elements strengthened with external carbon fibre reinforced polymer sheets. The elements were subjected to different
loading conditions. The test data of four ties and eight beams are presented. Different materials were used for the internal bar
reinforcement: in addition to the conventional steel, high-grade steel and glass fibre reinforced polymer bars were also considered.
The experimental results indicated that the fibres, by significantly increasing the cracking resistance, alter the failure character from
splitting of the concrete to the bond loss of the external sheets and thus noticeably increase the load bearing capacity of the elements.

1. Introduction

An increasing decay of the civil engineering infrastructure
and arising design requirements (e.g., increased traffic excee-
ding the initial design loads) have received considerable
attention in recent years throughout the world. For the pur-
pose of structural rehabilitation, fibre reinforced polymer
(FRP) composites have become a promising alternative to
conventional techniques, which use steel components toge-
ther with high performance concrete [1–4]. FRP has gained
recognition against the traditional structural materials, due
to its exceptional properties, like high tensile strength, cor-
rosion resistance, and durability, as well as reduced time of
construction, easy handling, and transportation [5].

In the current engineering practice, reinforced concrete
(RC) is themostwidely used structuralmaterial [6].However,
the brittleness of concrete and low corrosion resistance of the
conventional steel reinforcement are generally the key causes
of deterioration of buildings. Although some FRP (e.g., glass

or basalt polymers) are defined by a relatively low deforma-
tionmodulus, they can be effective at controlling the develop-
ment of cracks when used as an additional external reinforce-
ment [7].

The increased stiffness of externally bonded components
(sheets, plates, laminates, etc.) introduces additional failure
options into the behaviour of structural components such as
the brittle loss of the bond at the FRP-to-concrete interface
[8–11] or the rip-off of the concrete [12, 13]. Experimental
works [14, 15] revealed that the addition of steel fibres is an
efficient means for preventing the rip-off failure of the con-
crete. Furthermore, fibres enhance the durability and reduce
the cost of maintenance as they limit severe degradation [16,
17]. Although the repair and strengthening of RC structures
are the main field of application of advanced FRP materials,
the development of new structural systems, for example,
hybrid bridge structures with steel fibre reinforced concrete
(SFRC) decks adhesively bonded with FRP girders, reflects a
great potential for further applications [18–20].
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The efficiency of steel fibres at improving mechanical
properties (cracking resistance and failure toughness) of the
concrete has been broadly discussed in the literature, for
example, [21–26]. However, the number of studies dedicated
to the fibre effect on the structural behaviour of the externally
bonded elements is limited. In this context, the aforemen-
tioned studies [14, 15] should be appreciated as valuable
contributions.

This experimental study investigates the influence of steel
fibres on the failure character of concrete elements covered
with external carbon fibre reinforced polymer sheets. The
elements were subjected to different loading conditions. Dif-
ferent materials were used for the internal bar reinforcement.
The experimental program is comprised of two parts.Thefirst
part deals with concrete ties reinforced with high-strength
steel bars.The second part considers the structural behaviour
of concrete beams reinforced with steel or glass FRP (GFRP)
bars in the tensile zone. The test data of four ties and eight
beams are presented further in the paper.

2. Specimens and Testing Procedures

The effectiveness of the fibres at transferring the tensile
stresses through the crack (the so-called residual strength
of the fibre reinforced concrete) depends on the considered
deformation (crack opening) state [27]. Thus, the present
experimental program concerns different types of reinforce-
ment bars in order to ensure versatility of the findings.
The ties were reinforced with high-strength (At800) bars to
account for the specific layout of the tensile tests (i.e., the load
applied directly to the reinforcement). As a result, the experi-
mental analysis of the fibre effect covers a wider deformation
range. For the same reason, GFRP bars were introduced
for consideration during the beam tests: the lower elasticity
modulus of the polymer bars noticeably increases the moni-
tored deformations in the tensile zone. Similar effects can be
observed in the beams reinforced with steel bars (S500) after
yielding of the tensile reinforcement.

Unidirectional carbon fibre reinforced polymer (CFRP)
sheets MapeWrap C UNI-AX with a weight-per-area ratio of
300 g/m2 (the equivalent thickness of dry fabric is 0.166mm)
were used for the strengthening. An epoxy primer and putty
for levelling the concrete surface were applied in order to
ensure the bond strength of the concrete-to-CFRP interface.
The wet lay-up system was used for the external CFRP rein-
forcement. The CFRP sheets were glued to the surface using
a two-component epoxy resin (MapeWrap 31). The epoxy
resin was allowed to cure for 7 days before testing. Three
samples of each type of reinforcement bars were tested. The
strength and modulus of elasticity are based on nominal
diameters. Yield strength of⌀6 and⌀8mm (steel S500) and
conventional yield strength of ⌀14mm bars (steel At800)
were 565, 545, and 945MPa, respectively; elastic moduli of
the bars were, respectively, equal to 209, 203, and 194 GPa for
⌀6,⌀8, and⌀14 mm steel bars and 64.7GPa for the⌀8 mm
GFRP bar. The tensile strength and modulus of elasticity of
CFRP sheets were 4830 MPa and 230 GPa, respectively.

Concrete compositions (Mixes I–IV) are presented in
Table 1. Ordinary Portland cement and crushed granite

aggregate (16 mm maximum nominal size) were used. The
hooked end steel fibres from two suppliers, that is, Duoloc
and Mechel Nemunas, were used for the ties and beams,
respectively. The main parameters of the fibres are presented
in Table 2. All specimens were cast using steel formwork
and unmoulded in about 2-3 days after the casting. The
ties were cured in the water tank at the temperature of 18–
20∘C, while the beams were stored in the laboratory with
an average relative humidity (RH) of 55.5% and temperature
21.1∘C. Specimen types are described in Table 1.

2.1. Tie Test. The first part of the experimental investigation
involves four RC ties of 1000mm in length with a 100 ×
100mm cross section: two reference specimens (T3-Ref-F0
and T4-Ref-F0.6) and two ties externally bonded with CFRP
sheets. The specimens were grouped into two series. The ties
of the first series (T1-C3-F0 and T3-Ref-F0) were made of
ordinary concrete, whereas the ties of the second series (T2-
C1-F0.6 and T4-Ref-F0.6) had a 0.6% steel fibre content by
volume of concrete. Deformed bars of high-strength At800
steel were used as the internal reinforcement of RC ties.
The layers of carbon fibres were attached on two opposite
sides along the entire length of the concrete (Figure 2(a)).
Specimens strengthened with one (T2-C1-F0.6) and with
three (T1-C3-F0) layers of CFRP sheets were produced. The
main parameters of the ties are listed in Table 1. In the
notation, the first letter refers to the type of specimen (“𝑇” =
tie, “𝐵” = beam), whereas the first number corresponds to the
sample’s number, the abbreviation “nm” (if applicable) corre-
sponds to a “nonmetallic” tensile reinforcement, the second
notation component refers to the existence of the external
CFRP reinforcement (“Ref ” = unbonded reference, “C1” =
one layer, and “C3” = three layers of CFRP sheets), and the
last notation component corresponds to the presence of fibres
in the concrete (“F0” = plain concrete, “F0.6” = 0.6% volume
fraction, and “F0.8” = 0.8% volume fraction of steel fibres).

The ties were tested by applying the load to the steel bar
axially placed in the concrete prism using a displacement-
controlled servohydraulicmachine with 600 kN capacity.The
loading rate was 0.1mm/min. The load was measured with
the electronic load cell of the testingmachine. Linear variable
displacement transducers (LVDT, Figures 1 and 2), attached
to the bar, surface of the concrete, and the CFRP sheets, were
used for recording deformations. As shown in Figure 2, the
slip of a CFRP sheet was monitored using two additional
LVDT attached to the concrete edge and CFRP surface in
the boundary zone.The crack development was observed and
recorded using a 50 magnification (50x) optical microscope.
The test was terminated after failure of the concrete or after
reaching the ultimate stress in the reinforcement bar.

2.2. Beam Test. The second part of the program consists of
eight rectangular section RC beams with a nominal length
of 1500mm (span 1240mm). Three reference specimens (B3-
Ref-F0.8, B4-Ref-F0.8, and B7-nm-Ref-F0) were unstrength-
ened, whereas the remaining five beams were strengthened
with one layer of CFRP sheet by applying it on the bottom
side.The specimens were classified into two series.The beams
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Table 1: Main characteristics and mix proportions of the experimental specimens.

Specimens Ties Beams
Series I II I II

Notation T1-C3-F0;
T3-Ref-F0

T2-C1-F0.6;
T4-Ref-F0.6

B1-nm-C1-F0;
B7-nm-Ref-F0;

B8-C1-F0

B2-nm-C1-F0.8;
B3-Ref-F0.8;
B4-Ref-F0.8;
B5-C1-F0.8;
B6-C1-F0.8

Tensile bar reinforcement 1 × ⌀14, steel At800 2 × ⌀8, steel S500 or GFRP
Concrete Mix I Mix II Mix III Mix IV
Age at the testing, days 124; 107 131; 117 1377–1431 1442–1472
Compressive strength, MPa 55.1 50.0 50.6 31.6
Mixture proportions, kg/m3:
Sand 0/4mm 885 ± 1% 885 ± 1% 910 ± 2% 905 ± 2%
Crushed aggregate 5/8mm 975 ± 2% 975 ± 2% 389 ± 2% 388 ± 1%
Crushed aggregate 11/16mm 551 ± 2% 548 ± 1%
Cement CEM I 42.5N 380 ± 0.5% 380 ± 0.5% 415 ± 1% 400 ± 0.5%
Water 160 ± 3% 160 ± 3% 174 ± 5% 124 ± 5%

Concrete plasticizer 1.7 ± 2%,
MC-PowerFlow 1124

3.3 ± 2%, 2.0 ± 2%,

Stachement 2067 Muraplast FK
63.30

Fibres — 45 ± 5%, Duoloc —
60 ± 5%,
Mechel
Nemunas
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Figure 1: Tie test setup.
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Figure 2: Tensile test (a) and zoomed view of LVDT for monitoring slip of the CFRP sheet (b).
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Table 2: Main parameters of the steel fibres.

Supplier Length, mm Diameter, mm
Tensile
strength,

MPa
Duoloc 55 ± 0.5 1 1020
Mechel Nemunas 50 ± 2 1 ± 0.1 1000–1300

of the first group (B1-nm-C1-F0, B7-nm-Ref-F0, and B8-C1-
F0) weremade of ordinary concrete, whereas the beams of the
second group (B2-nm-C1-F0.8, B3-Ref-F0.8, B4-Ref-F0.8, B5-
C1-F0.8, and B6-C1-F0.8) had a 0.8% of steel fibres. The main
parameters of the experimental beams are listed in Table 1 and
Figure 3.

The beams with a notation “nm” referring to “nonmetal-
lic” had 2 ×⌀8mm bottom reinforcement bars made of glass
fibre reinforced polymer (GFRP) and 2 × ⌀6mm steel bars
(S500) as the top reinforcement. The rest of the beams were
reinforced with 2 × ⌀8mm and 2 × ⌀6mm deformed steel
bars in the tensile and compressive zones, respectively.

The beams were tested under a four-point bending
scheme with 420mm shear spans as shown in Figure 3. The
specimens were loaded using a 5000 kN hydraulic jack in
a rigid testing frame. The loading rate was 0.2mm/min. As
shown in Figure 3, three continuous LVDT lines were located
at different heights. The two outer LVDT lines were placed
along the top and bottom reinforcement, whereas the inner
line was located 50mm off the bottom one. The vertical
displacements in pure bending zone were measured by the
LVDT (L 3–8, Figure 3). Slip of the CFRP sheets in relation to
the concrete surface has been recorded using LVDT (L 1-2).
A zoomed view of this zone is presented in Figure 4. A load
cell was used to measure the applied load. ALMEMO 2890-9
data logger was used to collect the recordings fromLVDT and
the load cell. Development of the cracks was observed using
the opticalmicroscope. After the tests, the final crack patterns
were fixed and marked.

3. Test Results

3.1. Tie Test. The load-strain diagrams of the ties are pre-
sented in Figure 5. As can be observed from Figure 5(a),

Figure 4: Slip measurement of the CFRP sheet.

the load bearing capacity of the reference specimen (T3-
Ref-F0) was to a significant extent higher than the ultimate
capacity obtained for the strengthened tie (T1-C3-F0) due
to the splitting failure of the concrete at the end of the
latter specimen (Figure 6(a)). In contrast to this, the tie T2-
C1-F0.6 made of steel fibre reinforced concrete (SFRC) and
externally bonded with CFRP was loaded up to the yielding
of the bar without any failure of the concrete (Figure 6(b)).
This indicates an ability of the fibres to ensure the structural
integrity of the externally bonded composite which in turn
leads to a significantly increased number of cracks (Figure 7)
of reduced opening width.

It is worth mentioning that different axial stiffness is
characteristic of the external sheets made using one and
three layers of CFRP. Notwithstanding this difference, both
externally reinforced ties (T1-C3-F0 and T2-C1-F0.6) demon-
strated an almost identical load-deformation behaviour until
the failure of the plain concrete prism (Figure 5). This is a
consequence of the testing layout when the load is applied
directly to the bar reinforcement while the surrounding con-
crete transfers deformations to the external sheets. Thus, the
effect of stiffness of the external sheets on the total stiffness
of the tie becomes marginal. Gribniak in a coauthorship [28]
discussed this effect in detail. The most important outcome
of this test programme, therefore, is that the addition of fibres
improves the failure character of the externally bonded ties by
preventing the brittle failure of the concrete.The load bearing
capacity of the SFRC tie was increased by approximately 70%.
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Figure 5: Load-strain diagrams of RC ties made of ordinary concrete (a) and SFRC (b).

(a) (b)

Figure 6: Failure character of RC tensile specimens: splitting of the
ordinary concrete prism in the tie T1-C3-F0 (a); absence of failure of
the tie T2-C1-F0.6 made of SFRC (b).

3.2. Beam Test. Deflection measurement errors might have
a significant influence on the assessment of flexural stiffness
of composite elements [27]. At the elastic stage, the error in
gross deflection measurement is almost linear up to the first-
crack. It can be eliminated by accounting for the elastic
deformations of the supports. In the postcracking regime, the
errors are related to the load bearing capacity of the specimen
and they increase with the reduction of beam dimensions.
The latter effect is mainly related to the distribution (and
number) of the flexural cracks. Previous research by the
authors [29] revealed that the curvature assessments (aver-
aged throughout the pure bending zone) can be considered as
an efficient parameter for a comparative analysis of composite
beams with different flexural rigidity.

Following the methodology presented in [30, 31], mom-
ent-curvature diagrams of the beams have been derived using
the recordings of deflections and concrete surface strains
measuredwithin the pure bending zone (Figure 3). Assuming
a circular arc shape of deflection curve along the pure bend-
ing zone, the average curvature can be obtained from the def-
lection readings as follows:

𝜅 = 2 ⋅ 𝛿
(𝑙𝑏/2)

2 + 𝛿2
= 8 ⋅ 𝛿
𝑙2
𝑏
+ 4 ⋅ 𝛿2
;

𝛿 =
𝛿5 + 𝛿6
2
−
𝛿3 + 𝛿4 + 𝛿7 + 𝛿8
4

.

(1)

Here 𝛿 is the deflection in the pure bending zone; 𝛿𝑖 is the
deflection obtained by the 𝑖th (𝑖 = 3, . . . , 8) linear variable
differential transducer 𝐿 𝑖 (Figure 3); 𝑙𝑏 is the length of the
bending zone (in our case, it was equal to 400mm).

An alternative curvature assessment technique is based
on the concrete strains averaged along each of the gauge lines
shown in Figure 3. The averaged curvature is calculated as

𝜅 = 1
3

3

∑
𝑙=2

𝑙−1

∑
𝑘=1

𝐷𝑘 − 𝐷𝑙
ℎ𝑘𝑙
. (2)

Here 𝐷𝑘 and 𝐷𝑙 are the averaged strains along 𝑘 and 𝑙 lines
(Figure 3), respectively; ℎ𝑘𝑙 is the distance between these lines.

Figure 8 shows the moment-curvature diagrams of the
selected beamsdeterminedusing both aforementionedmeth-
odologies. A good agreement is achieved between the dia-
grams obtained using themonitoring results of deflection and
surface strains of the concrete. The previous studies [29, 30],
however, revealed that the diagrams obtained using the sur-
face strains can be considered as a robust (independent of
measurement inaccuracies) experimental output for compar-
ative analysis purposes. Consequently, the present analysis is
based on the curvatures obtained from the average strains of
the concrete.
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Figure 8: Moment-curvature diagrams of selected beams obtained using the monitoring results of surface strains and deflections.

The obtained moment-curvature diagrams are shown in
Figure 9. As can be observed from Figure 9(a), the load
bearing capacity of the beam B1-nm-C1-F0 with external
CFRP sheet was even lower than for the reference one (B7-
nm-Ref-F0).The addition of steel fibres results in a noticeable
increase of the ultimate load (compare B5-C1-F0.8 and B6-
C1-F0.8 to B8-C1-F0 in Figure 9). A good agreement of the
results obtained for the twin specimens (B3-Ref-F0.8 and B4-
Ref-F0.8 as well as B5-C1-F0.8 and B6-C1-F0.8) indicates the
consistence of the analytical procedure.

Final crack patterns of the beams are shown in Figure 10.
In this figure, the specimens are presented in two groups
by the type of the internal bar reinforcement. It should be
pointed out that an increasednumber of cracksmay be related

to the additional fracture energy dissipation and, consequen-
tly, increase in stiffness. In the considered specimens, this
occurs due to the ability of fibres and/or CFRP sheets to trans-
fer tension stresses in a crack. This composite action is even
more evident in combination with GFRP bar reinforcement.

The failure character is another important issue that must
be analysed. In the specimens without steel fibres, the failure
was due to splitting of the concrete cover at the level of the
longitudinal reinforcement (Figure 11(a)), whereas debond-
ing of the CFRP sheets at the interfaces between the concrete
and the adhesive was characteristic of the beams made of
SFRC (Figure 11(b)). Although the deformations and the load
bearing capacity of the beams reinforced with GFRP bars
were practically the same (Figures 9 and 12), the failure
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Figure 9: Moment-curvature diagrams of the beams made of ordinary concrete (a) and SFRC (b).
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Figure 10: Final crack pattern of the beams.

character was completely different. As can be observed in
Figure 10, the concrete rip-off was typical for the beam
made of ordinary concrete (B1-nm-C1-F0), whereas fibre
reinforcement transferred the failure from the concrete to
the interface zone, thus resulting in the peeling-off of the
FRP sheet (B2-nm-C1-F0.8). Another important aspect is that
the compressive strength of ordinary concrete and SFRC was
different (50.6MPa and 31.6MPa, respectively).The observed
failure indicates that the application of the fibres is more
effective than the increase of the concrete strength at ensuring
the structural integrity of the beams. Considering the crack
patterns and moment-curvature diagrams shown in Figures
10 and 12, two main observations can be made:

(i) Application of fibres in the specimens reinforced
with steel bars increased the load bearing capacity by

altering the failure character. Comparing the crack
patterns of the strengthened elements, an increase in
the number of cracks is not evident.

(ii) The fibres affect both the load bearing capacity and
the stiffness of the beams reinforced with GFRP bars.
Despite the significant difference in strength of the
concrete (Table 1), the ultimate load was observed to
be practically identical (Figure 12(b)). However, the
number of cracks has evidently increased (comparing
the beams B1-nm-C1-F0 and B2-nm-C1-F0.8, Fig-
ure 10). As was found by the authors [7], the increased
number of cracks could be attributed to the difference
in the relative internal-to-external flexural stiffness of
the reinforcement that is equal to 2.6 and 0.87, respec-
tively, for steel and GFRP bars.



8 Advances in Materials Science and Engineering

(a) (b)

Figure 11: Failure character of RC beams: concrete rip-off of the beam (B1-nm-C1-F0) made of ordinary concrete (a); CFRP peeling-off of the
beam (B6-C1-F0.8) made of SFRC (b).
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Figure 12: Moment-curvature diagrams of the beams reinforced with steel (a) and GFRP (b) bars.

4. Conclusions

The paper experimentally investigates the influence of steel
fibres on the failure character of concrete elements bonded
with external carbon fibre reinforced polymer (CFRP) sheets.
The deformation and cracking behaviour of concrete ties and
beams reinforced with steel or GFRP bars and externally
bonded with CFRP sheets have been analysed. The experi-
mental data of four ties and eight beams are presented. The
study reveals the following:

(1) The addition of fibres improves the failure character
of the specimens reinforced with CFRP sheets by
preventing brittle failure of the concrete.

(2) The fibres have increased the load-carrying capacity
of the externally bonded ties by approximately 70%.
Similar results were obtained for the beams reinforced

with steels bars: the bearing capacity was increased by
almost 25%.

(3) The increased number of cracks may be related to
the higher flexural stiffness due to the ability of fibres
and/or CFRP sheets to transfer tension stresses at a
crack. This composite action is even more evident in
combination with GFRP bar reinforcement.

(4) Due to the relatively small amount of test specimens,
further research is needed to quantify the effective-
ness of fibres.Themeans of preventing the debonding
effect should also be explored.
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