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Abstract. The study analyses the behaviour of reinforced concrete beams strengthened with high-performance fibre-
reinforced cementitious composite (HPFRCC). Six beams were divided into two equal groups and strengthened. In total,
nine beams were tested, including three control beams that were not strengthened. Control beams were over-reinforced.
The beams of the first group were strengthened in the compressed part while those of the second group were strength-
ened in the compressed and tensioned parts of the section. The experimental results of all tested beams were compared
with numerical results. The positive and negative effects of strengthening the resistance and serviceability of the beams
were experimentally determined. The obtained results showed that the load-carrying capacity of all strengthened beams
increased and their deflections decreased; however, crack width in the beams of the second group increased while that
of the beams of the first group decreased. The width of cracks increased because the number of cracks decreased. The
findings of this study show a comparison of strains, deflections, cracking and load-carrying capacity and indicate that

strengthening changed the failure of the beams.
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Introduction

Several factors can increase the deformability of re-
inforced concrete beams. Among them is an increased
external load, the damaged composition of concrete and
decreased bending stiffness. These and other factors asso-
ciated with an increase in deformability usually increase
the evolution of plastic deformations. Strengthening by
the restoration of the damaged concrete layer or by the
installation of a new layer can be done in order to de-
crease the evolution of plastic deformations. Ordinary
high-strength concrete can be used for retrofitting RC
beams, but ultimate deformations of this type of concrete
are usually smaller than those of ordinary-strength con-
crete (Cai, Xu 2011). High-performance or ultra-high-
performance fibre-reinforced cementitious composite
(HPFRCC or UHPFRCC) can be used in order to in-
crease the ductility of the beam. As suggested by other
researchers (Brithwiler, Denarié 2013; Farhat et al. 2007;
Kobayashi, Rokugo 2013; Nan, Shi-lang 2011), HPFRCC
or UHPFRCC are perfect materials for strengthening RC
structures and are different from ordinary concrete as
they have higher strength, a higher modulus of elasticity,
higher ultimate deformation and different tensile strength.
Due to high compressive strength and a higher modulus
of elasticity, the compressed part of the cross-section of

the beams can be strengthened. Thus, the evolution of
plastic deformations can be reduced. Further, due to dif-
ferent tensile strength, the tensioned part of the cross-
section can be strengthened.

Cracking strength and post-cracking strength can
be differentiated for HPFRCC and UHPFRCC materials
(Kim et al. 2012). After crack opening, stresses transfer
onto fibres, and tensile strength slightly increases. There-
fore, fibres exert tension—strain hardening effect, which
in turn creates the deflection-hardening effect (Naaman,
Reinhardt 2006). Therefore, bending stiffness should in-
crease. The performed experiments have determined that
strain-hardening effect is influenced by fibre and concrete
bond strength (Yoo et al. 2013). Then, the pull-out of
fibres is initiated and followed by stress—strain softening
effect (Yoo et al. 2013).

The optimal composition of the HPFRCC or UHP-
FRCC mixture should be used because the number of
fibres and their length also influence bending stiffness.
A growth in the amount of fibre increases strain harden-
ing and post-cracking strength (Wille ef al. 2012). Again,
this can increase bending stiffness due to the increased
deflection-hardening effect. However, the carried out
experiments have determined that compressive strength
can decrease due to the heterogeneous distribution of
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fibres (Yoo et al. 2013). Therefore, excessive fibres can
decrease bending stiffness. A change in the temperature
of fibres can also decrease compressive strength (Farhat
et al. 2007). The length of fibres also negatively and posi-
tively influences bending stiffness. The experiments have
determined that long fibres ensure better fracture energy,
whereas short fibres ensure better compressive and ten-
sile strength (Karihaloo 2012). The contribution of fibres
changes the failure of a brittle material in the ductile one
and can also increase Poisson’s ratio (Cai, Xu 2011).

The carbon fibre reinforced polymer (CFRP) compos-
ite material is also used for strengthening bent reinforced
concrete elements. Experimental researches (Marciukaitis
et al. 2007; Skuturna et al. 2008; Daugevicius ef al. 2012;
Skuturna, Valivonis 2014, 2015) show that flexural stiff-
ness increases due to the increased depth of the neutral
axis. However, thin CFRP plates do not change the cross-
section of the strengthened element. Strengthening with
HPFRCC material changes the cross-section and bending
stiffness increases due to the increased cross-section.

A literature review shows that extensive experimen-
tal investigations on RC beams strengthened with the
high-strength fibre-reinforced concrete material have been
carried out (Cirovi¢ et al. 2014; Farhat et al. 2007; Ko-
bayashi, Rokugo 2013; Nan, Shi-lang 2011; Krstulovic-
Opara et al. 1997; Haddad et al. 2008; Habel ef al. 2007,
Martinola et al. 2010; Noshiravani, Brithwiler 2010; Kim
et al. 2014; Hussein et al. 2012; Zhang et al. 2012; Fer-
rari et al. 2013; Li, Xu 2009; Elsanadedy et al. 2013;
Zofka et al. 2014). Mechanical parameters for strength-
ening materials, including compressive strength, tensile
strength and the modulus of elasticity were different in all
these studies. Parameters for fibres also varied. Therefore,
in all cases, the effect of strengthening was different. All
studies have shown that bending stiffness, the cracking
moment and load-carrying capacity were increased and
that the distribution of cracks and the mode of the failure
were also changed.

The aim of this research was to investigate the be-
haviour of the beams that were strengthened in the com-
pressed part or in both the compressed and tensioned
parts of the section. This conducted research differs from
the others in that case that the beams were strengthened

Table 1. Characteristics of the beams

with HPFRCC, and the mixture of this material was
freely available commercially. In fact, the REFOR-tec®
GFS5 mixture was used. The employment of this mixture
helps with obtaining constant mechanical parameters for
strengthening material.

1. Characteristics of the beams

Experimental reinforced concrete beams were over-rein-
forced, which allowed strengthening the compressed part
of the section. In practice, the composition of concrete
in the existing RC beams can be damaged due to harm-
ful environmental conditions. The area of the concrete
cross section can decrease, and therefore, the reinforce-
ment ratio can change. Strengthening of experimental
beams was carried out by increasing the width of the
cross-section of the beam. Concreting a new layer of the
HPFRCC material allowed an increase in the width of the
cross-section. The strengthened beams were divided into
two groups. The beams of the first group were strength-
ened in the compressed part of the section (Table 1) and
named S1T, S2T and S3T. The beams of the second group
were strengthened in both the compressed and tensioned
parts of the section (Table 1) and named S4U, S5U and
S6U. Control beams were named S7, S8 and S9. The
reinforcement ratio of these beams reached p = 1.79%.
Such a high level of reinforcement increases the depth
of the neutral axis; therefore, higher concrete compres-
sive stresses are reached, and these beams can fail before
reaching the yielding strength of the tensioned reinforce-
ment. Strengthening the compressed part of the cross-sec-
tion may help with exploiting the tensile strength of rein-
forcement, especially when high strength concrete is used
for strengthening. The reinforcement ratio of SxT beams
after strengthening changed to p = 1.39% while the re-
inforcement ratio of SxU beams changed to p = 1.28%.
Concreting a new layer was accomplished only in
the part of the beams between supports (Figs la and 1b).
The type of strengthening similar to that in the SxT beam
was possible only when floor slabs were removed from
the carcass beams of the main structure or if floor hol-
low slabs were strengthened. Then, the analysed section
of the strengthened hollow slab corresponds to this sec-
tion (Fig. 1a). The type of strengthening similar to SxU
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Fig. 1. Experimental beams: (a) SxT beams, (b) SxU beams, (c) Sx control beams

beams is possible only when holes are made in the floor
slabs to pour the HPFRCC mixture. Strengthening with
HPFRCC can increase the flexural resistance and stiffness
of the beams. Further, resistance to shear force should be
increased.

Strengthening was carried out in accordance with
certain technological requirements. After concreting ad-
ditional layers is completed, the newly formed cross-sec-
tion must be monolithic. However, after strengthening,
the cross-section can be divided into separate layers, par-
ticularly if the layers have a poor bond. Shear stresses
increase between the layers thus leading to the displace-
ment of the layers, whereby the cross-section cannot be
considered as one piece (monolithic). This has a negative
influence on its strength and deflection. Experimental re-
search (Santos et al. 2007) has shown that the roughness
of the surface increased bond strength up to two times as
shear increased about 32%.

In order to form a monolithic cross-section, cement
particles of the poured concrete mixture must bind with
old concrete aggregates. To that end, the surface of the
beam was processed by high-pressure washing. Such
treatment of the surface allowed removing small aggre-
gates from old concrete. Gross aggregates of old concrete
were uncovered. The particles of hydrated cement stone
were removed from the surface of gross aggregates. The
surface of old concrete became very coarse. Before pour-
ing the new concrete mixture, the surface of the treated
concrete was moistened. It should be noted that surface
treatment with steel brushes do not afford an effect as

good as that achieved by treatment with a high-pressure
water jet. The views of treated surfaces are presented in
Figure 2.

Fig. 2. Surfaces after treatment: (a) not suitable surface after
treatment with steel brushes; (b) surface for beams SxU after
treatment with high-pressure water jet; (c) and (d) surfaces of
beams SxT

All beams were reinforced with the same carcass
made from the same steel bars. A reinforcement scheme
is presented in Figure 3. Ribbed steel bars were used for
longitudinal and shear reinforcement. The latter one was
used only in the parts where shear forces were exerted.
At the middle part of the beam, shear reinforcement was
not used because only major stresses acted in the pure
bending zone.
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Fig. 3. Reinforcement schema



Journal of Civil Engineering and Management, 2016, 22(2): 254-270 257

2. Characteristics of materials

A different shape and size of concrete and HPFRCC ma-
terial samples were tested in order to determine mechani-
cal parameters (Fig. 4). This was because some calcula-
tion methods estimate the strength of the material from
the samples of a different shape. For example, it is possi-

ble to calculate the load-carrying capacity of the beam by
estimating compressive strength determined considering
cylinders or prisms. Further, it is possible to determine
the tensile strength of the material with reference to the
flexural results of the test.

The tensile strength of concrete and HPFRCC ma-
terials was determined by testing samples, as shown in

f)

Fig. 4. HPFRCC material samples of different shapes and sizes: (a) and (b) samples after tension, (c) testing of prisms
(40x40%160), (d) flexural test of prisms (150x150%x600), (e) — flexural test of prisms (100x100x400), (f) — prisms

(40%40%160) after flexural test
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Figure 4a. The tensile strength of HPFRCC materials was
also established in the course of testing samples, as indi-
cated in Figure 4b. It was found that the tensile strength
of HPFRCC depended on the sample size. The experi-
mental tensile strength is presented in Table 2.

Table 2. Tensile strength of concrete and HPFRCC

M. Daugevicius et al. RC beams strengthened with HPFRCC: experimental and numerical results

The flexural strength of concrete and HPFRCC ma-
terial prisms (100x100x400 mm) was determined in ac-
cordance with EN 12390-5 (2009) and EN 14651 (2005)
for prisms 150x150x600 mm. The experimental flexural
strength is presented in Table 5.

Table 5. Flexural strength

Sample Material | Strength, MPa | [ /f.
Prism 100%100 mm | Concrete 2.28 2.1
(cross-section) HPFRCC 4.78 _
Dog bones HPFRCC 5.73 -

The compressive strength of concrete and HPFRCC
materials was determined by testing cylinders, cubes and
prisms. Cubes and cylinders for compression were tested
according to stipulations provided in EN 12390-3 (2009).
Prisms for compression (40x40x160 mm) were tested
according to stipulations provided in EN 13412 (2006).
The experimental compressive strength is presented in
Table 3. It was found that the compressive strength of
HPFRCC did not depend on the size but on the form of
the sample. The article also discusses statistical param-
eters such as standard deviation and the coefficient of
variation (Daugevicius, Valivonis 2013).

Table 3. Strength of compressed samples

. Strength,
Sample Material MPga folfs
Cube 100x100x100 mm | HPFRCC 111.5 -
Concrete 35.6
Cube 150x150x150 mm 3.17
HPFRCC 112.7
Concrete 324
Cylinder 150300 mm 3.48
HPFRCC 112.9
Prism 40x40x160 mm | HPFRCC 105.4 -
) Concrete 273
Prism 100x100x400 mm 3.93
HPFRCC 107.3

The experimental modulus of the elasticity of each
material is presented in Table 4. The modulus of elasticity
is different not only because of different dimensions of
the samples but also due to different loading rates used
for the samples of a different size.

Table 4. Modulus of elasticity

Sample Material M(éi;;us’ E.JE,

. Concrete 32.7

Prism 100x100x400 mm 1.16
HPFRCC 37.8
. Concrete 299

Cylinder 150300 mm 1.15
HPFRCC 34.5

Prism 40x40x160 mm HPFRCC 42.48 -

. Strength,
Sample Material MP%\ St
. Concrete 3.57
Prism 100x100x400 mm 445
HPFRCC 15.9
Prism 40x40x160 mm HPFRCC 10.84
. Concrete 3.59
Prism 150x150x600 mm 3.86
HPFRCC 13.86

The tensile properties of steel bars were determined
in accordance with ISO 15630-1 (2002). The yielding
strength of steel bars @14 was 924 MPa and that of the
modulus of elasticity — 179 GPa. The yielding strength
of steel bars @8 was 609 MPa and that of the modulus of
elasticity — 199 GPa.

Axial and lateral deformations were measured dur-
ing material testing. Stress-strain relations for compres-
sion and tension were determined (Figs 5a, 5b, Sc, and
5d). The ultimate deformation of compressed cylindrical
samples is larger than that of prismatic samples. Further,
the ultimate deformation of HPFRCC is also larger. How-
ever, the ultimate deformation of the prisms of a different
size is almost similar. It can be concluded that when ordi-
nary concrete in the compressed part of the beam cross-
section reaches its maximum stresses, they will not be
the highest ones in HPFRCC. Therefore, a proper stresses
value in the HPFRCC layer should be taken into account,
particularly that of SxU beams, according to the strain
of ordinary concrete. Stress-strain curves (Fig. 5d) de-
rived from a direct tension test show that deformation at
the rupture of the HPFRCC sample is larger than that of
concrete. Thus, during the flexural test, cracking should
first start in ordinary concrete and then in the HPFRCC
layer. Therefore, two cracking moments should be deter-
mined. Stress-strain curves (Figs 5d and 5e) and stress—
deflection curves (Fig. 5f) show that the tensile strength
of HPFRCC remains after a crack opening. The residual
strength of HPFRCC must be evaluated, following which
the load-carrying capacity of SxU beams is calculated.

3. Experimental investigation

The four-point bending test was carried out. The load was
increased step-by-step. At each load step, cracks in the
tensioned part of the cross-section were observed. For
establishing the crack width, a microscope magnifying
24 times was used. Before cracks appeared, the load step
reached 5 kN. The appearance of cracks was noted vi-
sually. After crack opening, the load step increased to
20 kN. An external load was transferred through steel
plates on which mobile and immobile steel hinges were
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Fig. 5. Stress-strain and stress-deflection curves: (a) stress-strain curves of cylinder samples, (b) stress-strain curves of
prismatic samples, (c) stress-strain curve of prismatic (40x40x160) sample, (d) stress-strain curves of tensioned prismatic
(100x100) samples, (e) stress-strain curves derived from flexural test of prismatic (100x100x400) samples,

(f) stress-deflection curves of prismatic (150x150x600) samples

attached. The length of steel plates was equal to the width
of SxT and SxU beams. The scheme for beam testing is
presented in Figure 6.

Deflections and deformations were measured at dif-
ferent locations. The respective locations of deformation
measuring devices 11, 12, I3, 14 and I5 on the SxT beam
were as follow: the top of the compressed HPFRCC layer,
the top of the compressed concrete layer and the bottom
of the HPFRCC layer, the compressed layer with the steel
bar, the tensioned layer with the steel bar, the bottom
of the tensioned concrete. The locations of deformation-
measuring devices 11, 12, 13, 14 and IS5 on the SxU beam
were the top of the compressed concrete layer, the com-
pressed layer with the steel bar, the tensioned layer with
the steel bar, the bottom of the tensioned concrete layer
and the top of the HPFRCC layer and the bottom of the
tensioned HPFRCC layer respectively. The location of
deformation-measuring devices 11, 12, I3 and 14 on Sx
beams were the top of the compressed concrete layer, the
compressed layer with the steel bar, the tensioned layer
with the steel bar and the bottom of the tensioned con-
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Fig. 6. Testing schema of the beams and arrangement of mea-
suring devices: (a) SxT beams, (b) SxU beams, (c) Sx beams
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crete, respectively. The measurements were continuously
recorded from the time the beams were loaded until fail-
ure. Measuring devices were attached only on one side
of the fagade of the beam, whereas on the other fagade,
cracking was observed through the total length of the
span. The height of cracks was visually observed, and
crack width was measured only at the level of the ten-
sioned reinforcement.

4. Numerical modelling

All experimental beams were modelled applying for
the finite element program DIANA. A nonlinear analy-
sis was performed to determine models for the behav-
iour of finite elements. The beams were made from
quadrilateral elements (Fig. 7), the dimensions of con-
crete elements were 16.67%20%20 and the dimensions of
HPFRCC eclements were the same, except for the length,
which amounted to 16.67-20 mm. The size of the ele-
ments was determined by employing the method for test-
ing errors. Models for smaller finite elements showed a
better distribution of cracks that was more like in ex-
perimental beams but the load carrying capacity was
about 30% smaller than experimental. Thus, the numeri-
cal analysis was completed using the above-mentioned
dimensions of the elements. External loads were trans-
ferred through steel plates on the top of the beam, as
described above. The beams were supported on steel
plates that were given constraint conditions similar to
those described in the previous section. The symmetry
of the cross-section was evaluated. Only a half of the
beam was modelled. The type of reinforcement mesh was
“bar in solid”. The program changed the stiffness of the
quadrilateral element due to the embedded bar. Further,

a)

Cross
section

. Concrete I

Layer of
HEFRCC ™,

Support
e plates

P Cross
section

b)

d)

reinforcement elements can transfer only axial forces.
The interface between reinforcement and concrete was
not evaluated, and therefore, a perfect bond was assessed.

In order to perform a nonlinear analysis, the previ-
ously determined experimentally nonlinear stress-strain
curves were used. The stress-strain curves of concrete and
HPFRCC are shown in Figure 8a. These curves were ob-
tained testing cylindrical samples (Fig. 5a). The tensile
behaviour of HPFRCC is described by the curve present-
ed in Figure 8b, which is analogical to the one displayed
in Figure 5d. The stress-strain relation of tensioned or-
dinary concrete was described (Kaklauskas, Ghaboussi
2001) using the curve depicted in Figure 8c. The elas-
to-plastic behaviour of reinforcement was evaluated as
shown in Figure 8d. All beams were loaded at the same
load rate, which reached 4 kN.

5. Experimental results
5.1. Deformability

The distribution of strains across the height of the cross-
section of the beam was derived during the experimental
work. According to the strain value, stresses can be deter-
mined at a particular layer. Thus, the elastic, elasto-plastic
or plastic behaviour of the layer material can be defined
as well. Stress-strain relations were established by test-
ing the samples of materials. Such relations can help with
assessing stresses. If a slip between tensioned reinforce-
ment and concrete is not evaluated, then, it is possible
to determine that concrete strain is equal to reinforce-
ment. The secant modulus of elasticity for concrete mate-
rial was determined when the average strain was equal to
0.0424%. Correspondingly, for the HPFRCC material, the
average strain equalled 0.129%. When strains in the com-

Cross

Concrete section

- Layer.of
HPFRCC

Fig. 7. Finite element models of the beams: (a) model of the SXT beams, (b) model of the SxU beams,
(c) model of the Sx beams, (d) model of the reinforcement carcass
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Fig. 8. Stress-strain curves evaluated in the finite element model: (a) compressed concrete and
HPFRCC, (b) tensioned HPFRCC, (c¢) tensioned concrete, (d) reinforcement

pressed part of the sections of the beam reach the strain
value of the concrete material, the bending moments
in SxT, SxU and Sx beams are 17.1 kKN'm, 8.22 kN'm,
and 5.07 kN-m, respectively. When strains in the com-
pressed part of the sections of the beam reach the strain
value of the HPFRCC material, the bending moment in
SxT, SxU and Sx beams is 48.83 kN'm, 18.6 kN'm, and
13.19 kN'm, respectively. Although the developed strains
in the compressed part of the section were in the elastic
range, the tensioned part of the cross-section in all beams
was cracked. The values of the selected strains, when an
external load reaches 60% of load-carrying capacity, are
presented in Tables 6, 7 and 8. The values are given for
compressed concrete, the HPFRCC layer and the ten-
sioned layer with reinforcement. The bending moment
is given in the second, fourth and sixth column of the
tables, which corresponds to 60% of the maximum mo-
ment of Sx, SxU and SxT beams, respectively. When the
bending moment reaches 60% of the maximum bending
moment of Sx beams, the strains of the compressed con-
crete in SxT, SxU and Sx beams are in the elasto-plastic
range. The strains of tensioned reinforcement show that,
in all cases, the work of reinforcement was elastic. At
the moment of failure, the plasticity of the compressed
concrete was reached in SxU and Sx beams. As for SxT
beams, only the plasticity of the HPFRCC material was
reached, whereas in the compressed concrete layer, only
elasto-plastic behaviour was observed. Table 9 presents
strains in each layer at the moment of failure, at which Sx

beams and strains of tensioned reinforcement show that
reinforcement worked at the elastic stage, while those in
SxT and SxU beams were at the elasto-plastic stage.

A comparison of experimentally and numerically de-
termined strains and bending moment curves are present-
ed in Figure 9. The curves derived from the compressed
part of the section coincide. However, the coincidence of
the curves of Sx beams disappears when the load reaches
more than 60% of the load-carrying capacity. This was
because the external load during the experiment was
maintained for a particular time to identify cracking. At
that moment, plastic deformations developed and experi-
mental curves shifted from numerical curves. A compari-
son of the curves derived from the tensioned part was not
as good as that in the compressed part. Sometimes, these
curves coincide, but mostly, they do not. This is due to
the fact that the number of cracks is not the same as in
experimental beams.

The work of the compressed concrete changed be-
cause the sections of the strengthened beams were trans-
formed after the application of new layers. This influ-
enced the redistribution of internal stresses and forces.
Compressive stresses in ordinary concrete in SxT beams
decreased because an effective height (parameter d) of
these beams increased, and the balance of internal forces
requires a smaller depth of the neutral axis. Thus, a thin-
ner concrete layer was occupied by the depth of the neu-
tral axis. The height of SxU beams after strengthening
also increased, but the effective height did not. The width
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Table 6. Strains of the layer with the tensioned steel bar when M = 0.6-M,

Name 0.6:M,.,, £, % 0.6° M, g1, £, % 0.6° M,.¢.1, g, %
kN'm kN'‘m kN'm
SI1T 21.0 0.19145 32.14 0.2865 35.5 0.31824
S2T 21.0 0.1622 32.14 0.2561 34.5 0.27735
S3T 21.0 0.02776 32.11 0.3131 35.0 0.33867
S4U 21.0 0.17658 31.4 0.3143 34.99 0.35791
S5U 21.0 0.1602 33.8 0.2891 34.99 0.30288
S6U 21.0 0.196 31.2 0.3273 35.05 0.3665
S7 20.6 0.2513 32.11 0.4312 34.45 0.48079
S8 21.1 0.2548 32.11 0.3862 35.14 0.46583
S9 21.2 0.2204 32.11 0.3621 35.32 0.43387
Table 7. Strains of the mostly compressed concrete layer when M = 0.6-M,
Name 0.6:M,.g,, €., % 0.6 M,.¢.15, €., % 0.6 M,.q.1 €., %
kN'm kN'm kN'm
SIT 21.0 —0.04688 32.14 —-0.07855 35.5 —0.08304
S2T 21.0 -0.05679 32.14 —-0.09016 34.5 —-0.09614
S3T 21.0 -0.05137 32.11 —0.0808 35.0 —0.08703
S4U 21.0 -0.11218 31.4 —0.17466 34.99 —0.19275
S5U 21.0 —0.09483 33.8 —0.16534 34.99 -0.17132
S6U 21.0 —0.09825 31.2 —0.15687 35.05 -0.17336
S7 20.6 —-0.1516 32.11 —0.38807 34.45 —-0.53041
S8 21.1 —0.1550 32.11 -0.3031 35.14 —-0.41382
S9 21.2 —-0.1621 32.11 -0.3054 35.32 -0.4356
Table 8. Strains of the mostly compressed HPFRCC layer when M = 0.6-M,.
Name 0.6:M,.g,, €00 Y0 0.6 M,.q.05, €000 Y0 0.6° M,.g.1, €00 Y0
kN'm ‘m N-m
SI1T 21.0 -0.08191 32.14 —0.12819 35.5 —0.13854
S2T 21.0 -0.08327 32.14 -0.13239 34.5 —0.14044
S3T 21.0 —0.08145 32.11 —0.12463 35.0 —0.13682
Table 9. Maximal bending moment and strains at this moment
Name Al;[Ir\Imﬁ){’ €eer Y0 €., % g, % ®, mm Failure mode
SIT 59.14 -0.2925 -0.1426 0.9019 25.88
S2T 57.55 -0.3143 -0.1711 0.9407 27.44 Shear failure
S3T 58.3 —-0.2897 —-0.1673 0.9014 23.07
S4U 52.36 - -0.3556 0.8384 21.61 .
S5U 56.29 - ~0.4453 1.0706 27.92 ch;*z?eli’eg ;’}fet:f fz‘i’lll’:rf;re“ed
S6U 52.06 - -0.3679 0.998 22.33
S7 34.35 - —-0.5304 0.4808 19.26 .
S8 35.14 - ~0.4138 0.4658 18.31 ch;*z?eli’eg of the compressed
S9 35.32 - -0.4365 0.4339 17.75
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Fig. 9. Bending moment and strains curves: (i) S9 beam
(Continued)

of the compressed part of these beams also increased.
These aspects also ensured that the balance of internal
forces could be maintained by a smaller height of the
neutral axis, because the layer of the HPFRCC material
can acquire a part of the resultant force from the com-
pressed part of the cross-section. The evolution of the
depth of the neutral axis of all beams was derived from
the measured deformations and is presented in Figure 10.

This evolution shows that after the opening of the
first vertical cracks, the depth of the neutral axis in SxT
and Sx beams decreases rapidly, while that of SxU beams
decreases to a small extent. The decrease was not rapid
because the contribution of fibres (in the crack) remained
less than the value of the resultant force in the tensioned
part of the cross-section, and this demanded a greater
depth of the neutral axis. The resultant force in the ten-
sioned and compressed parts of the cross-section in these
beams consists of two parts. The resultant force in the

~
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compressed part is the sum of resulting forces in concrete
and HPFRCC. The resultant force in the tensioned part
is the sum of resultant forces of reinforcement and fibres
(in the crack). The ratio between the resultant forces of
each part can change. When the crack width increases,
the tensile carrying capacity of fibre decreases, because
the pull-out process can start, and then, the resultant force
decreases in the tensioned HPFRCC and increases in
steel bars. The lever arm between resultant forces in the
compressed and tensioned parts slightly increases; con-
sequently, the depth of the neutral axis decreases. This
decrease, as mentioned earlier, has occurred because the
compressed HPFRCC layer can take a part of the result-
ant force. After the opening of vertical cracks, the depth
of the neutral axis in SxT beams is constant until the ten-
sioned steel bar start expressing elasto-plastic behaviour.
The depth of the neutral axis in SxU beams gradually
decreases until the tensioned steel bars commence with
elasto-plastic behaviour.

The depth of the neutral axis in Sx beams increas-
es, because these beams were over-reinforced, and the
balance of internal forces requires a greater depth of the
neutral axis. When the resultant force of tensioned rein-
forcement increases, the resultant force of the compressed
concrete must also increase. The resultant forces of the
compressed concrete increase along with a growing depth
of the neutral axis. If the depth of the neutral axis is really
great, the ultimate compressive strength can be reached
earlier than the tensile strength of steel bars. Sx beams
failed when concrete in the compressed part of the cross-
section was crushed.
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Fig. 10. Variation of the depth of the neutral axis: (a) SxT beams, (b) SxU beams, (c¢) Sx beams;

(d) comparison between the S1T, S4U, and S7 beams
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5.2. Cracking

A positive and negative effect of strengthening was deter-
mined by the cracking manner of the strengthened beams.
A cracking moment of the strengthened beams increased
or remained the same (Table 10). The number of cracks,
the distance between the cracks, the height, the devel-
opment direction and the width of the cracks changed.
The cracks were observed through the span length of the
beam and were divided into two groups. Parameters for
all observed cracks are presented in Table 11. Parameters
for the cracks observed in the pure bending region and in
the area of acting shear forces are presented in Tables 12
and 13. The presented value corresponds with the maxi-
mum width of the crack, the quantity of cracks and a sum
of the width of all cracks. The width was measured at the
level of tensioned reinforcement.

The maximum quantity of opened cracks was ob-
served in Sx beams and the minimum quantity was found
in SxU beams. However, the observed width of the crack
in SxU beams was the greatest among the beams. Be-
sides, the distance between cracks was also the largest
in these beams. The tensile strength of HPFRCC and the
ultimate strain of rupture were larger than those of ordi-
nary concrete. Therefore, the amount of energy required
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Table 10. Cracking moment of the beams

Name M,,.., KN'm
SIT 5.2
S2T 3.7
S3T 11.2
S4U 3.7
Ss5U 3.7
S6U 6.7

S7 3.7
S8 3.7
S9 3.7

to reach the rupture was greater, and accordingly, the dis-
tance between the rupture locations increased. Ordinary
concrete requires less energy to reach rupture; therefore,
the distance between cracks in SxT and Sx beams was
smaller. The observed cracks were marked on the facade
of the beam and presented in Figures 11, 12, and 13.

5.3. Deflections

The bending stiffness of the beams was increased after
strengthening. Generally, growth in bending stiffness was
influenced by an increase in the cross-section and the re-

Table 11. Parameters of the cracks: maximal width, quantity, sum of the cracks width

M =18 kN'm M =24 kN'm M =30 kN'm M =36 kN'm M =42 kN'm
Name Wnax» MM (quant.) Wnax» MM (quant.) Wnax» MM (quant.) Winax» MM (quant.) Winax» MM (quant.)
Zw, mm Zw, mm Zw, mm Zw, mm Zw, mm
S1T 0.1 (19) 1.0 0.1 (24) 1.375 0.2 (27) 2.275 0.2 (28) 2.7 0.25 (28) 3.575
S2T 0.15 (21) 1.225 0.2 (24) 1.85 0.25 (27) 2.525 0.3 (31) 3.475 0.4 (32) 4.7
S3T 0.1 (10) 0.625 0.1 (13) 1.05 0.2 (18) 1.8 0.25 (26) 3.1 0.3 (26) 4.15
S4U 0.25 (15) 1.075 0.35(19) 1.9 0.55 (19) 2.925 0.65 (21) 3.925
S5U 0.15 (13) 0.95 0.25 (19) 1.6 0.30 (20) 2.25 0.4 (26) 3.225
S6U 0.125 (16) 0.85 0.2 (16) 1.475 0.25(19) 2.1 0.3 (20) 2.925
S7 02(18) 1.4 0.25 (27) 2.425 0.35 (29) 3.625
S8 0.125 (22) 1.15 0.2(29)22 0.3 (32)3.25
S9 0.15 (24) 1.45 0.2 (28) 2.175 0.3 (28) 2.85

Table 12. Parameters of the cracks from the pure bending

region: maximal width, quantity, sum of the cracks width

M =18 kN'm M =24 kKN'm M =30 kN'm M =36 kN'm M =42 kN'm
Name Wax, MM (quant.) Wax» MM (quant.) Wax» MM (quant.) Wax» MM (quant.) Wiax, MM (quant.)
Zw, mm Zw, mm Zw, mm Zw, mm Zw, mm
SI1T 0.1 (10) 0.625 0.1 (11) 0.8 0.2 (11) 1.15 0.2 (12) 1.475 0.25 (12) 1.775
S2T 0.15 (10) 0.825 0.2 (11) 1.25 0.25 (11) 1.525 0.3 (11) 1.975 0.4 (11)2.5
S3T 0.1 (7) 0.55 0.1 (8) 0.75 0.2 (8) 1.15 0.25 (8) 1.45 0.275 (8) 1.8
S4U 0.25 (6) 0.65 0.3 (8) 0.9 0.45 (8) 1.35 0.6 (8) 1.8
Ss5U 0.15 (7) 0.6 0.25 (8) 0.95 0.3 (8) 1.375 0.4 (8) 1.875
S6U 0.125 (8) 0.55 0.2 (8) 0.875 0.25 (10) 1.15 0.3 (10) 1.5
S7 0.15 (8) 0.725 0.2 (11) 1.275 0.275 (11) 1.95
S8 0.075 (11) 0.65 02(12)1.2 03 (12) 1.7
S9 0.15 (11) 0.8 0.2 (11) 1.075 0.3 (11) 1.425
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Table 13. Parameters of the cracks from the regions where shear forces act: maximal width, quantity, sum of the cracks width

M =18 kN'-m M =24 kN'm M =30 kN'm M =36 kN'm M =42 kN'm
Name Wax» MM (quant.) Wnax» MM (quant.) Wax» MM (quant.) Wax» MM (quant.) Wnax» MM (quant.)
Zw, mm Zw, mm Zw, mm Zw, mm Zw, mm

SIT 0.1(9)0.375 0.1 (13) 0.575 0.15 (16) 1.125 0.15 (16) 1.225 0.25(16) 1.8
S2T 0.075 (11) 0.4 0.1 (13) 0.6 0.15 (16) 1.0 0.2 (20) 1.5 0.25 (21)2.2
S3T 0.05 (3) 0.075 0.1 (5023 0.15 (10) 0.65 0.15 (18) 1.65 0.3 (18) 2.35
S4U 0.15 (9) 0.425 0.35(11) 1.0 0.55 (11) 1.575 0.65 (13) 2.125

Ss5U 0.1 (6) 0.35 0.15 (11) 0.65 0.15 (12) 0.875 0.25 (18) 1.35

S6uU 0.075(8) 0.3 0.15 (8) 0.6 0.25 (9) 0.95 0.3 (10) 1.425

S7 0.2 (10) 0.675 0.25 (16) 1.15 0.35 (18) 1.675

S8 0.125 (11) 0.5 0.2 (17) 1.0 0.2 (20) 1.55

S9 0.1 (13) 0.65 0.2 (17) 1.1 0.3 (17) 1.425

Fig. 11. Marked cracks on the S1T, S2T, and S3T beams (from
the bottom)

Fig. 12. Marked cracks on the S4T, SST, and S6T beams (from
the top)

Fig. 13. Marked cracks on the S7, S8, and S9 beams (from the
top)

maining tensile strength of the HPFRCC material; at a
later stage, the material cracks. The curves of experimen-
tally and numerically determined deflection and the bend-
ing moment are compared in Figure 14. A linear and non-
linear increment of deflection can be distinguished from
this comparison. A tendency towards the linear and non-
linear increment coincides with the linear and nonlinear
increment of deformations.

It is possible to expect the moment of cracking in all
deflection bending moment curves. After opening the first
vertical crack, an increment of deflection in SxT and Sx
beams rapidly increases. It is possible to expect a brak-
ing point on the curves. However, the increment of de-
flection in SxU beams is a little slower. The tensile part
of the cross-section of these beams is composed of two
materials: concrete and HPFRCC. The conducted experi-
ments determined that the ultimate tensile deformation of
concrete was smaller than that of the HPFRCC material.
The first crack will open in the internal concrete layer and
only later in the HPFRCC layer. The tensile strength of
the HPFRCC material, after crack opening, can increase
to some extent due to the fibres intercepting tensile force.
Therefore, such parabolic increment in deflection after
the opening of the first vertical cracks can be explained
by the tension-stiffening ability of the HPFRCC materi-
al. The experimentally determined deflection and bending
moment curves of all beams are compared in Figure 15.
The curves of S1T, S4U and S7 beams are compared in
Figures 14d and 15d, which show it is possible to expect
a parabolic part on the curve of S4U beams.

After the opening of vertical cracks, the increment
of deflection in SxT beams becomes constant, and that of
deflection in SxU beams becomes constant; thereafter, the
number of vertical cracks does not increase (Table 11).
The increment of deflection in Sx beams is not constant
until the failure. Generally, the increment of deflection
can be explained by a change in bending stiffness, which,
however, can be explained by a change in the position
of the neutral axis (Fig. 10) and the evolution of cracks
(Tables 11, 12 and 13; Figs 11, 12 and 13). The evolu-
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Table 14. Deflection of the beams when M = 0.6-M,

M. Daugevicius et al. RC beams strengthened with HPFRCC: experimental and numerical results

Name O.lfl.fl\f[r’;fx’ ®, mm /o, 0'61;%3"“ ®, mm /o, 0'61.(13/.[;-15’”’ ®, mm /o,
SIT 21.0 5.62 0.412 32.14 9.26 0.679 35.5 10.22 0.749
S2T 21.0 5.13 0.376 32.14 8.43 0.618 34.5 9.02 0.661
S3T 21.0 5.31 0.389 32.11 9.0 0.660 35.0 9.72 0.713
S4U 21.0 5.49 0.402 314 9.16 0.672 34.99 10.53 0.772
S5U 21.0 5.05 0.370 33.8 9.76 0.716 34.99 10.19 0.747
Seu 21.0 5.21 0.382 31.2 9.12 0.669 35.05 10.1 0.740

S7 20.6 8.33 0.611 32.11 16.18 1.186 34.45 19.26 1.412
S8 21.1 8.67 0.636 32.11 15.09 1.106 35.14 18.31 1.342
S9 21.2 8.28 0.607 32.11 14.19 1.040 35.32 17.75 1.301

tion of the depth of the neutral axis and cracks shows that
the bending stiffness of SxU beams is the highest. This
is because the depth of the neutral axis was the highest,
and the length of cracks was the smallest. Therefore, the
deflection of these beams is smaller in comparison with
those of SxT beams. However, the depth of the neutral
axis becomes similar along with the deflection of the
beams which also increases at a later stage. The centre
of gravity in the cross-section of SxU beams is located
lower than that in SXT beams; therefore, the deflection
increment becomes greater.

The deflection of beams SxT and SxU increases un-
til reinforcement enters into the elasto-plastic work stage.
Then, the curvature of these beams catastrophically in-
creases. SXT beams fail while shear force cuts off the
flange of the cross-section. SxU beams fail first while
the compressive strength of the upper concrete layer
is reached due to large curvature. An external load of
these beams increases until the compressive strength of
HPFRCC is reached. A failure in models for finite ele-
ments occurred while the plasticity of reinforcement was
reached, because, only the elastic and then the plastic
behaviour of reinforcement was evaluated in the FEM
model. A failure in Sx beams was governed by crushing
concrete in the compressed part of the section in both the
experimental test and the FEM model.

The experimentally determined deflection of all
beams was compared with ultimate deflection (Table 14)
determined by the interpolation of ultimate deflection
ranged between the span length and of 1 meter and 3 me-
ters. This comparison was made with reference to deflec-
tion values, which corresponds to 60% of load-carrying
capacity.

Conclusions

The following conclusions of the study on the behaviour
of the strengthened beams can be drawn:

1. Ultimate deformations of the HPFRCC material

are greater than those of ordinary concrete. When

the maximum stress is reached in the concrete lay-

er, stresses in the HPFRCC layer do not reach its
strength.

2. HPFRCC layers applied on the compressed part
of the cross-section decreased stresses in the com-
pressed concrete layer. Thus, the bending stiffness
increased not only due to the increased cross-section
but also due to the decreased evolution of plastic
deformations in the concrete layer. Further, bend-
ing stiffness increased due to the remaining tensile
strength of the HPFRCC material, after which this
material cracks.

3. After strengthening, the position of internal forces
changed. Internal forces of the compressed part dis-
tributed in concrete and the HPFRCC layer. Internal
forces of the tensioned part distributed in concrete,
the HPFRCC material layer and reinforcement.

4. The comparison of experimentally and numerical-
ly determined strains in the compressed part of the
cross-section is in very good agreement.

5. A change in bending stiffness can be explained by
a change in the position of the neutral axis and the
evolution of cracks. If the depth of the neutral axis re-
mains constant, the increment in deflection is constant.

6. The contribution of fibres in the tensioned part of
the cross-section leads to a slight decrease in the
depth of the neutral axis, which positively influences
a change in bending stiffness.

7. A positive and negative effect of strengthening was
determined. The cracking moment of the strength-
ened beams increased or remained the same. The
width of a vertical crack not only decreased but also
increased after strengthening. Thus, this research has
showed that strengthening the tensioned part of the
section does not guarantee that the width of cracks
will be smaller.
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