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HIGHLIGHTS

« An innovative procedure for the flexure strengthening of RC beams is proposed.

« A high performance fiber reinforced cement-based composite (HPFRCC) was developed.
« The developed composite is able to constitute a better transition layer for CFRP sheets.
« The premature debonding of the CFRP sheets is avoided with this new procedure.

« The cracking pattern is also enhanced with the proposed methodology.
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1. Introduction

Durability, maintenance, retrofitting and strengthening of
structures are some issues that have been gaining great promi-
nence on the international scene. Nowadays it is not rare to find
buildings with life cycles below their expectations which are even
operating within the limits of stability and security (some bridges
or viaducts, for example). The lack of simple procedures such as
periodic inspections and preventive maintenance only makes this
situation worse, which in turn culminates in a need for retrofitting,
strengthening and sometimes the total demolition of the affected
structures.

Strengthening of reinforced concrete (RC) structures based on
the application of carbon fiber reinforced polymer (CFRP) has be-
come an accepted solution in the last decades, presenting many
advantages, such as high strength-to-weight ratio, corrosion resis-
tance, and relative ease of application.

Despite the mentioned advantages, there are still some issues
regarding the performance of the transition layer between the
CFRP sheets and the concrete substrate. It is well known [1-3] that
RC beams strengthened with CFRP sheets are susceptible to extre-
mely undesirable brittle failure, which makes the total utilization
of the tensile properties of the polymer impossible.

Such form of failure anticipates the collapse of strengthened
beams due to the lack of strength mechanisms for transferring
forces. One of these mechanisms is due to the localized debonding
of the strengthening (“peeling off”), especially in the anchoring
zone or zones with excessive concentration of flexural and/or shear
cracks. More significant increments of resistance only can be
achieved if the premature forms of failure are prevented [4].

In this way, the present paper aims at presenting a technique
for the flexural strengthening of RC beams, based on the applica-
tion of a high performance cement-based composite of steel fibers
(HPFRCC) and microfibers for constructing a more effective transi-
tion layer. As shown in Fig. 1, the proposed transition layer may re-
build the tension zone of the reinforced concrete beams in order to
better explore the properties of the strengthening using CFRP
sheets. It should be highlighted that the microfibers used herein
are not available in the market and they were specially developed
for this research. Therefore, the results that will be shown ahead

transition layer conected to the
concrete and reinforcements

were not published before; these results are unique and may in-
spire new investigations worldwide.

As illustrated in Fig. 2, the proposed intervention is based on the
withdraw of a certain region of the tensile zone of beams (bottom

el

(b)

Fig. 2. RC beams with tensile zone damaged by effect of corrosion ([5]).
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transition layer control the \ strengthening with sheet of
beam cracking
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CFRP bond the transition layer

Fig. 1. Scheme of strengthening with CFRP sheets adhered to HPFRCC transition layer.
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Fig. 3. General setup of the three bending point test of prismatic specimens.

chord) to be strengthened (frequently due to mechanical actions,
corrosion or natural wear) and its subsequent reconstruction using
HPFRCC. Thus, it is supposed that the reconstructed bottom chord
of the beam could constitute a transition substrate with more
appropriate characteristics for the flexure strengthening using
CFRP sheets.

2. High performance cement-based composite

According to Ref. [5], the modifications resulting from the
addition of steel fibers to concrete, at relatively low rates (a max-
imum of 2%), are restricted only to the post-peak stage of the load-
ing history. According to Ref. [6], under such conditions, the steel
fibers are not sufficient to inhibit the matrix cracking process
which precedes the maximum load (subcritical growth of cracks).

In order to improve the cement-based composite behavior dur-
ing the pre-peak stage, steel microfibers were incorporated to the
matrix rather than using conventional steel fibers. In this way, a
modification of the microstructure of the composite has been
made, improving the process of stress transfer from the matrix to
the fibers.

In this section, the experimental methodology and the obtained
results in the development of a cement-based composite for recon-
structing the tensile zones of RC beams are presented. At first
glance, the developed composite is able to constitute a better tran-
sition layer, improving the cracking control and postponing the
premature debonding of the polymeric strengthening.

2.1. Test setup

In order to evaluate the tensile strength of the developed
cement-based composite, the three point bending test of prismatic
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Fig. 4. Steel fibers. (a) Fibers A and C. (b) Fiber C: detail.

specimens with central notch as recommended by Ref. [7] has been
applied. In Fig. 3 it is possible to visualize the general aspect of the
test setup. The tests were conducted by controlling the crack
mouth opening displacement (CMOD), by means of a clip gauge.

Table 1
Composites analyzed.
Group Composites Fiber volume Fiber type Age *E. (GPa)
Mortar (A) 1 CPA 0% - 29 days 24
2 CPA1A 1% A 29 days 23
3 CPA1.5A 1.5% A 29 days 23
4 CPA2A 2% A 29 days 24
5 CPA1.5A0.5C 1.5% +0.5% A+C 28 days 28
6 CPA1.5A1.5C 1.5% +1.5% A+C 28 days 32
7 CPA1.5A2.5C 1,5% +2.5% A+C 28 days 31
8 CPA1.5A3.5C 1.5% +3.5% A+C 28 days 29
Microconcrete (M) 9 CPM 0% - 28 days 35
10 CPM1A 1% A 28 days 31
11 CPM1A1C 1%+1% A+C 28 days 26
12 CPM1A2C 1%+ 2% A+C 28 days 30
13 CPM1A2.5C 1% +2.5% A+C 28 days 20

¢ E.: elastic modulus.
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2.2. Composites analyzed

Thirteen composites, each with different characteristics ob-
tained from the variation of the rate and type of steel fibers used,
have been analyzed. This set was divided into groups formed by
three prisms (150 mm x 150 mm x 500 mm) molded with the
same characteristics, as presented in Table 1.

The specimens have been divided into two steps according to
the type of cement matrix, mortar, and microconcrete used. In
order to produce the cementitious matrix of mortar and microcon-
crete the following materials have been used: Portland cement of
high early strength and density of 3.15 g/cm®, medium sand with
a fineness modulus of 2.68 and an apparent specific gravity of
2.65 g/cm?, and a maximum aggregate size of 10 mm and a particle
density of 2.87 g/cm?>. A superplasticizer that acts as a dispersant of
the cementitious material has also been used and all composites
had 0.5% of superplasticizer by weight of cement. The cement con-
sumption for the mortar and microconcrete was 512 kg/m> and
446 kg/m?>, respectively. The steel fiber specified as “A” has been
provided by the company Maccaferri-Latin America and has a
length of 25 mm, hooks at the ends and a diameter of 0.75 mm
(trade name FS8-Wirand). On the other hand, the steel fiber “C”,
provided by the same manufacturer, has a length of only 13 mm,
hooks at the ends and a diameter of 0.75 mm. The two types of fi-
bers used in this research are showed in Fig. 4. Its interesting to
point out that steel fiber “C” was specially developed for this
experimental research.

2.3. Results of flexural tests on three points

2.3.1. Loads and strengths

In order to determine the flexural toughness of the composites,
the recommendations prescribed by the work group TC 162-TDF of
RILEM [7] have been followed. In Table 2, values of loads and resis-
tance calculated based on these recommendations are presented.

For mortar composites, the addition of fibers has increased the
limit of proportionality (fs.). For these composites the matrix
contribution in terms of strength was increased with the incorpo-
ration of steel fibers. The hybrid composites with the addition of
steel microfibers of type C and fibers type A, werethose with higher
values fr;; among all the composite cement-based mortar
analyzed.

Table 2
Load and strength according to RILEM [7].

Composite Loads (kN) Strengths (MPa)

Fy Fum Frai Fra  frer feaz  feaz fra fra
CPA 8.0 8.0 13 - 23 - - 04 -
CPA1A 134 134 125 52 39 33 26 36 15
CPA1.5A 132 161 16.0 61 37 46 32 45 1.7
CPA2A 145 178 174 76 46 55 42 55 24

CPA1.5A05C 164 178 17.2 93 46 49 40 48 26
CPA1.5A1.5C 16.0 21.0 209 94 48 65 48 63 28
CPA1.5A2.,5C 221 237 235 128 61 65 50 65 36
CPA1.5A3.5C 200 214 208 61 55 57 38 57 17

CPM 142  14.2 13 - 40 - - 04 -

CPM1A 121 121 7.5 37 33 20 16 21 10
CPM1A1C 176 185 169 75 52 51 37 50 22
CPM1A2C 194 219 197 80 55 57 41 57 23
CPM1A2.5C 10.0 10.0 6.3 23 30 15 11 1.9 07

F, - highest value of the load in the interval (CMOD) of 0.05 mm.

Fy — maximum load of composite.

Fgr1 and Fg4 - residual loads corresponding to the deflections dg; = 0.46 mm and
Ora=3.00 mm; fr; - stress corresponding to Fy.

feq2 and feq3 — equivalent flexural tensile strengths.

fr1 and fr4 - residual flexural tensile strengths.
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Fig. 6. Composites performance.

Regarding the composite cement-based microconcrete, the
resistance value (fg;;) for the composite CPM1A decreased when
compared to the composite CPM. This revealed that the isolated
presence of fiber type A does not improve the contribution of the
microconcrete matrix regarding the tensile strength. However,
with the incorporation of steel microfibers together with fibers
type A, it was possible to verify an enhancement for the values of
free.r- This tendency was verified for the composites CPM1A1C and
CPM1A2C, in which, the strength was respectively, 28% and 37%
higher than theCPM.
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The values of the equivalent flexural strength feq> and feq3,
characterize the composites behavior in relation to the fibers per-
formance. In addition, the performance of the composites CPA1.5A,
CPA2A, CPA1.5A0.5C, CPA1.5A1.5C, CPA1.5A2.5C and CPM1A2C is
highlighted. In these composites, the action of steel fibers has in-
creased the level of the material strength so that the equivalent
flexural strength (feq2) exceeded the strength value given by the
contribution of the matrix (fi,.) only.

2.3.2. P-CMOD curves

In order to represent every composite behavior, the average
curve with an intermediary behavior that could be representative
for the other two curves of the group was selected among the three
curves obtained per group.

In Fig. 5, the P-CMOD average curves for composite cement-
based mortar and microconcrete are presented respectively. The
uneven behavior between the curves increased even more remark-
ably after the matrix rupture, i.e., when the contribution of fibers
became more effective. The increase in the volume of fibers type
A provided a gradual improvement in the ductility of these com-
posites. Considerably, the incorporation of microfibers C together
with fibers type A contributed even more.

2.3.3. Fracture resistance curves

In Fig. 6, the curves of resistance obtained for the mortar com-
posites CPA1.5A1.5C and CPA1.5A2.5C are compared with the
curve of the microconcrete CPM1A2C. In the mentioned figure, Kz
is the fracture resistance and « is the crack depth (a) relatively nor-
malized at the height (W) of the prismatic specimen, i.e., o = a/W.
Fig. 6 also presents the curves of resistance for the mortar and
microconcrete with fibers together with the history loading
throughout the process of rupture.

For the prismatic specimens indicated in Fig. 3, the values of Ky
were obtained from the pairs (P-CMOD) using Eq. (1), which is va-
lid for beams submitted to the Mode I fracture. In this equation, P
represents the applied load, B is the width and S is the clear span of
the beam. The geometry-dependent function, f{x), has been deter-
mined using two-dimensional plane stress analysis following the
procedure of [8,9].

1.5PSy/ta
Kk W2 f(a) (1)

As shown in Fig. 6, from the point where the growth process of
the cracks begins in the matrix for the composites CPA1.5A1.5C,
CPA1.5A2.5C and CPM1A2C, one may observe an eminent increase
of the resistance to fracture. For example, analyzing the top of the
crack at 70% from the section height, one may conclude that the
fracture resistance reaches values up to four times higher than ver-
ified at 1/3 from the section height.

The exceptional gain in the resistance of these three composites
was approximately similar, with a slight superiority for the mortar
composite CPA1.5A2.5C, followed by microconcrete CPM1A2C and
CPA1.5A1.5C. The development of resistance gain to fracture oc-
curred for each composite following the two well defined stages:
the cracking initial stage (before the yellow dashed line), where

Table 3
Characteristics of beams.

Beams Characteristics

V1A RC beam. Without strengthening. Control

Vic RC beam model strengthened by three layers of CFRP-sheets

v2C The tensile zone was demolished and retrofitting with high
performance cement-based. RC beam model retrofitting and flexural
strengthened by three layers of CFRP-sheets

it was verified a slight increase of toughness to fracture, and the
cracking final stage (after the yellow dashed line), where the frac-
ture resistance increased more pronouncedly.

In the initial stage, the tensile process of steel fibers and microf-
ibers and the stress transference among crack surfaces through
these fibers begin. In this stage, in which the formation of the
cracked surface occurs, it is observed that the crack develops more
than the material resistance gain to fracture. A considerable in-
crease in fracture resistance for the composite due to the pulling
out of fibers, which are anchored to the cement matrix, was veri-
fied in the last stage of the cracking process. At this stage, the effi-
ciency of fibers in relation to the contribution for the increase of
fracture toughness is notably reflected.

2.3.4. Flexural tests on three points: brief conclusions

Among the thirteen composites analyzed, it has been possible to
conclude that CPM1A2C is the most appropriate material for repair
and reconstruction of the transition substrate for bonding the CFRP
sheets. This composite has presented a pseudo-hardening behav-
ior, evidenced by the expressive strength gain until an elevated
crack width (approximately 0.40 mm) and by the significant gain
of tenacity after the matrix cracking. This composite also has
shown an elevated gain against fracture even in the initial stage
of cracking and essentially during the process of pulling out of
the fibers. The behavior of the composite CPA1.5A2.5C should also
be highlighted once it has presented a performance slightly supe-
rior to composite CPM1A2C. However, it should be observed that
the mortar composite has a higher volume of fibers and microfibers
when compared to the microconcrete composite.

3. Retrofitting and strengthening of tensile zone of RC beams
3.1. Characteristics of the beams

Three RC beams have been molded with a rectangular section of
170 mm x 350 mm, total length of 3600 mm and free span of
3200 mm. The lower longitudinal reinforcement of beams con-
sisted of two steel bars type CA50 with a 12.5 mm diameter. The
upper reinforcement was composed of two steel bars type CA50
with a 6.3 mm diameter. The transversal reinforcement was
formed by stirrups with steel bars type CA50 of a 6.3 mm diameter,
evenly spaced at every 120 mm. The main characteristics of each
beam are described in Table 3.

As reference for the experimental research, beam V1A (without
strengthening) has been adopted. From this reference beam it was
possible to establish considerations related to the increment of
resistance and stiffness provided by the strengthening in the other
beams. The reference beam V1A was designed so that there was no
crushing of compressive concrete before the steel yields, i.e., duc-
tile behavior.

Beam V1C was flexural strengthened through the application of
three sheet layers of CFRP. The strengthening was designed with
the goal of detecting the premature debonding of the sheets, a sit-
uation assumed if the force in the strengthening cannot be sus-
tained by the substrate. The design of the strengthening was
developed using the recommendations available in Ref. [11], in a
way that the debonding always occurs before the crushing of the
concrete or the failure of the CFRP sheets.

Beam V2C had its tensile zone demolished and subsequently
reconstructed by applying a high performance cement-based com-
posite CPM1A2C (Fig. 7). In that way it has been possible to com-
pare the performance of this alternative procedure with the
conventional procedure used for strengthening the other RC
beams. The cut depth used for the extraction of the concrete in
the tensile zone was defined in 80 mm, i.e.,, 40 mm above from
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the longitudinal reinforcement. This procedure facilitates the treat-
ment of the reinforcement if necessary as well as the anchorage of
the new material with the existent stirrups.

3.2. Material properties

Cylindrical specimens of 100 mm in diameter and 200 mm in
height were tested in order to obtain the elastic modulus and the
compressive strength of the concrete and the composites. The con-
crete used for molding the beams had characteristic compressive
strength of 25 MPa.

Beams V1A and V2C were molded at the same time while beam
V1C was molded later. The ages for the beams during the tests
were 44 days for the beam V1A, 49 days for the beam V1C and
125 days for the beam V2C. The compressive strength for the
beams V1A, V1C and V2C during the tests was 38 MPa, 34 MPa
and 39 MPa, respectively. The elastic modulus for the beams V1A,
V1C and V2C were 30 GPa, 27 GPa and 29 GPa, respectively. For
the cementitious composite, the compressive strength and their
elastic modulus were 28 MPa and 29 GPa, respectively, for the
age test of the beam V2C.

For the determination of the tensile behavior of the concrete
and the cementitious composite, prismatic specimens of
150 mm x 150 mm x 50 mm were molded and tested using the
classical three point bending test. The specimens had a central
notch and a careful control of the CMOD was applied during the
application of the load made by a hydraulic jack Instron of
100 kN capacity. Fig. 8 presents the curves load versus displace-

(b)

Fig. 9. Removal of concrete from the tensile zone of the beam V2C.

ment in the middle of the spans (6) for the flexural behavior of
the concrete and the cementitious composite.

Standard reinforced steel bars with a characteristic strength of
548 MPa and an elastic modulus of 211 GPa were used for the lon-
gitudinal reinforcement of the beams V1A and V2C. Steel bars with
a characteristic strength of 532 MPa and elastic modulus of
200 GPa were used for the longitudinal reinforcement of the beam
ViC.
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Table 4
Properties of the CFRP.

Epoxi adhesive

Carbon fibers sheet

Commercial name
Color

Tensile strength
Tensile strain
Bending modulus
Tensile modulus
Moisture
Consumption

Commercial name
Weight

Thickness

Density

Tensile strength
Elastic modulus
Failure strain

Sikadur 330

Part A - white/Part B - gray
30 MPa (7 days)

0.009

3800 MPa

4500 MPa

4:1 - A:B (weight)

1.0 a 1.5 kg/m?

SikaWrap - 300C
300 g/m? + 15 g/m?
0.166 mm

1.79 g/cm?

3900 MPa

230 GPa

0.015

Tensile test results of mechanical properties of carbon fibers:
Tensile strength: 3100 MPa.

Failure strain: 0.013.

Elastic modulus: 234 GPa.

3.3. Retrofitting of tensile zone and application of strengthening on
beams

The procedures to remove concrete and retrofit and strengthen
the tensile zone of beam V2C were initiated when the concrete was
23 days old. The concrete removal was mechanically performed
with an electric jackhammer (10 kg) and concluded with a sledge-
hammer, pointer and chisel (Fig. 9). To prepare the tensile zone
with composite CPM1A2C, two molds of plasticized plywood were
positioned on the two sides of the beam. The composite was man-
ually placed into the molds.

It is important to register that the procedures adopted for
reconstructing the substrate of the beam V2C have been facilitated
by the fact that the tensile chord of the beam was positioned up-
wards. The concrete surface of the mentioned beam was kept
almost dry while the internal structure was kept wet, i.e, in the
saturated condition. This action was adopted in order to avoid
the excessive absorption of water by the surface to be repaired.
The formation of a film of water on the surface of the beam was
also eliminated in order to avoid any problems regarding the
anchorage of the cementitious composite.

As mentioned before, the tensile chord of the beam was posi-
tioned upwards. This position enhances the shear resistance in
the interface between the substrate and the cementitious compos-
ite. This enhanced behavior would not be possible if the beam were
repaired in the normal position found in the practice, i.e., the ten-
sile chord positioned in the downward position. As the main objec-
tive of this research is to evaluate the performance of the
cementitious composite for repairing and strengthening, the posi-
tion of the tensile chord is supposed to be a minor issue in this
paper.

The general methodology used for the application of strength-
ening on the beams V1C and V2C is detailed in Ref. [5] and it
should be highlighted that the repair is constituted by three layers
of CFRP. The epoxy adhesive used was Sikadur 330 and the sheet
was SikaWrap 300C, both, provided by Sika (Table 4). Fig. 10 shows
the layer aspect after its reconstitution and the strengthening.

The strengthening was conducted in the beam V1C when the
concrete was 41 days old. By another hand, the strengthening
was conducted in the beam V2C when the concrete and the cemen-
titious composite was 118 and 91 days old, respectively.

3.4. Testing procedures

The RC beams were tested using a simple, four pointing bending
test by means of a monotonic loading up to failure. The structural

Fig. 10. Tensile layer aspect after the retrofitting and strengthening.

behavior of beams has been observed and monitored throughout
the tests, by recording the loads, and the corresponding vertical
displacements and the deformations of concrete, steel and
strengthening material.

The test setup was mounted in the Laboratory of Structures at
the Engineering School of Sdo Carlos, as illustrated in Fig. 11. The
load was applied through an actuator servo hydraulic (Instron)
with 500 kN of nominal capacity, able to control the intensity
and the speed of loading as well as the displacements.

The beams were subjected to displacement-control of the
actuator piston with the imposition of a rate of 0.007 mms. The
actuator remained attached to a metallic beam of great stiffness,
part of a reaction porch at the center of the beam. For monitoring
the specific deformations of the reinforcement and the strengthen-
ing, strain gauges (Vishay Micro-Measurements) with resistance of
120.0 OHMS and 12 mm length have been used. The nomenclature
and scheme for positioning the instrumentation of the beams are
indicated in Fig. 12.

4. Test results
4.1. Failure modes

As expected, the failure mode of the beam V1A was character-
ized by an excessive deformation of the longitudinal reinforce-
ment, followed by high deformations in the compressive zone.

The failure of beam V1C (Fig. 13a) has started from the appear-
ance of a crack at the strengthening end (P = 117 kN). The propaga-
tion of this crack occurred in the horizontal direction and



492 V.J. Ferrari et al./Construction and Building Materials 48 (2013) 485-498

Fig. 11. Schematic situation of the tested beams.

culminated in the debonding of the strengthening accompanied by
all the concrete cover for the reinforcement situated in the shear
span (1066 mm). This type of failure is named plate end debonding
(PE), as described by Ref. [12], wherein the debonding cracks initi-
ate at the strengthening ends and propagate inwards.

The failure of beam V2C (Fig. 13b) was different from that one
observed for beam V1C. This variance in the failure mode results

from the tougher tensile transition layer. Although a crack has ap-
peared at the strengthening end when the applied load was
141 kN, this crack has not propagated horizontally. The results
clearly show that the transition layer was efficient once it has
changed the failure mode of beam V2C and the limit of loading
where the debonding was registered.

Failure of beam V2C has been originated from a section located
in the shear span and near to the application of the concentrated
load. The appearance of a flexural/shear crack and the develop-
ment of its opening with the increment of load, cause the strength-
ening debonding through the cement composite interface with the
epoxy adhesive until its nearest end. A thin layer of microconcrete
remained jointed to the sheet.

For the beam V2C, an intermediate crack caused the strengthen-
ing to debond. As described by Ref. [10], this behavior is referred as
an intermediate crack (IC) debonding and it is associated with the
strains in the strengthening.

4.2. Loads

The values of the cracking load (Fy), yielding of the longitudinal
reinforcement (Py) and failure loads (P,) of the tested beams are
shown in Table 5. The presence of strengthening increased the first
crack load of the strengthened beams. The increment was of 19.8%
for the beam V1C and 66.2% for the beam V2C. In relation to the
beam V1C, the cracking load of the beam V2C was increased by
38.8%.

The presence of strengthening also increased the load necessary
for the yielding of the longitudinal reinforcement. This occurred
because the strengthening assists the steel reinforcement to resist
to tensile stresses. For the beam V1C, the increase was of 48.4%
while in the beam V2C the increase reached 67.1%.

Regarding the ultimate load it is highlighted by the response of
the beam V2C. A significant increment of 120% was observed in
relation to the control beam, while the beam V1C presented a lim-
ited increment of 65.1%. Considering the strengthened RC beam,
the resistance capacity for the beam V2C was 33.2% higher.

transd.1 transd.7
str1e2
I SlE 3ie 4 AstrS astict I
¥ [
support A n IIJ support B
transd.2 transd.3 transd 4 transd.5 transd 6
- o oy sRuw.l
str23 str22 Siem  str18  strd7 3%
Strain gauges locations:
Strain gauges in the concrete and reinforcement
reference number of strain gauge
support A 1 2 3 4 5 6 transd. = transductor
0.0mm 1600 1600 1600 1600 2250 2970 SiE Siswaavgauge
Strain gauges in the strengthening
reference number of strain gauge
supportA 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

0.0mm 2970 2930 2890 285027702690 26102490 2370 22502034 1818 1600 1600 1600 950 350

Fig. 12. Nomenclature and positioning of the strain gauges and LVDT'S.
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(b)

Fig. 13. Failure modes of beams V1C and V2C.

4.3. Vertical displacements

Fig. 14 presents the load-deflection curves (P-4) for the beams
V1A, V1C and V2C. It is possible to observe that the behavior of the
beams is very similar until the cracking load. After the cracking, it
is clear that there is an increase in the stiffness of the strengthened
beams when compared with the beam without strengthening. The
contribution of the transition layer in the responses of the beam
V2C is emphasized, once higher stiffness and load capacity were
obtained especially in relation to the beam V1C.

For the beam V1A, any addition of loading after the yielding of
the longitudinal reinforcement was obtained. On the other hand,
for the strengthened beams, there was clearly observed an increase
of loading after the yielding of the longitudinal reinforcement. In
this way, the largest extension for the final stretch of the curve
of beam V2C indicates that the strengthening was more required
in this beam than in the beam V1C.

Table 5 presents a comparison between the deflections in the
middle of the span for a load equal to 90% of the failure load of
the beam V1A. The values show that the strengthened beams were

Table 5
Loads, failure modes and comparative of beams deflections.

200
180 1
160
140 1
120 1
100 1

80 1

Load P (kN)

60 A = Beam V1A
40 Beam VIC
= Beam V2C

20 1

0 T T T T T T T T T T T
0 3 6 9 12 15 18 21 24 27 30 33 36

Vertical displacement 8 (mm)

Fig. 14. Load-deflection curves of the beams V1A, V1C and V2C.

stiffer than the control beam. The deflection of the beam V1C cor-
responds to 68% of the beam V1A.

The beam V2C presented a deflection even less pronounced
than the beam without strengthening. The deflection of this beam
was equal to 60% than the beam V1A. Therefore, the procedure pro-
posed in the present paper (retrofitting and strengthening of the
tensile zone) is not only effective in terms of load capacity, but also
in terms of stiffness.

4.4. Stresses and strains

The strengthening response of a beam is evaluated in here
through the distribution of specific strain throughout its extension.
By associating the strengthening geometric and mechanical prop-
erties to values of strain, it is possible to obtain a distribution of
longitudinal and bond stresses along the strengthening. Eq. (2)
gives the bond stresses for the strengthening along the instru-
mented points:

Er(ir1) = &r(i)
T Sem —Sa E - t, (2)
where 7, is bond stress (MPa); &, is strain in the strengthening; s; is
relative position of the strain gauge (mm); E, is modulus of the
strengthening (MPa); and ¢, is thickness of the strengthening (mm).

In Figs. 15 and 16 are presented the profiles of normal and bond
stresses along the strengthening of the beams V1C and V2C,
respectively, for rates of 25%, 50%, 75% and 100% of the ultimate
load. From the general analysis of these figures it is possible to ver-
ify that the maximum values of normal stresses were recorded in
the central region of the beams. For beams V1C and V2C the max-
imum value of normal stresses occurred at 218 mm of the middle
of the span and was recorded through strain gauge 18.

For the beam V1C, the maximum normal stress (1239 MPa) re-
corded in the strain gauge number 18 is equivalent to a deforma-
tion in the strengthening equal to 0.0053. From the profile of
stresses, it was possible to find significant values of the normal
stresses (in the order of 450 MPa) as well the concentration of
the higher values for the bond stresses in the strengthening end

Beams Loads (kN) Failure mode Increments (%) Deflection (mm)
Py Py, Py Py Py P,

V1A 21.0 79.8 89.3 Excessive deformation for the longitudinal reinforcement - - - 12.79

Vic 25.2 118.5 147.4 Strengthening debonding 19.8 48.4 65.1 8.73

v2C 349 1334 196.4 Strengthening debonding through the cement composite interface 66.2 67.1 120.0 7.68
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Fig. 15. Distribution of normal and bond stresses in the beam V1C.

for 75% and 100% of the ultimate loading. The high values of bond
stress developed at the end of the strengthening of the beam V1C
shows that the failure occurred by plate end debonding (PE). This
type of failure is characterized by debonding cracks that initiate
in the end of the strengthening and propagate inward.

For the beam V2C the distribution of normal and bond stresses
along the strengthening (Fig. 15) indicates maximum values of
1891 MPa and 20 MPa, respectively. The maximum normal stress,
which is equivalent to a strain in the strengthening of 0.0081,
was recorded by the strain gauge number 18 and the maximum
bond stress was given by the strain gauge number 11.

The failure mode observed for the beam V2C is characterized by
the high values of normal stress registered in the strain gauges 14,
15 and 16. The mentioned strain gauges were located in the shear
span, between 600 and 800 mm of the strengthening end, where
an intermediate crack caused the debonding. As one may observe
in Fig 15, the deformation registered in the strengthening was sig-
nificant due to this intermediate crack, taking into account the
flexure and shear actions. The high value of bond stress developed
at the end of the shear span reveals the propagation of a horizontal
crack interface. This crack is initiated from the interception of the
intermediate crack/strengthening and propagates to the end of the
strengthening.

5. Analysis using Finite Element Method (FEM)

5.1. Discretization

The nonlinear behavior of the beams V1A, V1C and V2C were
also simulated using the package software Diana, version 9.1,
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Fig. 16. Distribution of normal and bond stresses in the beam V2C.
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n=maamn:

Fig. 17. Finite element model of strengthened RC beams.

based on the Finite Element Method (FEM). Fig. 17 presents the
finite element mesh used for the beams, including the arrangement
of the reinforcement. This mesh was constructed using quadratic
elements of 8 nodes type CQ16 M while the longitudinal and trans-
versal reinforcement were modeled using embedded reinforce-
ment elements with perfect bonding, i.e., eliminating the
possibility of rupture by slippage of the bars. The nodes of finite
elements, representative of the external strengthening, were
connected with the adjacent nodes of the concrete elements simu-
lating a perfect bond between the materials.

The constitutive models and the mechanical properties of mate-
rial used in the nonlinear analysis of the beams V1A, V1C and V2C
are detailed in Table 6.

The values of tensile strength (f. in MPa) considered for
concrete, were those obtained according to ACI [13] through the
equation: 0.332 - (f.)"2. The values of crack bandwidth were taken
considering the square root of the finite element area, according to
the recommendation in the Diana [14].

The presence of the transition layer in the beam V2C was estab-
lished through a plane surface located in the tensile zone of the
model. The bond between the transition layer and the surface rep-
resentative of the adjacent concrete was considered perfect. The
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Table 6
Materials and parameters for the numerical model of the beams V1A, V1C and V2C.

Concrete

Linear elasticity:

Isotropic, Young's modulus: (V1A =30 GPa, V1C =27 GPa and V2C = 29 GPa),
Poisson’s ratio = 0.20

Static nonlinearity:

Concrete and brittle materials, total strain rotating crack, direct input,
exponential softening in tension, ideal in compression

Tensile strength: (V1A =2.0 MPa, V1C = 1.9 MPa and V2C = 2.1 MPa)

Mode-I tensile fracture energy: (V1A =0.15 N mm/mm?, V1C =0.12 N mm/
mm? and V2C = 0.16 N mm/mm?)

Crack bandwidth = (finite element area)®”: (V1A = 19.61 mm,
V1C=20.12 mm and V2C = 20.03 mm)

Compressive strength: (V1A = 38 MPa, V1C = 34 MPa and V2C = 39 MPa)

Steel bars (longitudinal reinforcement)

Linear elasticity:

Reinforcement, reinforcement bonded, Young’s modulus: (V1A/
V2C =211 GPa and V1C =200 GPa)

Static nonlinearity:

Reinforcement, VonMises plasticity, ideal plasticity, yield stress: (V1A/
V2C = 548 MPa and V1C = 532 MPa)

CFRP
Linear elasticity:
Isotropic, Young's modulus = 234 GPa

Finite element mesh

Eight nodes rectangular elements CQ16 M: (V1A =1638; V1C = 1809 and
V2C=1981). Nodes: (V1A =5133 nodes; V1C = 5648 and V2C = 6188)

Plane stress

Table 7
Materials and parameters referring to the transition layer of the beam V2C.

Numerical model V2C - composite cement-based CPM1A2C

Linear elasticity:

Isotropic, Young's modulus = 29 GPa, Poisson’s ratio = 0.20

Static nonlinearity:

Concrete and brittle materials, total strain rotating crack, direct input,
exponential softening in tension, ideal in compression, tensile
strength = 2.2 MPa, Mode-I tensile fracture energy = 0.53 N mm/mm?,
crack bandwidth = (finite element area)®” = 20.03 mm, compressive
strength = 28 MPa

mechanical properties of the transition layer of beam V2C were
taken from the characterization values of the cement composite
and are indicated in Table 7.

The values of tensile strength assumed for the cement compos-
ite were obtained through RILEM TC 162-TDF [10] using the equa-
tion: 0.6 - frr.. The post-peak behavior of the cement composite
was represented by an exponential softening in tension diagram,
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Fig. 18. Beam V1A: experimental and numerical curves.
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Fig. 19. Beam V1C: experimental and numerical curves.
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Fig. 20. Beam V2C: experimental and numerical curves.

and the high value attributed to the fracture energy is due to the
presence of fibers and microfibers of steel. The fracture energy
was calculated up to a deflection of 6 = 2.65 mm of the prismatic
specimen.

5.2. Numerical analysis results

In Fig. 18, curves load-deflection obtained by means of numer-
ical simulations are compared with those obtained from experi-
mental research of the beam V1A. From this figure it is possible
to verify that, in the elastic phase, the numerical curve for the
control beam is identical to the experimental curve and after con-
crete cracking, the numerical curve is stiffer. For the yielding of the
reinforcement, both curves approach again.

For the control beam, the first crack load obtained numerically
is 24.6 kN, which is 17% higher than the load 21.0 kN obtained
experimentally. The yielding of the reinforcement longitudinal oc-
curred for a load of 85.3 kN and a sharp drop of the stiffness was
observed. The numerical yielding load was 6.89% higher than the
experimental yielding load (79.8 kN).

From Fig. 19, it is possible to visualize that the behavior of both
curves (numerical and experimental) are very similar for the beam
V1C. After the concrete cracking and up to the load of 75 kN, the
numerical curve is slightly more stiff than the experimental curve.
After this loading value, the curves develop again very similarly up
to approximately 128.6 kN. Above this loading value up to the fail-
ure, the numerical curve develops with a stiffness regarding the
experimental curve.
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Fig. 21. Numerical and experimental strains in the middle of the strengthening (a)
V1C and (b) V2C.

The first concrete crack obtained through the FE occurred with
load equal to 27.0 kN, this value being 7.15% higher than the one
obtained experimentally. The yielding of reinforcement, according
to the numerical model was given by a load of 122.4 kN, i.e., only
3.33% above the experimental value which is 118.5 kN. In addition,
the load value corresponding to the failure pointed by the numer-
ical model is 134.3 kN, while the experimental is 147.4 kN.

R

i - IS
At

(a)

(b)

Fig. 22. V1C: failure pattern for the numerical model (a) cracking pattern at failure for the numerical model and (b) deformed shape and tensile principal strains at failure.

V.J. Ferrari et al./Construction and Building Materials 48 (2013) 485-498

Fig. 20 shows that until the yielding of the reinforcement, the
numerical curve shows a higher stiffness in regard to the experi-
mental curve. After the yielding of the reinforcement, the numeri-
cal curve begins to show higher values of vertical displacements
within a similar level of loading.

The first crack appearance according to the experimental results
was given by a load of 34.9 kN, while by the numerical model was
given by a load of 32.2 kN. The yielding of the reinforcement
according to the experimental results occurred at a load of
133.4 kN, while the numerical model indicated a yielding at a load
of 129.6 kN. This value is 2.88% lower than the one obtained exper-
imentally. As for the failure of the beam V2C, the numerical model
had a value of load of 182.9 kN, while the experimental value was
196.4 kN.

In general, the numerical curves of load-deflection for the con-
trol beam and strengthened beams presented a good concordance
with the experimental curves. In the elastic phase, the behavior of
the beams was practically identical, except for the curve of model
V2(, a little more rigid than the experimental curve.

Until the yielding of the reinforcement, the numerical curves
were stiffer than the experimental curves. Additionally, after the
yielding of the reinforcement, the deflections represented by the
models of the strengthened beams were more pronounced than
the experimental results.

Fig. 21 illustrates the development of strains in the strengthen-
ing obtained experimentally and by means of numerical analysis.
The values of strain refer to the middle section of the beam. For
the beam V1C, the values of numerical strains of the strengthening
in the middle of the span were highly correlated with the experi-
mental values. Even after the concrete cracking and the yielding
reinforcement, the development of numerical strains represented
the experimental results satisfactorily. Until the yielding of the
reinforcement, the numerical curve was slightly more inclined
than the experimental curves. After the yielding of the reinforce-
ment, the numerical strains of strengthening developed more pro-
nouncedly and thereafter the failure occurs.

In Fig. 21b, one may observe that the numerical model reflects
the development of experimental strains in the strengthening of
the beam V2C. Before the yielding of the reinforcement, the
numerical curve is more inclined than the experimental curve.
Even after the yielding of the reinforcement, the numerical curve
develops similarly to the experimental strains.

The numerical cracking pattern obtained for the beam V1C is
characterized by the deterioration of the concrete cover in the
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shear span. As indicated in Fig. 22a very intense cracking may be
observed between the strengthening and the longitudinal rein-
forcement. The failure mode described by the numerical model
clearly represented the experimental failure mode.

The numerical cracking pattern obtained for the beam V2C
clearly reveals a shear/flexure crack for a section positioned in
the shear span, in the vicinity of the point of application of the con-
centrated load, as shown in Fig. 23.

The failure modes PE and IC are numerically represented by
Figs. 22 and 23, respectively. These numerical results are helpful
to better understand the results obtained experimentally. The ef-
fect of the substrate transition for the beam V2C is well evidenced
when Figs. 22a and 23a are compared.

The fracture strength developed by the steel fibers and
microfibers has avoided the cracking failure of the transition
substrate that constitutes the lower chord of beam V2C. In
this beam, the failure process of the transition substrate is related
to the pulling out of fibers from the cementitious matrix. This
phenomenon has not occurred and failure was due cracking
in the interface constituted by the substrate and the
strengthening.

6. Conclusions

This research aimed at proposing a constructive technique for
the flexural strengthening of RC beams. This technique involved
a process of previous retrofitting of hypothetically damaged beams
with a high performance composite based on Portland cement and
short steel fibers specially developed to enhance the strength of
the transition layer.

The experimental and numerical results have shown that the
proposed technique (even with the possibility of further improve-
ments, as any other technique) may be efficient both in the recon-
stitution of tensile zone of RC beams as well as for the
improvement of the performance as a whole, especially when
using CFRP sheets as a strengthening solution.

Based on the experimental and numerical results obtained pre-
viously, these main conclusions may be drawn:

o the addition of steel microfibers together with conventional
fibers enhances the contribution of the matrix to the composite
strength and the mechanism of stress transfer from matrix to
fibers;
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Fig. 23. V2C: failure pattern for the numerical model (a) cracking pattern at failure for the numerical model and (b) deformed shape and tensile principal strains at failure.
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e with the matrix cracking, the stress transfer was facilitated by
the steel microfibers, which in the matrix, led to the progress
of cracking with the increase in the loading level;

the flexural strengthening of beams through the external bond-
ing of CFRP sheets to a transition layer constitutes an efficient
strategy with practical application in engineering;

the previous reconstitution of tensile zone with a high perfor-
mance cement-based composite based on macro and microfi-
bers of steel prevents the rapid progression of a critical crack
at the strengthening end and delays the sheet debonding;

the presence of a material with greater fracture strength in the
tensile zone of the beam, promotes cracks that become more
distributed and with small openings along the strengthening
extent;

besides the considerable increase in resistance, the bonding of
CFRP sheets to a transition layer leads to a significant increase
of beam stiffness in relation to a beam without a transition
layer;

(]

Finally, it is worth highlighting that the proposed methodology
is still under development and new improvements must be made
to the initial procedures. Despite the initial good results, new
research should be conducted, intending to better develop the
methodology for obtaining cement-based composites with higher
flexural strength and fracture energy. Also, the behavior of the
transition zone constructed using the mentioned composites and
CFRP needs to be better explored.
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