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Abstract. The aim of this study was to investigate the flexural behavior of reinforced concrete beams
strengthened with a novel strengthening system. Concrete beams were strengthened with a hybrid retrofit
system consisting of high strength steel cords impregnated in an inorganic fireproof matrix (Geopolymer).
The strengthened reinforced concrete beams along with non-strengthened control beams were tested
monotonically under four point bending loading conditions. Moreover, an analytical model is introduced,
that can be used to analyze the flexural performance of the strengthened beams. The experimental results
indicate that the failure of the strengthened beams was based on the yielding of the reinforcement in the
tension face of the beams, followed by a local slippage of the steel cords. The flexural stiffness of the
strengthened beams was significantly improved compared to the stiffness of the non-strengthened beams. In
conclusion, the strengthening system can provide an effective alternative to commercially available systems.

Keywords: reinforced concrete; Steel Reinforced Polymers (SRP); inorganic resin; flexure; beams;
strengthening system.

1. Introduction

Fiber reinforced polymer (FRP) composite materials encompass a wide variety of engineered
materials that are designed to add strength where needed and reduce the weight of the structures.
Advantages of FRP composites include high strength to weight ratios, corrosion resistance, electrical
insulation, radio and magnetic transparency and ease of installation and construction.

Fiber reinforced polymer composite materials consist of high performance fibers embedded in a
polymer matrix. The matrix serves to provide continuity to the composite, distribute applied loads
between fibers, support the slender fibers against buckling, and protect the fibers from physical and
environmental damage. For typical structural applications, fibers may take the form of a continuous
unidirectional mat (also known as tow sheet), stitched or woven fabrics having single or multiple
fiber orientation, or mats of chopped fiber having random orientation. The polymer matrix is
typically an epoxy, vinyl ester, or polyester resin. Normally, only the material properties and
orientations of the fibers are considered in determining the properties of the composite FRP.
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Table 1 Basic material properties of glass, carbon, aramid and steel fibers

E-Glass Carbon Aramid  High Strength Steel

Tensile strength (MPa) 1300-3400 2000-5600 2500-3620 1000-2200
Modulus of elasticity (GPa) 22-62 150-325 48-76 185-200
Elongation (mm/mm) 0.03-0. 5 0.01-0.015 0.02-0.036 0.04
Coefficient of thermal expansion (10°m/m/°K) 5.5 0.0 -0.5 6.5
Melting Point (°C) 1100 310 420 1300
Density (gr/cm?) 2.5-2.6 1.7 1.4 7.9

There are three different types of fibers traditionally used in Civil engineering applications: E-
glass, carbon and aramid (Kevlar). The raw fibers and the resulting composite materials exhibit an
essentially linear stress-strain behavior to failure. The basic material properties of E-glass, carbon,
and aramid fibers are provided in Table 1. These properties are contrasted with those of high
strength steel such as that used for prestressing strands.

High strength composites made of carbon fibers and organic polymers are being successfully used
for various types of repair applications. Several researchers have investigated the flexural capacity
of strengthened beams (Grace and Abdel-Sayed 1996, Nanni 1997, Masmoudi ef al. 1998, Shahawy
and Beitelman 1999, Bonacci and Maalej 2001, Papakonstantinou et al. 2001b, Papakonstantinou et
al. 2002b, Karayannis and Chalioris 2003), columns (Nanni 1993, Nanni and Gold 1998,
Triantafillou and Antonopoulos 2000, Youm et al. 2006), beam-column joints (Mirmiran et al. 1999,
Tsonos 2002, Tsonos 2004, Tsonos 2007). Their advantages include but are not limited to: high
strength, light weight and resistance to corrosion. However, they are susceptible to fire and in some
cases they degrade under UV radiation. Furthermore they are not environmental friendly (Lyon et
al. 1997). A new inorganic fireproof matrix based on Geopolymers can be used instead of the
traditional organic polymer resins. This fireproof, water-based, environmentally friendly matrix was
initially evaluated for use in aircrafts and the infrastructure (Foden ef al. 1997, Lyon et al. 1997,
Balaguru and Kurtz 1998, Garon et al. 2000, Giancaspro et al. 2001, Papakonstantinou ez al. 2001a,
Giancaspro et al. 2002, Papakonstantinou ez al. 2002a, Toutanji et al. 2002, Giancaspro et al. 2004,
Papakonstantinou and Balaguru 2006, Papakonstantinou and Balaguru 2007a). Results from
previous research studies have shown that resins based on Geopolymer are less permeable than
concrete, thus slowing the flow of water through the weakened exterior surfaces (Balaguru 2003,
Papakonstantinou and Balaguru 2007b). Vapor pressure is released because the matrices do not form
a film. The matrix contains nano-scale silica particles and hardeners. These nano-particles penetrate
and close small cracks on the concrete surface (Balaguru and Kurtz 1998). In strengthening
applications, the matrices form a strong bond between the surface of the concrete and the fiber
reinforcement (Kurtz and Balaguru 2001, Papakonstantinou and Balaguru 2007b). This study
utilizes the Geopolymer resin in combination with high strength steel cords for strengthening
reinforced concrete beams.

Tapes made with high strength steel fibers have been used either with cementitious grouts (SRG),
or with organic resins (SRP) by several researchers (Wobbe e al. 2004, Barton et al. 2005, Casadei
et al. 2005a, Casadei et al. 2005b, Huang et al. 2005, Harrison et al. 2006, Pecce et al. 2006, Prota
et al. 2006, Ceroni and Pecce 2007, Lopez ef al. 2007). It was shown that the addition of these
strengthening systems could be an effective alternative for repairs and retrofit of reinforced concrete
structural elements. The SRP is relatively lightweight in comparison to steel plates and is more
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ductile than the carbon, glass or aramid fibers. In all published studies the mode of failure was
based on the delamination of the SRP (Wobbe et al. 2004, Barton et al. 2005, Casadei et al. 2005a,
Casadei et al. 2005b, Huang et al. 2005, Kim et al. 2005, Harrison et al. 2006, Pecce et al. 2006,
Prota et al. 2006, Ceroni and Pecce 2007, Lopez et al. 2007), which resembles the most common
mode of failure in beams strengthened with typical FRP systems based on organic resins (Nanni
1993, Sharif et al. 1994, Arduini et al. 1997, Saadatmanesh and Malek 1998, Shahawy and
Beitelman 1999). The most commonly used steel tapes are made using ultra high strength steel
fibers coated with brass. According to the manufacturer, the fibers have tensile strength that can
reach eleven times the strength of regular reinforcing steel bars, while the brass coating has a
specific chemical composition that ensures a good bond with organic resins (Wobbe et al. 2004).

This study deals with a hybrid strengthening system, which is quite similar to the SRG found in
the literature (Barton et al. 2005, Kim et al. 2005, Pecce et al. 2006). The strengthening system
consists of a new type steel fiber tape impregnated in a fireproof inorganic (Geopolymer) matrix.
The steel tapes used in this study were fabricated specifically for this research program. The main
differences between the commercially available steel tapes and the steel tapes used in this study are
that: (i) the geometry of the steel cords that are used in the tape is different: cords in this study
consist of a larger number but smaller diameter wires compared to the commercially available
cords, and (ii) the steel wires were coated with Zinc instead of Brass. To the best of the author’s
knowledge, this is the first time that a steel fiber based strengthening system was used with a
Geopolymer matrix.

In addition to the presentation and discussion of the experimental results, an analytical model was
developed for the prediction of the flexural behavior of strengthened reinforced beams and is also
presented in this paper.

2. Experimental program
2.1 Beam details and instrumentation

A total of five reinforced concrete beams were tested. The first two were not externally
strengthened and were used as control beams (CB1 and CB2), in order to evaluate the efficiency of
the retrofit scheme. The remaining three reinforced concrete beams were externally strengthened
with single directional steel reinforced inorganic polymers. One strengthened beam (RB1) was
strengthened using 90 steel cords, while the remaining two (RB2 and RB3) were strengthened using
35 steel cords. The difference between beams RB2 and RB3 was the thickness of the matrix used
for the application of the steel cords (see Table 2).

The geometry and the reinforcement of the simply supported reinforced concrete specimens are
illustrated in Fig. 1. The beams were 100 mm wide, 150 mm deep, while their length was 1220
mm. All beams were reinforced longitudinally with four plain bars, each having a diameter of 6
mm. Two bars were placed on the tension and two on the compression face of the beam. The
effective depth was 130 mm. The beams were reinforced with 6 mm double leg open stirrups
spaced evenly at 63 mm. The beams were designed based on the ACI-318 design code so that a
shear failure will be avoided in all cases (even with the addition of the strengthening system). The
details of the beams are provided in Table 2. Prior to the fabrication of the beams, strain gages were
installed at the midpoint of the tensile steel of all specimens (Fig. 1).
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Table 2 Specimen details

Total strength of  Reinforcing bars in Matrix
Beam No of cords - - - -
SRP (kN) tension face Type Thickness  Curing Time
CB-1 0 N/A 206 none none none
CB-2 0 N/A 206 none none none
RB-1 90 72 206 Inorganic 2 mm 14 days
RB-2 35 28 206 Inorganic 2 mm 30 days
RB-3 35 28 206 Inorganic 3 mm 30 days
PMTS
6/63 18 stirrups /6 @ 63mm v 29X 26
406 ! ° °
=77 | E
=)
S
T 6363 - 63- -
— = 100mm Strain gages on tensile steel SRP with inorganic matrix
— 900mm -
—- 356mm — 356mm — 356mm -
— 1220mm -

Fig. 1 Specimen details

All beams were kept in a wet curing room for a minimum of 28 days. Before the application of
the SRP the bottom surface of the beams was grinded with an angle grinder to remove all laitance
and dirt from the surface. The concrete surface was then cleaned with a steel wire brush, and finally
compressed air was used to remove concrete dust and dirt that had settled on the beam. This
ensured that the concrete surface was clean of contaminants and debris.

The Geopolymer resin was prepared by mixing an aqueous solution containing silica and
potassium oxide, with silica powder. In addition, water and wetting agent were added to produce a
resin with an initial viscosity of about 0.6 N s/m?. The components were mixed using a small high
shear mixer for two minutes. An initial thin layer (of approximately 0.5 mm) of the matrix was
applied to the concrete surface using a roller. The SRP tape was then applied to the primed surface,
followed by a second layer of matrix. A grooved roller was used to press the SRP and remove all
possible air pockets from the matrix. The strengthened beams were stored at room temperature for
at least 14 days before testing.

2.2 Materials

A detailed description of the materials including their mechanical properties is provided in the
following sections.

2.2.1 Concrete and steel reinforcement
The 28 day compressive strength was obtained using cylindrical specimens, and was 25 MPa. The
steel reinforcement was made with undeformed round bars. The mechanical properties of the steel
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reinforcement were experimentally determined. More specifically, the yield stress was equal to
530 MPa, the ultimate stress equal to 590 MPa, and the modulus of elasticity was 200 GPa. The
stress strain curve exhibited an initial elastic region followed by a fully plastic region until fracture.
The properties were determined using uniaxial tension tests performed in the laboratory. In order to
ensure adequate development length all longitudinal reinforcing bars were bend 90° at the ends of
the beams (see Fig. 1).

2.2.2 Inorganic resin

The inorganic matrix known as Geopolymer is a low viscosity resin. It is prepared by mixing an
aluminosilicate powder with a water based activator. At room temperatures it has a pot life of about
3 hours. The matrix was initially investigated for use in aircraft structures and was also modified for
use as a coating material and adhesive for brick, concrete, wood, and steel. The cementitious part is
a potassium aluminosilicate. The resin hardens to an amorphous (glassy) structure at moderate
temperatures of 80° to 150°C. Hardeners have been developed to obtain room temperature cure in
about a day. The research conducted so far has focused on the mechanical, thermal, and durability
properties of composites made with carbon, glass, and steel (Hammell et al. 1998). The unique
features of the matrix are as follows:

e The resin is prepared by mixing a liquid component with silica powder. Fillers and hardening
agents can be added to the powder component. The two components can be mixed to a paint
consistency.

e Since the matrix is water based, tools and spills can be cleaned with water. All of the
components are nontoxic and no fumes are emitted during mixing or curing. The excess
material, or material removed from the old application can be discarded as general waste.

e The pot life varies from 30 minutes to 3 hours for compositions that cure at room temperature.
Compositions that require heat for curing at 80° to 150°C can be stored for weeks.

e Common application procedures such as brushing and spraying can be used for the application.
The matrix bonds well with carbon and glass fibers, that can be used as reinforcements. Tows
and fabrics made out of carbon and glass can also be attached to existing structures. (Hammell
et al. 1998, Papakonstantinou et al. 2001a).

e The matrix can withstand temperatures up to 1000°C and is not affected by UV radiation. Fire
tests show that the flame-spread index is zero. Since the air permeability is low, the matrix also
protects the material it is covering by reducing the amount of oxygen for combustion (Lyon
et al. 1997).

2.2.3 Steel fibers

Two types of steel fiber tape were used. They consisted of either 90 or 35 steel cords. Each cord
consists of 3 smaller cords, which are made using 7 smaller wires (each wire has a diameter of 0.15
mm) twisted together. It is similar to a prestressing strand but considerably smaller in size. The
properties of each cord were obtained using uniaxial tension tests and are presented in Table 3. The

Table 3 Properties of the steel cords

Es Cord diameter  Number of Diameter of &g Cord Break
(GPa) (mm) filaments filament (mm) (%) Strength (N)

Steel Cords 200 0.91 21 0.15 0.587 880
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Fig. 2 Testing setup

stress strain curve obtained from the testing was bilinear (elastic — fully plastic), without any strain
hardening region. Steel fibers were bonded at the tension face of the beams using the previously
described inorganic matrix. The total length of the steel cords was 900 mm.

2.3 Testing procedure

All specimens were submitted to four-point monotonic bending over a 1068 mm span. The load
was applied by steel beam bearing rockers placed at one-third span (356 mm from each end
support). The experimental setup is shown in Fig. 2. To facilitate the testing setup, a steel beam
setup was connected to a computer controlled MTS 250 kN top mounted hydraulic actuator. The
experiments were conducted under displacement control using a loading rate of 3 mm/min.

Wooden plates were positioned at the loading points to distribute the load and avoid local
crushing of concrete. Three LVDTs were used to measure the deflections of the beam. The first
LVDT was measuring the average mid-span deflection at the tensile fiber. The remaining two
LVDTs were positioned so that the deflections could be measured at midspan from the neutral axis.
These LVDTs were placed one on each side of the beam. Moreover, the strains of the two tensile
steel bars were recorded. The load was measured from a load cell, which was attached on the
actuator. Displacements were also measured from the crosshead movement of the loading frame and
were compared with the LVDT deflections. All measurements were recorded using a Vishay System
5000 Data Acquisition System.

3. Experimental results and discussion
The results discussed in the following sections focus on the load-deflection behavior, failure

modes, crack patterns, strength increase and strains. Table 4. provides a summary of the
experimental results.
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Table 4 Summary of experimental and theoretical results

At cracking At yielding At ultimate Mode of Ductility
Exp. Anal. Exp. Anal. Exp. Anal. failure Ratio
Load (N) 7110 6863 11400 11270 23900 26500

CB1 Deflection (mm) 0307 021 2.12 221 861 848  Steel yielding  3.06
Strain (pstrain)’ 700 1000 2200 2200 N/AZ 8650

Load (N) 6919 6863 12491 11270 23400 26500
CB2 Deflection (mm)  0.22 021  2.043 2.21 7.9 8.48 Steel yielding 2.87
Strain (ustrain)’ ~ N/A2 1000 2200 2200 N/A®> 8650
Load (N) 7080 6863 11200 16760 25800 54700  gyeq| yielding -
RB1 Deflection (mm) 0.41 0.21 1.0 1.03 5.83 6.4 Slippage of 4.83
Strain (pstrain)! 515 800 2200 2200 N/A® 5700 steel fibers
Load (N) 6995 6863 13040 14100 25200 35000  gyeo vielding -
RB2 Deflection (mm) 0.29  0.21 1.05 1.28 423 7.3 Slippage of 3.02
Strain (ustrain)’ 380 800 2200 2200 N/A® 7100 steel fibers
Load (N) 7220 6863 13500 14100 30500 35000  Gyee vielding -
RB3 Deflection (mm) 030  0.21 1.25 1.28 5.4 7.3 Slippage of 3.32

Strain (ustrain)’ 395 800 2200 2200 N/A®> 7100 steel fibers

'Strain measured at tensile steel reinforcing bars.
Not available since strain gages failed prematurely.

3.1 Ductility, failure modes and crack patterns

The control beams failed as typical under-reinforced beams: steel yielding followed by concrete
crushing. Since the reinforcement ratio reinforcement used in this study was very low, no shear
cracks were observed. Two or three major flexural cracks were initiated typically at the third points
of the beams. The cracks propagated as the load increased and they opened significantly after the
yielding of the steel reinforcement. The strengthened beams failed in a similar manner. The yielding
of the rebar was followed by the failure of the SRP system. The relatively short curing time (14
days) was obviously not adequate for the complete cure of the matrix in beam RBI1. All
strengthened beams (RB1, RB2 and RB3) exhibited a quite similar mode of failure. After the
yielding of the steel, the matrix cracked but the steel cords continued to carry load while bridging
the crack. Before they reached their fracture strain (1.1%), the cords started to slip in the matrix.
The slippage was in some cases sudden while in some other gradual. More specifically, in RB1 and
RB2 the slippage started to occur even before the ultimate load was reached, while in RB3 the
slippage occurred suddenly. The strain on the SRP at the initiation of the slippage was
approximately 0.8%. In beam RB2 a local slippage of the fibers in the matrix was observed (Fig. 3),
while in beams RB1 and RB3 the slippage was more pronounced and resulted in local delamination
of the cords. The interface between the steel fibers and the inorganic matrix should be further
evaluated. The authors believe that the zinc coating of the steel fibers might provide a possible
explanation for this interfacial slippage. It should be noted that no delamination was observed



574 Christos G. Papakonstantinou and Konstantinos Katakalos

T R A

-~

Fig. 3 Crack opening in tension face of beam RB-2 (a) post cracking (b) post yielding

Fig. 4 Crack pattern in strengthened beams

between the concrete and the matrix. After the slippage, the load dropped and the flexural behavior
of the strengthened beams became almost identical to that of the non-strengthened beam.

One of the most commonly used measures of ductility was adopted to numerically evaluate the
ductility provided by the strengthening system. Most specifically the ratio of the post yield
deformation to the yield deformation was used. The ductility ratios are shown in Table 4 and are
approximately at the same level for the control and the strengthened beams. The yield point was
defined in all cases by the recorded strain. Although the deformation at the ultimate load was lower
for the strengthened beams, the total ductility of the beams was not affected by the strengthening
system.

The crack pattern was similar for all beams (see Fig. 4). Only limited flexural cracks were
observed exactly as in the control beams. The inorganic matrix is brittle, so when a crack forms in
the reinforced concrete beam it eventually propagates through the inorganic matrix. The steel fibers
at this point act similarly to steel reinforcement in a cracked concrete section. The inorganic matrix
maintains the bond to the steel cords after cracking due to the phenomenon of local delamination:
the steel cords remain bonded to the inorganic resin over only the uncracked segments. Therefore,
the tensile stresses in the inorganic matrix as well as the interface between the matrix and the
concrete remain at low levels. In comparison, cracks typically cannot go through the organic
matrices (Kurtz and Balaguru 2001), and as a result the failures are typically based on the
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Fig. 5 Load deflection curves

delamination of the FRP or SRP system from the concrete substrate. The load-deflection curves of
the tested beams are shown in Fig. 5. It is obvious that the strengthened beams exhibited higher
strength and post cracking stiffness. The slippage of the cords resulted in a relatively gradual mode
of failure for beam RBI1. Furthermore, after the ultimate load was reached the behavior of the
strengthened beams resembled the behavior of the control beam. In beam RB3 the failure was more
notable than in RB2 and the ultimate load capacity was significantly improved. Since the only
difference between these beams was the thickness of the SRP layer (amount of matrix), we can
conclude that this was a result of matrix addition. The flexural strength was increased by 20% for
beam RB3, while the increase was insignificant for the remaining two retrofitted beams (RB1 and
RB2). As described before, the insufficient curing time and the thin layer of matrix did not help in
reaching the expected capacity. The authors believe that the identified problems could be addressed
in a future study.

3.2 Flexural stiffness

The flexural stiffness £/ was computed for each beam in its post-crack and post-yield stages using
the following equation

P (13 2 2
El= 3 (24) [317-4(1/3)7] €))
Where,

P = total load (kN), equal to the sum of the two point loads

A = midspan deflection (m), recorded at a load of P

/ = span (m).

Eq. (1) is based on the assumptions that all materials behave linearly elastic and E7 is constant. It
is based on the equation for maximum elastic deflections of beams subjected to 4 point bending
conditions. Since EI varies with location along the span, the computed flexural stiffness should be
considered an average effective stiffness. For the post-crack data, the (P/A) term was calculated by
identifying the crack point and the yield point on the load-deflection curve and then fitting a least-
squares regression line between them. For the post-yield data, the (P/A) term was calculated by
fitting a best-fit line through the linear portion of the post-yield curve.
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Table 5 Comparison of stiffness increase

Post-Cracking Post-Yielding
Beam Total net Flexural Fl.exural o Flexural stiffness Flexural Fl.exural o ls:tlli“)f(rll{crssl
stezlriber stiffnezss islt]lcfrfgzsz incre(:)ase increase per steel stiffnezss islt]lcfrfgzsz incr/gase increase per
(mm?) (kNm?) (kNm?) fiber area (MN) (kNm®) (kNm?) as;:zl(f;/‘i);r)
CB' - 117.23 - - - 81.91 - - -
RBI1 3339 30193 184.69 157 5531 130.70 487 59 1461
RB2 1298 34391 226.67 193 17455 16534  83.43 102 6425
RB3 1298  285.82 168.59 168 12982 177.12 9521 116 7332
CB? - 225.70 - - - 22.42 - - -
SRP30? 13.07  262.84 37.14 16 2841 101.95  79.53 355 6084
SRP60? 26.14  221.75 -3.95 -2 -151 108.82  86.40 385 3305
SRP 100>  43.57  277.19 51.49 23 1182 102.96  80.54 359 1849
SRP 100U% 43.57  322.19  96.49 43 2214 83.51 61.09 272 1402

!Average values from CB1 and CB2.
Specimens reported by Kim ez al. (2005).

Stiffness increase is quantified by subtracting the flexural stiffness of the respective control from
the flexural stiffness of each strengthened beam. Differences in steel cord area were accounted for
by using the equation

Stiffness increase per unit steel fiber area = AET

)
steel
Where,

AEI = flexural stiffness increase, with respect to the control beam (kN-m?)

Ayees = SRP area (m?)

The stiffness increases are presented in Table 5. For comparison purposes data provided by Kim
et al. (2005) are also included in the table. Kim has used similar size reinforced concrete beams
strengthened with SRP using an organic matrix (Sikadur resin). As it can be observed from Table 5,
the post cracking increase exceeded 150% in all cases that the strengthening system was used. The
increase is considerably higher than the increase reported from Kim (2005). The beams used in this
study had significantly lower reinforcement ratio (o = 0.004) compared to beams used by Kim (p =
0.01). Another significant difference is that in the current study no shear cracks were observed. The
inorganic matrix seems to be more efficient than the organic matrix used by Kim et al. (2005).
Furthermore, the post yielding stiffness increases per steel fiber area are also higher for the beams
strengthened with the inorganic matrix. An examination of the normalized flexural stiffness increase
(flexural stiffness increase per unit steel fiber area) further supports the finding, that the use of the
inorganic matrix is more efficient.

3.3 Analytical model for strengthened beams

An analytical model was developed to predict the flexural performance of strengthened reinforced
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concrete beams. The model incorporates the contribution of the concrete in tension up to cracking,
as well as actual stress strain behaviour of concrete in compression instead of the rectangular stress
block suggested by ACI 318-05 (2005). We make the assumption that there is perfect bond between
the steel fibers and the concrete, and that the failure in strengthened beams is dictated by the failure
of the steel cords. For non strengthened beams we can assume that failure is a result of concrete
crushing.

The reduced concrete’s strength, /", accounts for differences between cylinder strength and actual
member strength, and is entered as

S =k f 3)
where,

/.l is the compressive strength of concrete calculated from laboratory tests and

k is a constant taken equal to 0.92 (Hognestad 1951)
The modulus of elasticity of concrete was determined based on the following equation (ACI 318-

05, 2005)
E.(psi) = 4780 - Jf! 4)

The calculations are based on strain compatibility, force equilibrium and moment equilibrium
(Fig. 6).

To generate the moment-curvature curve, the strain in the extreme fiber of concrete, &, is
increased until failure or 0.003 in increments of 0.0001 strain. The strains of steel rebar and steel
fiber sheet can be calculated from &, using

i = gcm ‘ (5)

= ¢ C_df (6)

The variable ¢ is the distance to the neutral axis and d is the depth from the top fiber of the
concrete beam to the centroid of each material. The subscripts “si” and “/” are used to indicate
steel and steel fiber properties respectively.

I VA i f. « C
1 fo «— S
: \/
NS 406
a2 L
L3
o
\ Cc—}
\ )& fi—p»|-—— S—>p»
/Sf fi—p»l_-—— P—»
100mm

Hybrid Steel Fiber strengthing system
Fig. 6 Strain, stress, and force diagrams across depth of rectangular section
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Fig. 7 Idealized stress-strain curve for concrete in uniaxial compression (Hognestad 1951)

The steel and fiber stresses are calculated from the stress strain curves of steel and fiber
f:vi = Es'gsi’ if 6‘5,-S8
. g (7
1 :fy, if £:> &,
Jr=Er & ®)
where the subscript “y” denotes the yielding of steel.

The forces from the steel and steel cord are then calculated by multiplying their stresses and
areas.

Si=Ffi A )
The distribution of concrete stresses in the compression zone is derived from the stress-strain

curve of concrete (Hognestad 1951). (Fig. 7) The concrete stresses in the compression zone can be
evaluated using the following expressions

2
fc:f;'-[zﬁ—(ﬁ” if 0<s<e, (11)
80 (o)
fo=fr -[1—&(5,—5 )J if £<g<0.003 (12)
c c 0.004_80 c 0 C 0

n

Where: ¢, = 2fc—

E.

To calculate the concrete compression force C,, a factor « is calculated from the relationship of 4,

the area under the stress strain curve of concrete. The factor « is being used to convert the concrete
stress distribution into an equivalent rectangular stress distribution
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€cn

e [f.ds,
A= Iﬁ,dgc =afls, o a= 0”— (13)
&
0 c cm
Using the calculated «
C.=af"b-c (14)

The position of the resultant concrete compressive force measured from the top concrete fiber is
expressed in terms of a parameter y

d.=y (15)

where y is calculated from a relationship between the first moment of area under the stress-strain
diagram about the origin and the strain at the centroid of area

e

]nec f.de,
y=t (16)
b [,
0

The tensile strength of concrete before and after cracking was also included. After the formation
of the first crack, the average stress in the concrete will be reduced and continue to decrease as
further cracks develop. The tensile capacity of concrete after cracking is calculated using the
relationship suggested by Vecchio and Collins (1986)

_ Sy,

fc =
" 1+./500¢,
where,

&, 1s the strain of concrete at cracking, ¢ taken equal to 0.7 and o, equal to 1.0, are factors
accounting for bond characteristics of reinforcement and for sustained or repeated loading
respectively, f., is the stress when cracking occurs and £, is the tensile capacity of concrete after
cracking

All internal forces are set to reach equilibrium and the necessary c, the location of the neutral axis
for each of the incremental values of &, is calculated from

if ¢g,>¢, (17)

a.ﬁu-b-c+zn;/{viAS,+ﬁAf+ﬁtbc%:=O (18)
i=1

With the increments of &, and the corresponding values of ¢ found from equilibrium, summing
the moments of these forces about an axis produces the internal resisting moment. This can be
plotted with respect to the curvature at midspan, to produce the moment-curvature curve

M= a-f"-b. c@’ )+ 3 _‘.,As,.@ ~d)+ ffA_(;’ ~d)+ fp2Adc (19)

g =" (20)
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For the four point loading condition deflection can be calculated as

_23pL
1296E1

where a load of P/2 is applied at the two third points of the beam.
The internal moment in a beam under four point loading is calculated and substituted into the
deflection equation to produce the deflection in terms of curvature

20

PL

M==—= 22
: @2)
Substituting this into the deflection equation
2 2
_23-6ML" _ 4L 23)
1296E1  9.39

This analytical methodology can be used to determine the load vs. deflection behaviour of
strengthened or non-strengthened reinforced concrete beams. The analytical results are compared
with the experimental in Table 4. The load-deflection graphs shown in Fig. 8 include curves that
were obtained using the suggested model. Curves for beam RB1 are not plotted, since as mentioned
previously the experimental results were affected by the short curing time of the matrix. The
analytical curve can be used for both RB2 and RB3 since the difference between the two is only 0.5
mm in depth dy of the steel fibers. The maximum load for the strengthened beams was obtained
assuming that the failure is a result of the steel cord fracture at a strain level of 1.1%. We can see
that the theoretical ultimate load for beam RB3 was 35 kN while the experimental was 30.5 kN.
Assuming a linear strain distribution and using the previously described model to calculate the
strains at the ultimate levels, it was calculated that the slippage of the steel fibers in the matrix
occurred at a strain of approximately 0.87%, which is lower than the fracture strain of the steel
cords. It is obvious, that the proposed analytical model can predict the flexural behaviour of both
strengthened and non strengthened reinforced concrete beams with good accuracy. Furthermore, the
slopes of the load deflection curves can be determined with excellent accuracy. The main problem is
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Fig. 8 Experimantal vs analytical load-deflection curves
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the determination of the maximum flexural capacity. As mentioned previously, one can assume that
the failure is dictated by the fracture of the steel fibers (strain of 1.1%). But since experimentally
this was not the case, we could possibly use the model predicting failure when the slippage occurs
(strain of 0.87%). This hypothesis might provide a solution to the problem, but in order to make a
safe statement more experimental results are needed. The proposed model can be used for any type
of reinforced concrete beam strengthened with externally bonded fiber reinforced polymers.

4. Conclusions

This study addressed the use of a hybrid retrofit system. The flexural performance of the
strengthened beams has been identified using experimental and analytical investigations. The
following conclusion can be drawn:

e Geopolymer matrix can be used for the fabrication of a novel strengthening system based on

high strength steel cords

e The curing time of the matrix plays an extremely important role in the effectiveness of the

system

¢ No delamination was observed between the matrix and the concrete substrate

e The mode of failure was based on the yielding of the reinforcement, followed by slippage of the

SRP.

e The flexural stiffness of the strengthened reinforced concrete beams is significantly improved

compared to non strengthened beams and beams strengthened with organic polymers.

e The proposed analytical model can predict with good accuracy the flexural behavior of

strengthened reinforced concrete beams.
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Appendix: Numerical example

The numerical example presented here deals with a strengthened reinforced concrete beam similar to RB3.
More specifically, a RC beam with a span of 1067 mm subjected to four point bending. The cross section of
the beam is 100 x 150 mm. The beam is strengthened with steel reinforced inorganic polymer system on the
tensile face. The calculation presented here will be for a random concrete strain of &, = 0.00075. The basic
unknown is ¢, which will be calculated by the force equilibrium equation.

Initially one needs to calculate the reduced strength of the concrete, f.":

f! = 25MPa. So: /" =k-f! =092 -25 =23MPa
The modulus of elasticity is .E,(psi) = 4780 - Jf, = 4780 - 25 = 23.9GPa.

From Eq. (11):
2 2
fo=fr- [2"’"__(5_) J =23 pw_(w} J = 15.9MPa

& V& 0.0018 10.0018
g =2ld 2ok 23 _ 509223 _4¢
E, 23900 23900
[f.de,
from Eq. (13): o = 2 = 0.162
S En
Tguﬂdgu
from Eq. (16): y = ——— = 0.653
Em :rifcdgc
0

a--fo _ _07-1-3.14

1+ .J/500e, 1+ ./500-0.0008

= 1.35MPa

from Eq. (17) the tensile strength is f., =

and £, = 0.7.Jf.
The location of the neutral axis can be determined using Eq. (18):
a-f"-b-c+ ZfSIAS,+ffAf+fL,b— =0
—0.162 - 21.16 - 100 - ¢ + 200000 - 0.0008(0 —133 e 17) .63 + 193100 - o.ooos(ﬂ) .32
C C C
—1.35-1001502‘0 =0

= ¢ = 58.19mm

From Eq. (19) the moment can be calculated:

M=a-f" b c(——}fc) Zﬁ, 3,( )+ffA(-_d) fme(h?—c)u

2
M = 0.162-21.16 - 100 - 58.19 - (%0—065” 58. 19)+( 12959) - (130 1“3)+7135 (%’—127)

2(150 — 58.19)

J

+(7927) - (130 151. 5) +6197



Flexural behavior of reinforced concrete beams strengthened

M = 19947 - 37 + (-12959) - (=58) + 7135 - 62.3 + (=7927) - (-76.5) + 6197 - 61.2
M = 2,919,938Nmm

6-M _ 6-2919,938 _

Form 2 __yp = 16,419.5N
I 1067
the curvature from Eq. (20) is: ¢ = % = 137-10°

Using the curvature, from Eq. (23) the mid-span deflection can finally be calculated:

gL> _ 137-10"-1067°

A = = 1.67mm
9.39 9.39
Notation
b  beam width
h  beam height
f.  compressive strength of concrete (in stress strain graph)
f."  compressive strength of concrete at 28 days determined using cylinders
f."" reduced compressive strength of concrete
k  factor used to reduce the compressive strength
E. modulus of elasticity of concrete
E,; modulus of elasticity of tensile reinforcing steel
E;  modulus of elasticity of FRP sheet
&, concrete strain, in top compressive face
&; strain of tensile reinforcing steel
&  strain of steel fibers
¢ distance of the neutral axis from the top flange
fsi  stress in tensile reinforcing steel
Jr  stress in FRP sheet
f,  yielding stress of tensile reinforcing steel
Ay cross sectional area of reinforcing steel
Ay cross sectional area of FRP sheet
C. concrete compression force
S;  tensile reinforcing steel tension force
Py FRP sheet tension force
A area under the stress strain curve of concrete
dy; distance of steel flexural reinforcement from top flange
dy  distance of FRP sheet from top flange
&, strain of concrete at cracking
oy factor accounting for bond characteristics of reinforcement
o, factor accounting for sustained or repeated loading respectively
Jfer  stress in concrete when cracking occurs
f. tensile capacity of concrete after cracking
@  curvature at midspan
A deflection at midspan
P applied load
M  maximum moment
L span length
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