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Summary

The use of composites materials is a remarkable strengthening technique for
increasing and upgrading the flexural load carrying capacity of reinforced concrete
(RC) members. The Near Surface Mounted (NSM) strengthening technique consists
of applying carbon fiber-reinforced polymer (CFRP) laminate strips into slits opened in
the concrete cover of the elements to be strengthened. A normal cold cured epoxy
based adhesive is used to bond the CFRP laminate strips to concrete.

Laboratory tests have shown that the NSM technique is an adequate strengthening
strategy to increase the flexural resistance of RC slabs. However, in RC slabs of low
or medium concrete strength, the increment of the flexural resistance that NSM can
provide is limited by the maximum allowable compressive strain in the compressed
part of the slab, in order to avoid concrete crushing or unadvisable damage. This
restriction reduces the efficiency of the strengthening, being questionable the use of
the NSM technique in these cases.

A new layer of concrete bonded, by an epoxy compound, to the existing concrete at
the compressed region is suitable to overcome this limitation. Since a thin layer (three
to five centimetres) is enough for the aforementioned purpose, the volumetric
contraction due to shrinkage and thermal effects can induce uncontrolled cracking in
the concrete of this layer. Adding steel fibres to concrete (steel fibre reinforced
concrete - SFRC), the post cracking residual stress can be increased in order to
prevent the formation of uncontrolled crack patterns.

In the present work, the combined strengthening strategy, a SFRC overlay and NSM
CFRP laminate strips, was applied to increase, significantly, the flexural resistance of
existing RC slabs. Experimental results of four-point bending tests, carried out in
concrete slabs strips unstrengthened and strengthened, are presented and analysed.
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1 Introduction

In the following a brief background of the hybrid strengthening system is presented, as
well as the objectives and scope of the present work.

Brief Background

The Near-Surface Mounted (NSM) strengthening technique has been used in the
recent years, with remarkable efficiency, to increase the flexural strength (ALKHRDAJI
& NANNI, 1999, ALKHRDAJI et al, 1999, NANNI, 2000; FIB, 2001; CAROLIN, 2003;
ROSENBOOM et al 2004; BARROS & FORTES, 2005; KOTYNIA, 2005a) and shear
resistance (DE LORENZIS & NANNI, 2001a/2001b; BARROS & DIAS, 2003) of
reinforced concrete elements. The NSM technique involves the embedment of CFRP
bars - of circular, square or rectangular cross-section - into grooves opened on the
concrete surface. The CFRP bars are bonded to concrete using an epoxy-based
adhesive (see Figure 1.1). A simple procedure is used to open the grooves for NSM
strengthening: a concrete saw moves on supporting rails which are fastened to the
bottom surface of the element (see Figure 1.2). Entire cleanness of the sawing task is
totally guaranteed attaching a receptacle for the dust powder to the concrete saw
machine.
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Figure 1.1 - Details of the NSM technique for the flexural strengthening of RC beams: (a) CFRP
bars of circular cross-section, and (b) CFRP bars of rectangular cross-section [(a) ALKHRDAJI &
NANNI, 1999; CAROLIN, 2001 and 2003; ROSENBOOM et al 2004, (b) BARROS & FORTES,
2005; KOTYNIA, 2005a; ROSENBOOM et al 2004].

When compared to the Externally Bonded Reinforcement (EBR) technique, the NSM
technique assures a higher anchoring capacity to the FRP reinforcing material (see
Figures 1.3 - 1.5). As a consequence, a high tensile stress can be mobilized in the
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CFRP, as long as the member load carrying capacity is not limited by a premature
failure mode (BLASCHKO & ZILCH, 1999; FIB, 2001; CAROLIN, 2003).
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Figure 1.2 - Making the grooves for NSM technique [adapted from TALJSTEN & CAROLIN, 2001;
CAROLIN, 2001; CAROLIN, 2003].

For RC slabs of low or medium concrete strength, the augment of the flexural
resistance that NSM can provide might be limited by the maximum allowable
compression strain in the extreme compressed concrete fibre. This drawback can be
overcome by adding a concrete layer in the compression zone of the existent slab
(BARROS & SENA-CRUZ, 2001).

To attain the desired structural performance (e.g. full composite action), the new
concrete overlay and the existent concrete slab should behave monolithically. A sound
bond between the new layer and the existing concrete slab can be guaranteed if a
proper epoxy compound is used (BONALDO, BARROS & LOURENCO, 2004).
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Figure 1.3 - Strengthening techniques: externally bonded reinforcement, EBR, and near surface
mounted, NSM [adapted from TALJSTEN & CAROLIN, 2001; CAROLIN, 2001; CAROLIN, 2003].
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Figure 1.4 - Strength-slip relationships for NSM e EBR (bond length 250 mm, refer to Figure 1.5).
[BLASCHKO & ZILCH, 1999]
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Figure 1.5 - Geometry of the double-shear specimen for the bond tests carried out by BLASCHKO
& ZILCH, 1999.

Since a thin concrete layer is enough for the aforementioned purpose, the restrained
shrinkage and the temperature variation can induce uncontrolled cracking in the

Efficient strengthening technique to increase the flexural resistance of existing RC slabs 6



concrete of this layer. Adding discrete fibres to concrete, such as steel fibres, the
crack widths resulting from drying restrained shrinkage can be substantially reduced
(refer to Figure 1.6). Even the addition of a small content of fibres (as small as 0.25
percent by volume) gives significant reductions of crack widths. Moreover, the post
cracking residual tensile strength can be increased (BARROS et al, 2004), in order to
prevent the formation of uncontrolled crack patterns. Figure 1.7 shows the influence
of the steel fibre addition on the concrete tensile stress-strain behaviour. While plain
concrete has a very large stress-strain slope decay after cracking, which is typical of
quasi-brittle materials, composite SFRC is able to withstand large strains, while
restraining the cracks.

—e—  GRZYBOWSKI (1989)
_A_ DORELL & NORDBERG (1993), Dramix

-3k~ DORELL & NORDBERG (1993), Horle

Average crack width (mm)

|

I I I I I I
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Fibre volume content (%)
Figure 1.6 - Beneficial effects of steel fibres on reducing average crack widths reported in
literature. [GRZYBOWSKI, 1989, GRZYBOWSKI & SHAH, 1990 and DORELL & NORDBERG,
1993]

Tensile stress

Plain concrete

Strain
Figure 1.7 - Sketch of steel fibre influence on the concrete tensile stress-strain behaviour.
[FISCHER & LI, 2003]
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The influence of the fibre content on the concrete compressive stress-strain behaviour
is presented in Figure 1.8. In plain concrete, the post-peak strength decreases
abruptly after peak load, while a significant residual strength is retained in the
softening phase of the fibrous concrete. This residual strength increases with the fibre
content, which means that increasing the fibre content results in a tougher and much
more ductile material (SOROUSHIAN & LEE, 1989; BALAGURU, 1992; WAFA &
ASHOUR, 1992; TAERWE, 1992). However, other than the volume fraction (Vs), the

composite behaviour also depends on the aspect ratio of the fibres (//ds where: /s =

fibre length and ds = fibre diameter), matrix mix proportion and maximum aggregate
size. Moreover to avoid concrete crushing, these favourable effects of fibre composite
materials can be used to enhancing the compressive behavior of the top concrete
layer in the strengthening of RC slabs.
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Figure 1.8 - Steel fibre influence on the concrete compressive stress-strain behaviour, obtained in
specimens reinforced with Dramix 50/50 [BALAGURU, 1992].

BARROS & SENA-CRUZ (2001) proposed a strengthening strategy, combining SFRC
and CFRP materials. To increase, for a certain level, the flexural resistance of a RC
slab, these authors studied three strengthening alternatives. One solution comprises
of CFRP laminates, but the tensile stress that can be installed in the CFRP laminates
was limited by the concrete compressive strain. Adding a thin layer of SFRC to the
slab compression zone, this restriction was overcome and the ultimate flexural
capacity was increased around 45%. The moment-curvature relationship, obtained by
the numerical analysis, is depicted in Figure 1.9 for the three studied situations: slab
strengthened with a thin layer of SFRC, slab strengthened with CFRP, and slab
strengthened with CFRP and overlaid with a thin layer of SFRC. This figure also
includes the moment-curvature of the unstrengthened slab.

In the present report, a strengthening strategy for increasing the load carrying capacity
of RC slabs, firstly engineered by BARROS & SENA-CRUZ (2001), was
experimentally investigated. This strategy consists of applying CFRP laminates in the
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tensile bottom slab surface, according to the NSM technique, and bonding, with
appropriate epoxy-based adhesive, a SFRC layer in the compression top slab surface
(see Figure 1.10). To assess the efficacy of the NSM strengthening technique for
increasing the flexural resistance of slabs strips failing in bending, four-point bending
tests with RC slab strips were carried out in displacement control.
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Figure 1.9 - Moment-curvature relationships from the numerical analysis
[adapted from BARROS & CRUZ, 2001].
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Figure 1.10 - The hybrid strengthening technique for concrete slabs.
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Objectives and Scope
The present study has the following objectives:
- Evaluate the strengthening efficacy of the NSM technique for RC slabs;

- Evaluate the structural performance of the hybrid strengthening technique:
CFRP laminates and SFRC overlay for RC slabs.

The experimental program is composed of eight slab strips: two control slabs, three
NSM CFRP strengthened slabs, and three slabs strengthened with NSM CFRP and a
SFRC overlay, simultaneously.
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2 Experimental Program

The following sections detail the test specimens, test configuration, measuring
devices, and test program.

Specimen and Test Configuration

To assess the efficacy of the hybrid strengthening technique for the increase of
flexural load carrying capacity of RC slabs, the slab strip specimens represented in
Figure 2.1 were used. The test set up and the cross section dimensions of the tested
slab strip specimens are also illustrated in Figure 2.1.

1

4 80

LR e epoxy
= adhesive

CFRP laminate
(1.4 x 9.4mm?)

l overlay  \ 3¢8mm /

600 T B N

Flas| 5 | 75 | 15 Jarsl

600 600

1800 mm

(b) (c)
Figure 2.1 - Test setup (a), test configuration (b), and specimens cross-section dimensions (c).

The number of CFRP laminate strips applied in each RC slab was evaluated in order
to increase 50% the service load (assumed equal to the load producing a mid-span

displacement of ¢/250 = 1800 mm/250 = 7.2 mm). The NSM strengthening is further
detailed in Figure 2.1 (c).

The width of the slit where the CFRP is installed usually ranges from 4.0 to 5.0 mm for
the NSM strengthening with CFRP strips. To assess the influence of cross section of
the adhesive layers that bond the CFRP strip to concrete, and consequently the
influence of the adhesive deformability on the performance of NSM strengthening,
three different widths for the slits were considered. NSM slits having width of about
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4.0 mm, 7.5 mm and 14.0 mm were selected for the hybrid slab specimens. For the
slabs strengthened only with NSM, the width of the slits was about 4.0 mm.

Measuring Devices

To measure the deflection of the slab strip, five displacement transducers (LVDT
61472, LVDT 19906, LVDT 3558, LVDT 3468 and LVDT 63796) were applied (see
Figure 2.2). The LVDT 3558, positioned at the slab strip mid-span, was also used to
control the test at 20 um/s up to the deflection of 49 mm. After this deflection, the
actuator internal LVDT was used to control the test at 25 um/s displacement rate. The
applied force (F) was measured using a load cell (+200 kN and accuracy of 0.5%)
placed between the loading steel frame and the actuator of 600 kN load capacity.

Three electrical resistance strain gauges were installed on the internal steel
reinforcement (SG1, SG2 and SG3), at the mid span position, to measure the strain in
the steel reinforcements, see Figure 2.2. Five strain gauges were installed at one
CFRP laminate (SG4, SG5, SG6, SG7 and SG8) for evaluating the strain variation
along the laminate. Two strain gages (SG9 and SG10) were also bonded on the top
concrete surface to determine the maximum concrete compressive strain. In this
experimental program FLA-3-11, BFLA-5-3 and PFL-30-11 strain gauges from TML
(TML, 2004) were used, in steel bars, CFRP laminates and concrete, respectively.

The main technical characteristics of the used displacement transducers are included
in Table 2.1.

Table 2.1 - Technical characteristics of the LVDTs, extracted from technical datasheet (RDP,

1995).
LVDT Linear Range (mm) Linearity (%)
61472 +12.5 +0.04
19906 +25 +0.07
3558 125 +0.08
3468 125 +0.08
63796 +12.5 +0.04

Figure 2.3 shows the full arrangement of the bending test set up, while Figure 2.4
includes a photo of a specimen being tested. A servo-controlled test machine was
used in the experimental program.
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Figure 2.2 - Arrangement of displacement transducers and strain gauges: displacement
transducers (a), position of the strain gauges at the CFRP laminate - side view (b), lay-out of the
strain gauges at the steel bars (c), lay-out of the strain gauges at the CFRP laminate - bottom
view (d), and strain gauges at the concrete slab top surface - top view (e).

Test Program

In the present experimental program the influence of the CFRP laminate
strengthening and the SFRC overlay strengthening on the flexural behaviour of
reinforced concrete slabs is analyzed. For this purpose, unstrengthened (control),
strengthened with CFRP laminates, and simultaneously strengthened with CFRP
laminates and SFRC overlay specimens (Figure 2.1(c)) were tested under monotonic
loading.
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Figure ’.3.4 - The 2 specimen being tested.
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3 Materials Characterization

The following sections detail the various materials used in the present experimental
program.

Concrete Slab and Concrete Overlay

A laboratory trial phase was developed at the Laboratory of the Structural Division of
the University of Minho aiming to establish the following compressive strength grades
(CEB-FIP Model Code, 1993): C20/25 for the concrete slab strips and C35/45 for the
SFRC overlay.

For the purpose of defining the mix properties, a Faury mix design method was used,
see e.g. COUTINHO (1988), using aggregates available in the Northern Region of
Portugal (Minho). Details about the physical properties of the aggregates are given in
Annex A. In Annex B the sieve analyses of the aggregates and the information about
maximum aggregate size are included. Hooked ends DRAMIX® ZP305 steel fibres

were used to reinforce the concrete overlay. This fibre has a length (4) of 30 mm, a

diameter (df) of 0.55 mm, an aspect-ratio (4/ d) of 55 and a yield strength of about

1100 N/mm? (DRAMIX, 1998). Previous work revealed that this fibre has high
performance since significant increase in the ultimate load carrying capacity of the
structural concrete elements was obtained (BARROS & FIGUEIRAS, 1998).

Fibres were added into the mix as the last concrete component. While concrete was
being mixed, the steel fibre tablets were gradually and continuously charged into the
mix at the same location, for all batches. This procedure was used as an attempt to
ensure similar fibre dispersion conditions.

The concrete mix proportions and the main properties of the ordinary concrete
(substrate) and SFRC overlay are shown in Table 3.1. Here, W/B is the water-to-
binder ratio (Portland cement for the plain concrete and Portland cement plus fly ash
for the SFRC). The percentage of RHEOBUILD®1000 superplasticizer refers to the
weight of cement plus fly ash. The cylinders compressive strength and static modulus
of elasticity in compression were determined according to EN 12390-3 (2002) and
RILEM TC14-CPC8 (RILEM, 1994), respectively. It can be noticed that the target
concrete strength classes were satisfactorily achieved, and more details regarding the
compressive strength of the manufactured concretes can be found in Annex C.
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The flexural behaviour of the concretes was also characterized, carrying out three-
point bending tests on notched beams, according to RILEM (1985) for ordinary
concrete, and following the recommendations of to RILEM (2000, 2002) for SFRC.
More details about the bending tests are described in Annex D.

Table 3.1 - Mix proportions and main properties of the ordinary concrete (B1 and B2)
and SFRC (0O).

Mix designation

Components
B1 B2 (o)
CEMI1425R
260 330
(kg/m®)
Fly ash®
_ 30
(kg/m®)
Fine river sand
394 228
(kg/m?)
Coarse river sand
510 620
(kg/m®)
Fine aggregate 423 390
4/11 (kg/m®)
Coarse aggregate 518 503
11/16 (kg/m®)
Superplasticizer 2.5 2.5
(%) ' ‘
Steel fibre
_ 30
(kg/m?)
wW/B 0.67 0.71 0.38
ratio
Slump® 32.5 30 210°
(mm) 210°
fCogq” 24.16 23.39 40.66
(MPa) ' ' .
Ecasd® 26.61 27.69 30.08
(GPa) ' ' .
fc'
26.35 25.97 43.23
(MPa)

& Obtained from thermoelectric source

b Slump determined according to ASTM C143 (1998)

© Slump before adding the steel fibres

d Slump after adding the steel fibres

¢ Average value of at least three cylinder specimens (150 mm x 300 mm)

" Average value of at least three cylinder specimens (150 mm x 300 mm) at
the daytime of the slab test

Table 3.2 includes the individual (f.q) and average (foumsq) values of flexural tensile
strength, individual (fs;ax) and average (fumax) Values of axial tensile strength, and the
individual (Gf) and average (G) values of the fracture energy for the plain concrete
mixes. Figure 3.1 shows the load versus displacement curves for each plain concrete
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mix obtained from flexural tests. Each curve is the average of the load-displacement
relationship recorded in the three specimens of each mix.

Table 3.3 includes the values of the equivalent flexural tensile strength parameters
(RILEM, 2000 and 2002) and the flexural modulus of elasticity for the SFRC mixes.
Figure 3.2 shows the average load versus displacement curve for each SFRC mix
obtained from flexural tests. Each curve is the average of the load-displacement
relationship recorded in, at least, three specimens of each mix.

Table 3.2 - Flexural tensile strength, axial tensile strength and fracture energy of ordinary concrete.
Age at

Plain testin Beam fct,fl fctm,fl fc:t,axa fctm,ax Gf Gfm
concrete mix (days? (N/mm?)  (N/mm?)  (N/mm?)  (N/mm?)  (N/m) (N/m)
1 3.08 3.26 1.48 1.56 145 165
B1 43 2 4.19 (0.85) 1.99 (0.40) 163 (20.49)
3 5 51 [26.19%] 1.20 [25.75%] 186 [12.43%]
1 3.03 1.45 156
2 2.14 2.91 1.03 1.39 105 135
B2 36 (0.61) (0.29) (26.93)
3 2.84  120.8751 1-37 [20.6481 121 [19.93%]
2 3.62 1.73 160

@ Computed using the CEB-FIP Model Code expression (confer equation D2 from Annex D)
(value) Standard deviation
[value] Coefficient of Variation (COV) = (Standard deviation/Average) x 100

0.75

0.60 —

0.45

Load, F (kN)

0.30 +

0.15 4

0.00 ‘ ‘

‘ ‘ ‘ ‘ ‘ ‘ ‘
0.000 0.275 0.550 0.825 1.100 1.375

Displacement at mid-span (mm)

Figure 3.1 - Load versus displacement curve for each plain concrete mix.
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Table 3.3 - Equivalent flexural tensile strength parameters and flexural modulus of elasticity of

SFRC.
Beama feq,2 feqm,z feq,3 feqm,3 ch chm
(N/mm?) (N/mm?) (N/mm?) (N/mm?)  (kN/mm?)  (kN/mm?)
1 3.827 3.038 24.60
2 3.484 2.892 29.03
3 4.599 3.613 21.00
4 .072 4.1 21.97
s Z 287 4.313 5 63: 3.469 . 25 24.87
’ (0.526) ’ (0.407) ) (2.94
6 4.786 3.707 24.63
7 4.520 3.660 26.24
38 3.732 2.980 26.40
9 4.308 3.543 21.49
% Testing at the age of 37 days
(value) Standard deviation
20
18
16; Envelope
| Average
14 4
~ 124
pd i
=3
w 10+
5
g 84
- 4
6,
4,
2
0 T T T T T T T

—r—7— :
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Displacement at mid-span (mm)

Figure 3.2 - Load versus displacement curve for the SFRC mix.

Overlay Bond Product

Epoxy resin is widely used as the bond product for most materials used in
construction, such as concrete, masonry units, wood, glass, and metals. Since epoxy-
based bond products used in the present experimental program are unaffected by
moisture, they are appropriated to bond fresh to hardened concrete. Bonding fresh
concrete overlay to an existing concrete slab is an example of such application (ACI
503R-93).

An epoxy resin-based bond agent with a Trademark of Sikadur®32N (see Figure 3.3),
supplied by Sika® Portugal, was selected to bond fresh SFRC overlay to hardened
reinforced concrete slab. This resin was composed of two components (A and B), and
was available in packages of 1.2 kg (0.8 kg component A and 0.4 kg component B).
Information about the bond product is summarized in Table 3.4.
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Figure 3.3 - Bond product packaging, 1.2 kg unit.

In a previous study, the selected bond coat provided excellent performance in bonding
fresh SFRC to hardened concrete substrate (BONALDO et al, 2004).

Table 3.4 - Main properties of the product, extracted from commercial datasheet (SIKA, 2002).

Properties
e a
Specific Bond Mechanical :Ztnh:;n:':‘ :t Mixing
gravity strength resistance P 20 °C ratio
to concrete: Compressl\geos:tr:(;\ ?\lt/hn:qmz Approximately Comp. A:
. 2.5-3.0 N/mm? . _ 20 min, e
Approximately (concrete failure) Tensile strength: , and 2 parts by weight
1.4 kg/l ~18 - 20 N/mm . Comp. B:
to steel: ) Approximately .
18 - 20 N/mm? Flexural strength: 3h 1 parts by weight
~30 - 35 N/mm?®

# The maximum time between final mixing and application during which a resin or adhesive remains usable
(COMYN, 1997). Also known as working life or usable life.

® The open time starts when the adhesive has been applied to the parts to be joined, and it represents the
time limit during which the joint has to be closed (MAYS & HUTCHINSON, 1992).

Mechanical properties of the overlay bond coating adhesive

To assess the tensile mechanical properties of the hardened epoxy resin, seven
tensile tests in machined specimens (see Figure 3.4) were carried out according to
ISO 527-2 (1993). A testing machine Instron 4505 with 150 mm distance between
grips (see Figure 3.5) was used. A test speed of 1 mm/min, as is required for this type
of material, was selected for all the tests. The tensile test results are displayed in
Table 3.5, and the specimens before and after testing are shown in Figure 3.6. The
recorded stress-strain curves are depicted in Figure 3.7. The strain was measured
from the displacements recorded in the displacement transducer of the actuator.

The bond coating adhesive was applied onto dry and clean sandblasted concrete
surface, i.e., free from surface contaminants such as dust, laitance, oil or grease,
following the manufacturer specifications. A bond coating dosage of 0.90 kg/m? was
adopted (BONALDO et al, 2004).
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Figure 3.4 - Shape and dimensions of the test specimens (type 1B - ISO 527-2, 1993).

(1)

(2)

(3)

(4)

)

(6)

(7)

(a) (b)

Figure 3.6 - Test specimens before testing (a) and, after testing (b).
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Table 3.5 - Results of the tensile tests on the overlay bond coating adhesive specimens.

Ultimate Ultimate Modulus of
Specimen tensile stress tensile strain elasticity®
(N/mm?) (%o) (kN/mm?)
1 28.79 11.63 3.67
2 26.39 9.82 3.76
3 24.04 9.51 3.51
4 27.92 10.87 3.75
5 25.93 10.76 3.56
6 25.96 10.81 3.54
7 26.86 11.80 3.59
Average 26.56 10.74 3.62
1.53 0.85 0.10
Std.Dev. (5.76%) (7.89%) (2.78%2)

@ Tensile Modulus of Elasticity calculated from the stress-strain data using a linear
regression procedure applied over the strain range 0-1.80 %o
(value) Coefficient of Variation (COV) = (Standard deviation/Average) x 100

30

Specimens 1, 2 and 4'

. .

N
o
|

‘ Specimens 3, 5, 6 and 7'

15

10

Tensile Stress (N/mmz)

0 -—— 71—
0 2 4 6 8 10 12 14
Strain (%o)

Figure 3.7 - Tensile stress-strain curves for the Sikadur®32N epoxy resin.

CFRP-Concrete Bond Product

A low viscosity epoxy based adhesive with a Trademark of MBrace®Resin 220,
supplied by Bettor MBT® Portugal, was used to bond the prefabricated CFRP
laminates to the concrete, into the grooves. The epoxy resin adhesive two component,
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resin and activator, are provided in 5 kg unit packaging (see Figure 3.8). According to
the supplier, the epoxy adhesive has the properties indicated in Table 3.6.

Table 3.6 - Main properties of the MBrace®Resin 220, extracted from datasheet (BETTOR MBT,

2005).
Properties
Density Mechanical Pot.‘ life, Mixing
(at 20 °C) resistance open time and ratio
hardening (at 20 °C)
Tensizle strength: Minimum 3 min, Comp. I
> 2.5 N/mm* (concrete failure) i
17 kgl ~ 60 min, 3.805 parts by .welght
Shear strength: Comp. II: _
> 1.8 N/mm? (concrete failure) =3 days 1.195 parts by weight

Figure 3.8>->'C>F-R‘bond‘prc‘>duc>:t. paékaglng, 5 kg unit.

Mechanical properties of the CFRP-concrete bond product

Uniaxial tensile tests were performed on moulded specimens to determine the tensile
behavior of the epoxy adhesive used for bonding the CFRP laminate to concrete. The
tests followed the procedures outlined in ISO 527-2 (1993). The shape and
dimensions of test specimens are shown in Figure 3.9. Due to the low viscosity of the
epoxy resin and to avoid the presence of voids, specimens of reduced dimensions
have been adopted and moulded under pressure. The moulding steps of the test
specimens are shown in Figure 3.10.

A testing machine Instron 4505 (see Figure 3.5) was used and a test speed of
1 mm/min was selected for all the tests, complying with the procedures outlined by
ISO 527-2 (1993). The tensile test results are included in Table 3.7 and represented
in Figure 3.11.
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Figure 3.9 - Shape and dimensions of the test specimen (dimensions in millimeters).

(a) (b) (©)
Figure 3.10 - Preparation of the test specimens: (a) test specimen mould, (b) resin casting, and
(c) applying pressure.

Table 3.7 - Results of the MBrace®Resin 220 tensile tests.

Ultimate Ultimate Modulus of
Specimen tensile stress tensile strain elasticity®
(N/mm?) (%o) (kN/mm?)
1 32.75 4.62 7.530
2 38.38 5.72 7.341
3 33.49 4.62 7.646
4 27.91 3.93 7.448
5 30.66 4.45 7.496
6 35.40 4.60 8.230
7 34.60 5.71 7.025
8 32.39 5.29 7.188
9 31.64 4.58 7.352
Average 33.03 4.83 7.473
2.81 0.57 0.320
Std.Dev. (8.52%) (11.80%) (4.28%)

@ Tensile Modulus of Elasticity, calculated from the stress-strain data using a linear
regression procedure over the strain range 0-2.20 %o
(value) Coefficient of Variation (COV) = (Standard deviation/Average) x 100
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Figure 3.11 - Tensile stress-strain curves for the MBrace®Resin 220 resin.

CFRP Laminate

The CFRP laminate was provided in a roll and was produced by S&P® Clever
Reinforcement Company (S&P, 2004) and distributed by Bettor MBT® Portugal
(BETTOR MBT, 2004), see Figure 3.12. The laminate had the trademark MBrace
Laminado LM (BETTOR MBT, 2003), and was composed of unidirectional carbon
fibres, agglutinated by an epoxy adhesive. According to the supplier, the MBrace
Laminado LM has the main properties included in Table 3.8.

Twenty measurements of the thickness and the width were carried out to determine
the dimensions of the cross-section of the CFRP laminate strip. A thickness of
1.411+0.013 mm and a width of 9.372+0.038 mm were obtained.

To determine the tensile mechanical properties of the CFRP laminate, four tensile
tests in coupon specimens (see Figure 3.13) were carried out according to ISO 527-
5(1993) and ASTM 3039 (1993). A testing machine Instron 4208 with 150 mm
distance between grips and gauge length of 50 mm (see Figure 3.14) was used. A
displacement rate of 2 mm/min was selected for all the tests. The failure tensile stress,
failure tensile strain and modulus of elasticity are listed in Table 3.9. The CFRP
laminate tensile stress-strain curves are shown in Figure 3.15.

Efficient strengthening technique to increase the flexural resistance of existing RC slabs 24



Figure 3.12 - CFRP laminate packaging, rdl/ of 1560 m length.

Table 3.8 - Main properties of the “MBrace Laminado LM” (BETTOR MBT, 2003).

Property Value
Width (mm) 10
Thickness (mm) 1.4
Tensile strength (N/mm?) > 2000
Elasticity modulus (kN/mm?) > 150
Ultimate strain (%o) 14

250mm
50 ‘ 50
|
. |
<
Tab P
o [t}
T Y

Figure 3.13 - Test specimen shape and dimensions (type 1B - ISO 527-5, 1993).
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Figure 3.14 - The Instron 4208 testing machine used in the CFRP tensile tests.
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Figure 3.15 - CFRP laminate tensile stress-strain curves.

The ultimate tensile strain in Table 3.9 was evaluated using the following equation:

g, =— (3.1)

where

¢y is the ultimate tensile strain;
oy is the ultimate tensile stress; and
E is the tensile modulus of elasticity, in accordance with ISO 527-1/5 (1997).
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Table 3.9 - Results of the CFRP laminate tensile tests.

Ultimate Ultimate Modulus of Modulus of
Specimen tensile stress tensile strain elasticity® elasticity”
(N/mm?) (%o) (kN/mm?) (kN/mm?)
1 2922.10 18.84 155.080 167.740
2 2927.42 19.11 153.150 164.300
3 2876.15 18.12 158.690 165.230
4 2790.86 17.72 157.540 164.820
Average 2879.13 18.45 156.100 165.500
63.19 0.64 2.48 1.53
Std. Dev. (2.19%) (3.49%) (1.59%) (0.92%)

@ According to 1ISO 527-1 and I1SO 527-5 (1997)
® Tensile Chord Modulus of Elasticity, according to ACI (2002) and ASTM 3039 (1993)
(value) Coefficient of Variation (COV) = (Standard deviation/Average) x 100

Reinforcing Steel

Steel bars of grade 400 with nominal diameter, ¢s, of 8 mm, were used for the
longitudinal reinforcement of the slabs (CEB-FIP Model Code, 1993). No shear
reinforcement was used in the slabs.

Six tension coupons from the ¢s =8 mm conventional reinforcing steel bars were
tested to acquire their modulus of elasticity, yield stress and ultimate tensile strength.
The coupons were tested in direct tension, using a DARTEC universal testing
machine with a load cell of 600 kN capacity and an accuracy better than + 2% (see
Figure 3.16) The samples were loaded at a constant stress rate of 18 N'mm?s™. The
bar elongation was measured using a clip-gauge of 100 mm gage length. The tensile
tests were conducted according to the standard procedures found in ASTM A 370
(2002) and EN 10 002-1 (1990).

Figure_3.1 6 - The testing machine used in the steel bar tensile tests.
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The six obtained stress-strain curves are depicted in Figure 3.17. The mechanical
properties of the steel reinforcing bars, evaluated from the direct tensile tests, are
reported in Table 3.10. The results of the six tests were almost identical, and all tests
exceeded the specified yield strength of 400 N/mm?. All stress-strain curves showed a
linear elastic behavior up to a yield stress of about 470 N/mm? and strain of 2.38 %o.
This tested vyield strain was slightly higher than the expected yield strain of 2.35 -
2.24 %o. This results in a tested elastic modulus of about 200 kN/mm?, which is
equals to the lower limit of the range that is typically used for steel reinforcement
(200 - 210 kN/mmz). Above the yield plateau, the steel experienced strain hardening
up to the ultimate strength. The clip-gauge was removed at a strain of approximately
50 %o to protect it from damage.

700
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& 500
E a
£
Z )
@ 400 Coupon 1
] 24 —o— Coupon 2
® —o— Coupon 3
300 —f
2 —~— Coupon 4
2 —*— Coupon 5
& 200 —e— Coupon 6
b
100
0 i L T i T
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0 25 50 75 100 125 150 175 200 225
Strain (%o)

Figure 3.17 - Stress-strain diagram of reinforcing steel.

Table 3.10 - Steel bars mechanical properties evaluated from the direct tensile tests.

Modulus of Yield strength Strain at Tensile

Sample elasticity (0.2 %)° . b strength
(kN/mm?) (N/mm?) yield stress (N/mm?)

1 183.582 479.03 0.0028 578.75

2 191.344 470.38 0.0027 563.27

3 212.478 450.34 0.0024 544.60

4 216.988 442.60 0.0022 529.58

5 195.258 475.39 0.0026 558.72

6 202.256 476.75 0.0026 567.83
Average 200.318 465.75 0.0025 557.12
.77 15.4 . 2 17.54

Std.Dev. (16?38%) (3?312) (08 .01090%) (3.12%)

% Yield strength determinated by the “Offset Method”, according to ASTM 370 (2002)
® Strain at yield point, for the 0.2 % offset stress
(value) Coefficient of Variation (COV) = (Standard deviation/Average) x 100
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4 Preparation of the Slab Specimens

Eight reinforced concrete slabs strips of 300 mm x 1965 mm, with 80 mm thickness,
were cast at distinct periods from different concrete mixes. For each concrete batch,
four cylindrical concrete specimens, of 150 mm diameter and 300 mm depth, and
three beams of 100 mm x 100 mm cross section and 850 mm length, were cast. The
slabs, cylinders and beams moulds used are shown in Figure 4.1(a). For each
concrete batch, each slab, cylinder and beam specimen was cast in two layers, each
one vibrated using an electrical concrete poker vibrator with a 25 mm tip and 50 Hz
frequency, see Figure 4.1(b).

(a) (b)
Figure 4.1 - Slab strips, cylinders and beam specimens: (a) formwork set up and moulds used,
and (b) plain concrete consolidation.

A detail of one strain gauge installed on a reinforcing bar, the bar plastic support used
to set the bar correctly, and the constructive reinforcement ¢3 mm is shown in
Figure 4.2.

After the slabs, the cylinder, and beam concrete specimens have been cast, their top
surfaces were finished manually using a smooth plastic float and were covered with
wet burlap sacks. The burlap sacks were monitored and kept wet for two days (see
Figure 4.3). After this curing period, the slabs, the cylinder and the beam specimens
were removed from the moulds and maintained in natural laboratory environmental
conditions up to 28 days.
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Figure 4.2 - Detail of the strain gauge at the steel bar, bar plst/c SL}pport and constructive
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Figure 4.3 - Curing with water-retaining covering (a), and final aspect of the specimens (b).
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5 Strengthening Steps

The procedures of the hybrid strengthening technique are described in this chapter.

NSM Strengthening Technique

When the concrete slabs attained approximately 28 days of age, the slab specimens
to be strengthened were placed outside the laboratory and the grooves were made
using a Hilti diamond saw cutter machine, model DC 230-S (HILTI, 2004), see
Figure 5.1. The slits had about 4.5 mm width and 15 mm depth on the concrete cover
of the slab’s surface that will be in tension.

N

(a) (b)

Figure 5.1 - Making the slits (a), and diamond saw cutter machine detail (b).

In order to eliminate the dust resultant from the sawing process, the slits were cleaned
with compressed air before bonding the laminate strips to the concrete into to slits
(Figure 5.2). The CFRP laminates were cleaned with acetone to remove any possible
dirt.

Figure 5.3 shows an overview before installing the CFRP laminates into the slits. The
laminate strips were fixed to the concrete slits using the aforementioned epoxy
adhesive (Section “CFRP-Concrete Bond Product”). The slits were filled with the
epoxy adhesive using a spatula, and the CFRP laminates were then introduced into
the slits (Figure 5.4).
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Figure 5.3 - A specimen before being strengthened; the adhesive compound recipients; the

acetone bottle; the CFRP laminate strips; and the tools used to mix and to apply the epoxy
adhesive into the slits.

SFRC Overlay Strengthening

The slab specimens to be overlaid were placed outside of the laboratory and the top
surface was sandblasted, see Figure 5.5. To ensure good adhesion between new
concrete overlay and the old concrete, a fast layer should be removed up to get
aggregates uncovered. Therefore, the surface preparation technique of sandblasting
the old concrete was employed.
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(©) ()
Figure 5.4 - NSM application procedure: Mixing the thixotropic epoxy adhesive (a), detail of the
strain gauges at the CFRP laminate (b), filling the slit with epoxy (c), and placing the CFRP
laminate (d).

To eliminate the dust resultant from the sandblasting process, before applying the

bond product, the top surface of the specimen was cleaned with compressed air
(Figure 5.6).
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Figure 5.6 - Cleaning the sandblasted surface with compressed air jet.

The SFRC overlay was bonded to the concrete slab sandblasted surface using the
epoxy adhesive indicated in Section “Overlay Bond Product”. The main bond steps
are shown in Figure 5.7. An overview before applying the bond product and the
freshly SFRC is shown in Figure 5.7(a). The bond product was spread over the
substrate top surface with a spatula Figure 5.7(b,c). The fresh concrete overlay was
cast as is illustrated in Figure 5.7(d). A mini slipform showed in Figure 5.8(a,b) was
used to consolidate the thin SFRC overlay and beam SFRC specimens. The mini
slipform intends to simulate the real conditions of compaction of a thin SFRC overlay.
The SFRC beam specimens were cast in three layers (about 50 mm thickness) and
each one was consolidated using the mini slipform. The SFRC cylinder specimens
were cast in two layers, each one consolidated using a vibratory compaction table
during about 5 seconds.
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(e) (f)
Figure 5.7 - Overview of the specimens and the moulds before applying the SFRC overlay: (a)
formwork set up and moulds used, (b, c) applying overlay bond product, (d) placing fresh SFRC
overlay, (e) final aspect of the finished surface (f) curing with wet burlap.
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The work of bonding the fresh SFRC overlay to the hardened concrete followed the
manufactures specifications (SIKA, 2002) and the ACI guidelines (ACI 503.2-92,
ACI 503.5R-92 and ACI 503.6R-97). In the present experimental program, an overlay
thickness of approximately 30 mm of SFRC layer was adopted.

For each SFRC batch, three cylinder concrete specimens (150mm x 300mm) and four
beams (150 mm x 150 mm, with 600 mm length) were cast and tested at the testing
age of the slab. The curing process adopted for the plain concrete was also used for
the thin bonded SFRC overlay, cylinder and beam SFRC specimens (see
Figure 5.7(f)).

(a) (b)
Figure 5.8 - SFRC consolidation with a mini slipform: (a) SFRC overlay, and (b) beam specimens.
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6 Results

The notation adopted to identify each slab specimen is: SLxSO, where:

SL = slab strip base;

X = slab specimen number (1 to 8);

S = strengthened with CRFP laminates (if this is the case); and
O = slab overlaid with SFRC layer (if this is the case).

Therefore, the slab with signature SL7SO refers to the slab specimen number 7,
strengthened with CFRP laminates in the tensile zone and overlaid with 30 mm
thickness SFRC in the compressive zone.

Reference Slabs
- The SL1 unstrengthened slab strip is shown in Figures 6.1, before and after

having been tested. The mid-span deflection, steel reinforcement strain and concrete
strain are shown in Figures 6.2, 6.3 and 6.4, respectively.

(a) (b)
Figure 6.1 - Specimen SL1 before (a), and after having been tested (b).
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Figure 6.2 - Relationship between applied load and deflection at mid-span of the slab SL1.
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Figure 6.3 - Relationship between applied load and tensile strain of the steel reinforcement for the

slab SL1 (refer to Figure 2.2(c)).
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Figure 6.4 - Relationship between applied load and compressive strain of the concrete at top
surface for the slab SL1 (refer to Figure 2.2(d)).

- The SL2 unstrengthened slab strip is shown in Figures 6.5, before and after
having been tested. The mid-span deflection, steel reinforcement strain and concrete
strain are shown in Figures 6.6, 6.7 and 6.8, respectively.

(a) (b)
Figure 6.5 - Specimen SL2 before (a), and after having been tested (b).
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Figure 6.6 - Relationship between applied load and deflection at mid-span of the slab SL2.
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slab SL2 (refer to Figure 2.2(c)).

22

Figure 6.7 - Relationship between applied load and tensile strain of the steel reinforcement for the
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Figure 6.8 - Relationship between applied load and compressive strain of the concrete at top
surface for the slab SL2 (refer to Figure 2.2(d)).

The bottom appearance of the unstrengthened slabs after having been tested is
shown in Figure 6.9.

(b)

Figure 6.9 - Crack pattern in reference slabs: (a) SL1, and (b) SL2.

Slabs Strengthened with CFRP Laminate

- Figure 6.10 shows the NSM CFRP strengthened SL3S slab strip before and
after having been tested. The mid-span deflection, concrete strain and CFRP laminate
strain are shown in Figures 6.11, 6.12 and 6.13%, respectively.

§ It was not possible to record data of the steel reinforcement strain gauge instrumentation for the slab strip SL3S
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(a) | (b)
Figure 6.10 - Specimen SL3S before (a), and after having been tested (b).
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Figure 6.11 - Relationship between applied load and deflection at mid-span of the slab SL3S.
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Figure 6.12 - Relationship between applied load and compressive strain of the concrete at top

surface for the slab SL3S (refer to Figure 2.2(d)).
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Figure 6.13 - Relationship between applied load and tensile strain of the CFRP laminate for the

slab SL3S® (refer to Figure 2.2(b,c)).

§ It was not possible to record the data of the SG8
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- Figure 6.14 shows the NSM CFRP strengthened SL4S slab strip before and
after having been tested. The mid-span deflection is shown in Figures 6.15.

(@& (b)
Figure 6.14 - Specimen SL4S before (a), and after having been tested (b).
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Figure 6.15 - Relationship between applied load and deflection at mid-span of the slab SL4S.
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Figure 6.16 - Relationship between applied load and tensile strain of the steel reinforcement for the
slab SL4S? (refer to Figure 2.2(c)).
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Figure 6.17 - Relationship between applied load and compressive strain of the concrete at top
surface for the slab SL4S (refer to Figure 2.2(d)).

§ It was not possible to record the data of the SG1 and SG2
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Figure 6.18 - Relationship between applied load and tensile strain of the CFRP laminate for the
slab SL4S (refer to Figure 2.2(b,c)).

The bottom appearance of the slabs strengthened with CFRP laminates after having
been tested is shown in Figure 6.19.

(@)

Figure 6.19 - Crack pattern in CFRP strengthened slabs: (a) SL3S and (b) SL4S.

Slabs Strengthened with CFRP Laminate and SFRC Overlay

- SL5SO is a slab strip strengthened by combining CFRP laminates, applied
according to the NSM technique, and a SFRC compression overlay. Figures 6.20
shows the SL5SO slab strip before and after having been tested The mid-span
deflection, steel reinforcement strain, concrete strain and CFRP laminate strain are
shown in Figures 6.21, 6.22, 6.23 and 6.24, respectively.
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Figure 6.20 - Specimen SL5SO before (a), and after having been tested (b).
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Figure 6.21 - Relationship between applied load and deflection at mid-span of the slab SL5SO.
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Figure 6.22 - Relationship between applied load and tensile strain of the steel reinforcement for the
slab SL5SO? (refer to Figure 2.2(c)).
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Figure 6.23 - Relationship between applied load and compressive strain of the concrete at top
surface for the slab SL5SO (refer to Figure 2.2(d)).

§ It was not possible to record the data of the SG2 and SG3
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Figure 6.24 - Relationship between applied load and tensile strain of the CFRP laminate for the
slab SL5SO (refer to Figure 2.2(b,c)).

- SL6SO0 is a slab strip strengthened by combining CFRP laminates, applied
according to the NSM technique, and a SFRC compression overlay. Figures 6.25
shows the SL6SO slab strip before and after having been tested The mid-span
deflection, steel reinforcement strain, concrete strain and CFRP laminate strain are
shown in Figures 6.26, 6.27, 6.28 and 6.29, respectively.
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1| s

(a) (b)
Figure 6.25 - Specimen SL6SO before (a), and after having been tested (b).
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Figure 6.26 - Relationship between applied load and deflection at mid-span of the slab SL6SO.
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Figure 6.27 - Relationship between applied load and tensile strain of the steel reinforcement for the
slab SL6SO? (refer to Figure 2.2(c)).

§ It was not possible to record the data of the SG3
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Figure 6.28 - Relationship between applied load and compressive strain of the concrete at top
surface for the slab SL6SO (refer to Figure 2.2(d)).
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Figure 6.29 - Relationship between applied load and tensile strain of the CFRP laminate for the

slab SL6SO (refer to Figure 2.2(b,c)).
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- SL7S0 is a slab strip strengthened by combining CFRP laminates, applied
according to the NSM technique, and a SFRC compression overlay. Figures 6.30
shows the SL7SO slab strip before and after having been tested The mid-span
deflection, steel reinforcement strain, concrete strain and CFRP laminate strain are
shown in Figures 6.31, 6.32, 6.33 and 6.34, respectively.

T
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(a) (b)
Figure 6.30 - Specimen SL7SO before (a), and after having been tested (b).
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Figure 6.31 - Relationship between applied load and deflection at mid-span of the slab SL7SO.
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Figure 6.32 - Relationship between applied load and tensile strain behaviour of the steel
reinforcement for the slab SL7SO® (refer to Figure 2.2(c)).
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Figure 6.33 - Relationship between applied load and compressive strain of the concrete at top
surface for the slab SL7SO (refer to Figure 2.2(d)).

§ It was not possible to record the data of the SG2
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Figure 6.34 - Relationship between applied load and tensile strain of the CFRP laminate for the
slab SL7SO (refer to Figure 2.2(b,c))..

- Figure 6.35 shows the NSM CFRP strengthened SL8SO slab strip before and
after having been tested. The mid-span deflection, steel reinforcement strain, concrete

strain and CFRP laminate strain are shown in Figures 6.36, 6.37, 6.38 and 6.39,
respectively.

(b)
Figure 6.35 - Specimen SL8SO before (a), and after having been tested (b).
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Figure 6.36 - Relationship between applied load and deflection at mid-span of the slab SL8SO.
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Figure 6.37 - Relationship between applied load and tensile strain of the steel reinforcement for the
slab SL8SO? (refer to Figure 2.2(c)).

§ It was not possible to record the data of the SG2
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Figure 6.38 - Relationship between applied load and compressive strain of the concrete at top
surface for the slab SL8SO (refer to Figure 2.2(d)).
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Figure 6.39 - Relationship between applied load and tensile strain of the CFRP laminate for the
slab SL8SO (refer to Figure 2.2(b,c)).

The bottom appearance of the slabs strengthened with CFRP laminate and SFRC
overlay after having been tested is shown in Figure 6.40.
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Figure 6.40 - Crack pattern in CFRP strengthened and SFRC overlaid slabs:
(a) SL5SO, (b) SL6SO, (c) SL7SO and (d) SL8SO.
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7 Analyses of Results

The analysis of the results of the eight tested slabs is presented in this chapter. Their
behavior regarding load-displacement response, ultimate strength and mode of failure,
bond stress along the laminate strips, crack spacing and ductility of the slab
specimens tested, is described.

Load-displacement Response

The load-mid span deflection curves of the tested slabs are presented in Figure 7.1.
The relationship between the displacements recorded in the other LVDTs and load are
included in Annex F. It can clearly be noticed in Figure 7.1 that the experimental
load-displacement curves of the unstrengthened and strengthened slabs have a
typical trilinear diagram, which correspond to the following behavioural phases: the
uncracked elastic; crack propagation with steel bars in elastic stage; steel
reinforcement post-yielding stage. The unstrengthened control slabs behaved in a
perfectly plastic manner in the post-yielding phase.

The cracking, yielding and maximum loads, and the strength increasing ratio are given

in Table 7.1. The strength increasing ratio, in Table 7.1, was calculated using the
following expressions:

CFRP u
FUL - FUL

- CFRP strengthened slabs: =T (7.1)
uL
and
CFRP&SFRC U CFRP&SFRC _ = CFRP
- GFRP & SFRC strengthened slabs: "o ~Fu ang Fu™ —~Fu (7.2)
I:UL Fu|_ and (73)

where
FS™ - is the average maximum load of CFRP strengthened slabs;

F.. - is the average maximum load of unstrengthened slabs, and
FiPeSPRe -~ is the average maximum load of CFRP and SFRC overlay strengthened
slabs.

The monitored strains at the mid-span, in the concrete top surface, steel bar and
CFRP laminates are listed in Table 7.2.
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Figure 7.1 - Load-deflection behaviour at mid-span of all slabs.

The width of the slits where the CFRP laminate was installed, in the slabs SL3S,
SL4S, SL5S0O and SL6SO, was of about 4.0 mm. In the slabs SL7SO and SL8SO the
width of the NSM slits was about 14.0 mm and 7.4 mm (c.f. Annex I). By examining
the load-deflection curves in Figure 7.1, it can be noticed that the width of the NSM
slits had no influence on the overall behaviour of the slabs.

Table 7.1 - Summary of the results in terms of loads.
Cracking Yielding Maximum Average Strength

Strengthening desiSIz:tion load® load® load ultimate load increasing
g (kN) (kN) (kN) (kN) ratio (%)
SL1 2.57 10.56 14.34 14.73
Reference (3.742) NA
SL2 3.50 12.10 15.12 . °
CFRP laminate SL3S 3.78 17.93 35.60 36.64 148.71
strengthening SL4s 3.77 19.15 37.67 (4.00%) .
SL5SO 7.61 31.55 65.13
CFRP + SFRC SL6SO 6.98 30.08 65.46 66.37 350.58°
overlay 2.023%) 81.17¢
strengthening SL7S0O 6.79 30.57 66.85 (2. ° .
SL8SO 6.96 30.64 68.04

(value) Coefficient of Variation (COV) = (Standard deviation/Average) x 100

?n an experimental test, the cracking load is normally reported at a load step when cracking is detected for
the first time. However, the cracking load is considered here as the load at which a significant change in the
slope of the total load-deflection relationship is observed

® The yield load is defined herein as the load which leads to an elongation on steel reinforcement
corresponding to the yield point from tension test in coupons. A significant change in the slop of the total load-
deflection curve is also observed in the vicinity of yield load

© With respect to the reference

4 With respect to the CFRP laminate strengthening

NA: not applicable
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From the analysis of the strain values of Table 7.2, it can be concluded that, at the
onset of the slabs’ failure, the maximum strain in the CFRP ranged from 11%o to
13.4%o, Which is 60% to 73% of the CFRP laminate ultimate strain (see Table 3.9).

As expected, the concrete maximum compressive strain of the slabs only
strengthened by CFRP laminates has exceeded 3.5%., while in the hybrid

strengthened slabs the concrete maximum compressive strain was below this value.

Table 7.2 - Summary of the monitored strains.

Strenathenin Slab Concrete compression Steel CFRP laminate
9 9 strain® (%o) strain® (%o) strain® (%o)
SL1 3.56[14.05]¢ 8.35[14.00] NA
Reference
SL2 3.10[14.56] 19.86[14.89] NA
CFRP laminate SL3S 4.70[35.49] NE 11.06[35.58]
strengthening SL4S 5.12[34.309] 20.82[25.07] 12.52[36.91]
SL5SO 3.35[65.13] 20.91[39.20] 13.41[65.13]
CFRP + SFRC SL6SO 3.35[65.24] 7.48[44.84)] 12.20[65.46]
overlay
strengthening SL7SO 2.78[60.61] 21.48[41.87] 13.12[66.85]
SL8SO 3.45[67.62)] 12.121[45.64)] 13.42[68.04)]

[value] Corresponding load in brackets

@ Maximum value of SG9 and SG10

® Maximum value of SG1, SG2 and SG3

¢ Maximum value recorded in SG7 and SG8
4 The load in bracket is the maximum load
NA: not applicable; NE: not evaluated

Strength and Failure Mode

Figure 7.2 illustrates the internal strain and stress distribution for the CFRP
strengthened sections under flexure at the ultimate limit state. If the type of failure that
can occur is assumed to be failure in the composite material with steel yielding, the
nominal bending capacity can then be evaluated from:

M=As-fs-(ds—ﬁ—21-cj+Af-gf-Ef(h—hf—%-cJ (7.3)

The horizontal equilibrium equation for the section in Figure 7.2(d) gives:
B1‘a'fc'b'C=As‘fs+Af‘8f‘Ef (7_4)
That can be solved in terms of ¢ (the neutral axis depth):

C_AS.fS+Af'8f.Ef 75
i B1'a'fc'b ( - )
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The aforesaid assumptions can be also used to determine the nominal flexural
strength of the hybrid strengthened section, CFRP and SFRC overlay strengthening,
since the depth of the equivalent rectangular stress block does not extend beyond the
bond line. Table 7.3 includes the theoretical calculations of the load capacity, the
experimental loads at failure, the ultimate deflections and the modes of failure of the
slabs tested herein. The failure types of each slab specimens tested is further detailed
separately hereafter. In the calculations of the load capacity the following values were
taken:

- for the rectangular stress block factors:

o = is the ratio of the average concrete stress to the concrete strength
(is taken equal to 0.85, according to ACI 318-02), and

B1 = is the ratio of the depth of the equivalent rectangular stress block to
the depth of the neutral axis (According to ACI 318-02, factor B4 is 0.85
for concrete strength, f., up to and including 27.6 N/mm?. For strengths
above 27.6 N/mm?, B+ is reduced continuously at a rate of 0.05 for each
6.9 N/mm? of strength in excess of 27.6 N/mm?, but B shall not be taken
less than 0.65. Therefore herein B4 is taken equal to 0.72).

- for the material properties:
f. = value corresponding to each slab (refer to Table 3.1);
f, = 550 N/mm? (refer to Table 3.10);
& = 18.45%o (refer to Table 3.9), and
E: = 156.10 kN/mm? (refer to Table 3.9).
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Figure 7.2 - Internal strain and stress distribution for the strengthened section under flexure at
ultimate stage.

The failure mechanism of the reference slabs (SL1 and SL2) was governed by flexure
failure mode, i.e. by yielding of internal reinforcement, with extensive cracking in the
tension flange, followed by concrete crushing in compression. The failure mode of the
reference slabs is illustrated in Figure 7.3.

For the slab strips strengthened only with NSM technique (SL3S and SL4S) the failure
mechanism was also governed by flexural failure: yielding of the internal steel
reinforcement followed by the concrete compression failure at the top. However, the
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slab specimen SL3S, after significant deflection failed in shear by intermediate shear
crack mechanism (refer to Figure 7.4). The failure modes of the slabs SL3S and
SL4S are shown in Figure 7.5.

Table 7.3 - Theoretical calculations compared with loads at failure, ultimate deflection and mode of

failure.
Calculated Maximum Maximum/ Ultimate Tvpe of
Strengthening Slab load load calculated deflection® fZiF:ure
(kN) (kN) ratio (mm)
SL1 13.84 14.34 1.04 102.52 Flexure
Reference

SL2 14.01 15.12 1.08 102.74 Flexure

CFRP laminate ~ SL3S 37.58 35.60 0.95 73.20 Flexure®

strengthening g 45 37.58 37.67 1.00 95.32 Flexure
SL5SO 66.90 65.13 0.97 56.54 Flexo-shear®
CFRP+SFRC ¢ 650 66.54 65.46 0.98 64.11 Flexo-shear

overlay

Strengthening SL7SO 66.36 66.85 1.01 57.84 Flexo-shear
SL8SO 68.26 68.04 1.00 56.47 Flexo-shear

@ Deflection registered at ultimate load in strengthened slabs

® Slab specimen with severe crushing of concrete followed by diagonal shear crack formation

¢ Flexo-shear failure mode is considered here as steel yielding and shear failure was observed after
significant deflections

In the combined strengthening case, NSM and SFRC overlay, all slab strips (SL5SO,
SL6SO0, SL7SO and SL8SO) failed in shear, by intermediate shear crack mechanism
with extensive cracking in the tension flange (refer to Figure 7.4). The failure modes
of the slabs strengthened with NSM and SFRC overlay are illustrated in Figure 7.6
and 7.7.

(a) (b)
Figure 7.3 - Failure mode of the unstrengthened slabs: (a) lateral view of cracking pattern and
concrete crushing at the top of slab, and (b) bottom view of cracking pattern of slab SL1.

In all the tested slabs strengthened by NSM technique, on the contrary to what has
been commonly verified experimentally for the extensively studied EBR strengthening
technique (HOLLAWAY & LEEMING, 1999; AL-CHAAR & LAMB, 2002;
BUYUKOZTURK et al, 2002; CHRISTOPHER & YANG, 2002; TENG et al, 2003;
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MOSALLAM & MOSALLAM, 2003; SAYED et al, 2005; WO & HEMDAN, 2005; TANN,
2005; KOTYNIA, 2005b; ZHANG et al, 2006), no premature brittle failure occurred, i.e.
loss of FRP effectiveness due to sudden CFRP debonding phenomena.

shear crack /2

‘ ‘ flexural crack ‘ CFRP

‘ ‘ laminate
300 mm

300 mm 300 mm

Figure 7.4 - Intermediate shear crack away from the CFRP strip ends.

(c) (d)
Figure 7.5 - Failure mode of the slab strengthened with NSM: (a) lateral view of cracking pattern
and concrete crushing at the top and (b) lateral and bottom view of shear crack in slab SL3S;
(c) and (d) lateral views of concrete crushing in compression of slab SL4S.

Early concrete cover delamination and plate-end failure, due to direct transverse
tensile stress at the concrete cover-internal reinforcement interface and adhesive-
concrete interface, respectively, are another common failure modes considered in RC
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member strengthened with externally bonded FRP reinforcement (AHMED et al, 2001;
AL-CHAAR & LAMB, 2002). Although this type of collapse has also been reported as
a failure mechanism for the NSM strengthening technique (FORTES & BARROS,
2001; KOTYNIA, 2005a, 2005c), such occurrence was not observed in the present
tests, even in the slab specimens having a concrete of low strength class (C20/25), a
relative small distance between the NSM slits (about 70 mm) and a high CFRP

strengthening ratio (As/Acrrp = 35.05%, 1p”ef=1.08% and p=0.71%, for slabs

strengthened with NSM and slabs strengthened with NSM and SFRC overlay,
respectively). However, surely it would be necessary to carry out a comprehensive
experimental research about this subject taking into account varia