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Abstract

The experimental programs for the flexural strengthening of reinforced concrete (RC) structures using
the Near Surface Mounted (NSM) technique with Fiber Reinforced Polymer (FRP) laminates were, in
general, conducted with simply supported beams. Therefore, there is a lack of experimental and
theoretical studies on the moment redistribution of statically indeterminate RC elements strengthened
with NSM technique. This work explores the influence of the amount of FRP in terms of load carrying
capacity, ductility and moment redistribution capacity of continuous RC slab strips. In this way, two
span slab strips strengthened in the hogging region were tested. The obtained results were used to assess
the predictive performance of a finite element model in the simulation of the nonlinear behavior of the
tested slabs. Finally, a parametric study is carried out to investigate the influence of the strengthening
arrangement and FRP percentage in terms of load carrying capacity and moment redistribution capacity
of continuous RC slab strips flexurally strengthened by the NSM technique.

Keywords: NSM strengthening technique, CFRP laminates, flexural strengthening, RC
continuous slabs, Moment Redistribution, Plastic rotation capacity

1  Introduction
Extensive research has been conducted on the strengthening of reinforced concrete (RC) structures

by using the Externally Bonded Fiber Reinforced Polymer reinforcement technique (FRP-EBR).
The available research in this topic has revealed that RC elements strengthened by means of FRP-
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EBR systems tend to fail by brittle premature plate debonding, well before the FRP tensile strength
capacity is reached (Vasseur et al. 2007, El-Rafaie et al. 2004, Oehlers et al. 2004, Aiello et al.
2007). The premature debond and the linear-elastic brittle failure behaviour of the FRP-based
strengthening systems can be a serious restriction in their use for the flexural strengthening of
statically indeterminate RC structures due to the restrictions they impose in terms of load carrying
capacity, ductility and moment redistribution these FRP systems can provide. The recent
achievements in the flexural strengthening effectiveness of the Near Surface Mounted technique
(NSM) have expanded the potentialities of FRP systems for new types of applications (Barros and
Kotynia, 2008). Tests on simply supported RC members strengthened with NSM Carbon FRP
(CFRP) laminates have shown that NSM laminates debond at much higher strains than EBR CFRP
strengthening systems, and, in certain cases, they can even fail by rupture (Blaschko 2003, Barros
and Fortes 2005, Barros et al. 2007). Therefore, NSM strengthened members are expected to have
a much more ductile behavior than EBR strengthened members. Since the majority of the tests
carried out with NSM strengthened members have been executed with simply supported beams and
slabs, there is a lack of experimental and theoretical studies on the effectiveness of the NSM
technique, in particular in the moment redistribution capacity of statically indeterminate RC
members flexurally strengthened with the NSM technique. Relevant studies on continuous RC
members strengthened with NSM technique were conducted by Liu (2005), Liu et al (2006) and
Bonaldo (2008). To contribute for a better understanding of the influence of the strengthening
arrangement (hogging, sagging or both regions) and percentage of FRP in terms of load carrying
capacity, moment redistribution capacity and ductility performance, a parametric study was carried
out. This parametric study was performed by executing nonlinear analysis with a computer
program based on the Finite Element Method (FEM), whose predictive performance was appraised
with the results obtained in an experimental program (Bonaldo, 2008).

2 The experimental program
2.1 Slab specimens and strengthening technique

To assess the effectiveness of the CFRP NSM flexural strengthening technique for the increase of the load
carrying capacity of continuous RC slabs, an experimental program composed of nine 120x375x5875
mm’ RC two-span slabs was carried out by Bonaldo (2008). Three of them were unstrengthened RC slabs
forming a control set (SL15, SL30 and SLA45), and six slabs were strengthened with CFRP laminates
according to the NSM technique (SL15s25, SL15s50, SL30s25, SL30s50, SLA45s25 and SLA45s50). The
notation adopted to identify each slab specimen is SLxsy, where SL is the slab strip base, x is the moment
redistribution percentage, 1 (15%, 30% or 45%), s means that the slab is strengthened, and y is the target
increase in the load carrying capacity (25% or 50%). Fig. 1 shows the geometry of the slab strips and the
strengthening arrangements for the SL15 series. A detailed description of the complete experimental
program can be found elsewhere (Bonaldo, 2008). The steel reinforcement arrangements in the reference
slabs were designed in compliance with ACI 318. According to this recommendation, at service, the
maximum deflection of a slab should be limited to L/480 (L=2800 mm is the span length). Taking into
account the concrete compressive strength applied in the tested slabs, the load F corresponding to this
deflection is 50.82 kN. Furthermore, in the evaluation of the moment redistribution percentages, a strain
limit of 3.5%o for the concrete crushing was assumed. According to the CEB-FIB Model Code (1993), the
coefficient of moment redistribution, § =M, /M, , is defined as the relationship between the moment at

elas >

the critical section after redistribution (M, ) and the elastic moment (M, ) at the same section
calculated according to the theory of elasticity, while 7 =(1-J)-100 is the moment redistribution

percentage. The NSM flexurally strengthened slabs had the same steel reinforcement arrangements
adopted in the reference slabs of the corresponding series, and the number of 1.4x10 mm® cross sectional
area CFRP laminates is designed to increase the load carrying capacity of the reference slabs in 25% or
50%. The design of cross sections subject to flexure was based on force and moment equilibriums, as well
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as in strain compatibility, where the maximum strain at extreme concrete compression fiber was assumed
equal to 3.5%eo. Details on the material properties can be found elsewhere (Bonaldo, 2008). Tab. 1 shows
the arrangement of the steel reinforcement and the strengthening configuration of the tested slab strips. In
this table, the equivalent reinforcement ratio, p,,, = A, /bd, +(AE, I E)/(bd,) , is also indicated, where

s,eq
b is the slab strip width, d; and d, are the effective depth of the longitudinal steel bars and CFRP
systems, respectively, A, and E, are the cross sectional area and the Young’s Modulus of the CFRP

systems, respectively, and A, and E, are the cross sectional area and the Young’s Modulus of the
longitudinal tensile steel bars, respectively.
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Fig. 1 SL15 series slab strips: Test configuration, cross-sectional dimensions and steel and CFRP arrangements.

Tab. 1 Geometry, reinforcement and strengthening details of the cross sections of the slab strips.

Increase of the load Cross-Section Cross-Section Number of NSM Py
carrying capacity Si-Sy’ S,-Sy’ CFRP laminates (%)
Reference A =2012 A= 5012 0 1.60
15% 25% s Do , e 3 1.68
30% A, =4¢12mm + 3¢8mm Ay =2012mm + 1¢8mm 7 178
Reference A = 2012 A, = 4012 0 1.28
30% 25% o oo ,_ o T S 2 1.33
50% A;=3012mm + 4¢10mm Ay =2¢10mm + 1¢12mm 5 La1
Reference AL =2010 A, = 3010mm + 208 0 0.95

= mm $= mm mm
45% 25% As=6012mm + 1¢8mm Ay =2012mm + 1¢8mm 1 0.98
50% 3 1.03

Note: As’- compressive reinforcement, As — tensile reinforcement, CFRP laminates applied only in the hogging region.

2.2 Relevant results of the experimental program

The applied load ( F') versus deflection curves of the tested slab strips of SL15 series are presented in Fig.
2. Additionally, Tab. 2 presents the main results obtained experimentally. In this Table, AF,,, is the target

tar
increase in terms of load carrying capacity provided by the strengthening technique at Fmax (maximum
F

value of the average load registered in the load cells F,,,

and F, ,, ). From the analysis of the results, it

can be noted that an average increase of 9% and 16% was obtained in terms of the load carrying capacity
of the slabs strengthened, for an increase of 25% and 50%, respectively. In terms of moment redistribution
percentage, n, for a compressive strain of 3.5 %o in the concrete surface at loaded sections, the following
values of n were obtained: 17.5%, -3.9% and -14.8% for SL15, SL15s25, SL15s50; 36.4%, 25.3% and
14.92% for SL30, SL30s25, SL30s50; 53.0%, 42.8% and 30.8% for SLAS, SLA45s25, SLA45s50. The
moment redistribution capability is, therefore, negatively affected when the percentage of CFRP laminates
increases in the hogging region.
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Fig. 2 Load-midspan deflection relationship for the slabs: (a) SL15 and (b) SL15s25.

Tab. 2 Main results of the experimental program (Bonaldo, 2008).

D SLI5S  SLI5s25 SL15s50 SL30 SL30s25 SL30s50 SLAS SL45525 SLA5s50
AF,, 25% 50% 25% 50% 25% 50%
7 5760 6236 5487 58.09 5449 57.79
w0 qaasa erag O 1000%) (16.55%) VXS (G.69%)  (9.97%)

M; 3388 3842 2384 28585 1725 2261
xp (KN.
prN-m) 2246 soeay (71.06%) 02 @6.80%) (77.64%) OV (35.66%) (73.79%)

Note: Values in round brackets express the load carrying capacity or MR increment.

The following remarks can be pointed out: (i) Up to the formation of the plastic hinge at the
hogging region, the tensile strains in the laminates are far below their ultimate tensile strain. At
concrete crushing (assumed as -3.5%o) the maximum tensile strain in the laminates did not exceed
60% of their ultimate tensile strain, and (ii) the force-deflection relationship evidences that, up to
the formation of the plastic hinge at the hogging region, the laminates had a marginal contribute for
the slabs load carrying capacity. Fig. 3 depicts the relationship between the average applied load
and the moment redistribution percentage n for the slab strips series SL15 and SL30. It is visible
that, in general, after the cracking load (F. ) the moment redistribution decreases up to the
formation of the plastic hinge in the hogging region (¥ ), followed by an increase of 1 up to the
formation of the plastic hinge in the sagging regions (7). The decrease of 1 is due to the decrease
of stiffness in the sagging regions due to the crack formation and propagation in these zones. When
the plastic hinge is developed at the hogging region, the consequent loss of stiffness forces a
migration of moments from the hogging to the sagging regions resulting in an increase of 1. Fig. 3
also shows that 1 decreases with the increase of the percentage of CFRP laminates.

3 Predicting the behavior of strengthened RC slabs

Numerical simulations were performed using a FEM-base program able to simulate the nonlinear behavior
of RC slab strips strengthened according to the NSM CFRP technique. The concrete slab was considered
as a plane shell formulated under the Reissner-Mindlin theory (Barros and Figueiras, 2001). A detailed
description of this model can be found elsewhere (Barros et al., 2008). The predictive performance of this
model was assessed by simulating the tested slabs. According to the results (Fig. 2), the implemented
numerical model is capable of simulating with good accuracy the main relevant behavioral aspects of this
type of structures. Due to space limitation, this paper only deals with the simulations of SL15 series, but
the entire numerical program is treated in detail elsewhere (Dalfré and Barros, 2010).
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Fig. 3 Moment redistribution, 1, for the slab strips series (a) SL15 and (b) SL30.

4 Parametric study

The computer program, which good predictive performance on the simulation of the behavior of the
type of structures in analysis was confirmed in the previous chapter, was adopted to execute a
parametric study for the evaluation of the influence on the load carrying capacity, and moment
redistribution capacity of the following parameters: strengthening configuration and percentage of
CFRP laminates.

4.1 Strengthening arrangements and numerical simulations

The arrangement of the longitudinal steel bars, dimensions of the cross sections, support and load
conditions are the same adopted in the experimental/numerical program for the reference slab strip of
SL15 series. However, distinct strengthening arrangements were applied in the hogging (H) and
sagging regions (S), as shown in Fig. 4 and Tab. 3. In the parametric study, the mechanical properties
adopted for the concrete strength class (C25/30) were determined following the recommendations of
Eurocode 2 and CEB-FIP Model Code 90. The values of the parameters adopted for the constitutive
model used to simulate the behavior of the steel bars can be found elsewhere (Bonaldo, 2008). For the
numerical simulations, the CFRP laminates of 1.4x20mm? cross sectional area were assumed as an
isotropic material with an elasticity modulus of 165 GPa and null value for the Poisson’s coefficient,
since the consideration of their real anisotropic properties has marginal influence in terms of their
contribution for the behavior of NSM strengthened RC slabs.

4.2 Main results

The slab strips can be classified in three different groups due to the position of the adopted strengthening
arrangement: (a) hogging region, (b) sagging region and (c) both sagging and hogging regions. The
relationship between the load applied in each span ( ') and the midspan deflection for the slab strips
strengthened in the hogging region (Fig. 4a), sagging region (Fig. 4b) and in both hogging and sagging
regions (Fig. 4¢) are presented in Fig. 5. The notation adopted to identify the slab strips is SLx_y_w._z,
where SL is the slab strip base, x is the moment redistribution percentage, n (15%), y is the concrete
strength class (C25/30) and w or z are the NSM CFRP laminates applied in the sagging or hogging
regions, respectively. In the evaluation of the following items, the formation of the second hinge (at the
loaded section) was assumed as the ultimate failure condition.

In the cases where the NSM CFRP laminates are only applied in the hogging region (H), Fig. Sa, the
failure mechanism is governed by yielding of internal reinforcement in the hogging region, followed by
the premature formation of the second hinge at the loaded section. In this case, the deflection at the
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formation of the plastic hinge in the hogging region and the deflection amplitude between the formation of
both plastic hinges have decreased with the increase of the equivalent reinforcement ratio (due to the
increase of CFRP percentage). According to the results, no significant increase of load carrying capacity is
obtained, which is in agreement to the experimental results obtained by Bonaldo (2008).

In the cases where the NSM CFRP laminates are only applied in the sagging region (S), Fig. Sb,
the formation of the first hinge occurs for similar deflections. However, the deflection amplitude
between the formation of a plastic hinge in sagging and hogging regions has increased with the
increase of the equivalent reinforcement ratio. The increase of load carrying capacity is now more
pronounced with the percentage of laminates than in the previous cases.

Finally, in the cases where the NSM-CFRP laminates are applied in both regions (H and S), Fig.
Sc, the amplitude of deflection between the formation of the plastic hinges in the hogging and
sagging regions is almost the same for the analyzed cases. The increase of load carrying capacity
with the percentage of laminates, p,, is the highest amongst the three analyzed configurations,
mainly up to the initiation of the plastic hinge in the hogging region. According to the results
obtained by Dalfré and Barros (2010), the flexural strengthening performance of a slab strip strengthened

with NSM CFRP in both hogging and sagging regions is limited by the detachment of the concrete cover
that includes the laminates or due to the formation of shear crack at the hogging region.

Tab. 3 Strengthening details of the cross sections of the slab strips in the parametric study.

Cross-Section ~ Number of NSM P..,  Cross-Section ~ Number of NSM Pseq

S-Sy’ CFRP laminates" (%) S,-Sy’ CFRP laminates" (%)
Ay =2612mm 0 1.71 A;=5012mm 0 1.60
A, =4¢012mm 2 1.82 AJ =2012mm 2 1.71
+ 3¢8mm 4 1.92 + 1¢8mm 4 1.82
As’- compressive reinforcement, As — tensile reinforcement, M of 1.4x20 mm” cross section
PSI Hogging region PSI
iFszz S, Fi2s
450 450 l
11
@ H (R
i LSy LS, AT
Sagging region BSZ' Sagging region
1400 1 1400 l 1400 ‘ 1400
S P Si
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(b) H [
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\ \ ‘ |
Fig. 4 Strengthening arrangements: NSM CFRP laminates applied in the (a) hogging region, (b) sagging
region and (c) sagging and hogging regions.
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Fig. 5 Force-midspan displacement relationship for the slab strips strengthened in the: a) hogging, b) sagging
and c) both hogging and sagging regions.

4.2.1 The load carrying capacity index

The load carrying capacity index (A) is defined as the ratio between the force obtained when using

the strengthening technique, F,,,,., and the force obtained in the reference slab, F,,
(/1 =F e | Fry ) , where F is the force at the initiation of the second plastic hinge. The relationships

between A and p, . in the hogging ( p” ) and sagging ( ©°, ) regions are represented in Fig. 6. The
ggmg (O, ggmg (o, ) reg P 4

s,eq
H
s.eq

load carrying capacity of the strengthened slabs increases with pf ., and but the increase of A

S
s.eq *

1s more pronounced with For the slabs only strengthened in the hogging region, the increase

of A is less than 10%, which is in agreement to the experimental results obtained by Bonaldo
(2008).

4.2.2 Moment redistribution analysis

The moment redistribution index (MRI) is defined as the ratio between the 1 in a strengthened slab,
Nuen » and in the reference slab, 7., (MRl =1,,,. /7, ), where 1 is the moment redistribution
percentage at the formation of the second hinge (in the sagging region).

The relationship between MRI and the equivalent reinforcement ratio is shown in Fig. 7. It can be
noted that the moment redistribution depends strongly on the strengthening arrangement. In the
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slab strips only strengthened in the hogging region 7, is less than 7, . Increasing the percentage
of laminates in the sagging region, MRI increases, regardless the ,# . For slabs only strengthened

in the sagging regions, MRI>1.0, which means that the strengthened slab has higher moment
redistribution capacity than its reference slab. However, with the increase of the percentage of
laminate in the hogging region, the MRI decreases.

To avoid a decrease in the moment redistribution capacity, CFRP laminates strips should be
applied in both sagging and hogging regions, in appropriate percentages. Fig. 8 shows that the
moment redistribution index increases with ps /o . For ps /5 >1.13 the MRI is positive.
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Fig. 6 Relationship between the load carrying capacity index and the equivalent reinforcement ratio in the: a)
hogging, and b) sagging regions.
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Fig. 7 Relationship between the moment redistribution index and the equivalent reinforcement ratio in the: a)
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5 Conclusions

In this work a parametric study was carried out with a FEM-based computer program to assess the
influence of flexural strengthening configuration and amount of CFRP in terms of load carrying
and moment redistribution capacities of continuous RC slab strips. From the obtained results it can
be pointed out the main following observations:

(i) The load carrying and the moment redistribution capacities strongly depend on the flexural
strengthening arrangement;

(ii) The load carrying capacity of the strengthened slabs increases with pi ., and o

e » DUL the increase is
specially up to the formation of the plastic hinge in the hogging region;

S
s.eq *

. N
much more pronounced with o7, ,

(iii) The moment redistribution decreases with the increase of p” | and increases with

s.eq
(vi) The moment redistribution increases with p?, /p! , and positive values (which means a moment

redistribution higher than the one of the corresponding reference slab) are only obtained for o, /o, >1.13.

s.eq
The results evidence that the use of efficient strengthening strategies can preserve an adequate
ductility and moment redistribution in statically indeterminate structures, with a considerable
increase in the load carrying capacity.
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