[ER

10

11

12

13

14

15

16

17

18

19

20

Analytical Approach for the Flexural Analysis of RC Beams

Strengthened with Prestressed CFRP

Mohammadali Rezazadeh,* Joaquim Barros,? Inés Costa,?

ABSTRACT: The objective of this paper is to propose a simplified analytical approach to predict the flexural behavior
of simply supported reinforced-concrete (RC) beams flexurally strengthened with prestressed carbon fiber reinforced
polymer (CFRP) reinforcements using either externally bonded reinforcing (EBR) or near surface mounted (NSM)
techniques. This design methodology also considers the ultimate flexural capacity of NSM CFRP strengthened beams

when concrete cover delamination is the governing failure mode. A moment-curvature (M — y ) relationship formed

by three linear branches corresponding to the precracking, postcracking, and postyielding stages is established by

considering the four critical M — » points that characterize the flexural behavior of CFRP strengthened beams. Two
additional M — y points, namely, concrete decompression and steel decompression, are also defined to assess the

initial effects of the prestress force applied by the FRP reinforcement. The mid-span deflection of the beams is
predicted based on the curvature approach, assuming a linear curvature variation between the critical points along the
beam length. The good predictive performance of the analytical model is appraised by simulating the force-deflection
response registered in experimental programs composed of RC beams strengthened with prestressed NSM CFRP

reinforcements.
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1. Introduction

Carbon fiber reinforced polymer (CFRP) systems have been extensively investigated for the flexural and shear
strengthening of reinforced concrete (RC) structures due to their advantages, like high strength and stiffness to weight
ratios, excellent fatigue behavior, and high durability in environment conditions where conventional materials have
serious concerns in terms of degradation of their properties [1-3]. CFRP composite materials can be applied to RC
structures to be strengthened by using either externally bonded reinforcing (EBR) or near surface mounted (NSM)
techniques [4, 5]. Experimental research has demonstrated that NSM technique is more effective in shear and flexural
strengthening than the EBR technique due to the higher ratio of the bond contact area to the cross sectional area, as

well as the higher confinement to the CFRP provided by the surrounding concrete [6-9].

Nordin and Taljsten applied a prestress force to the NSM CFRP reinforcement for the flexural strengthening of RC
beams resulting a better utilization of these high tensile strength materials [10]. In fact, applying an appropriate
prestress level on the CFRP reinforcement can significantly increase the load carrying capacity corresponding to
concrete cracking and steel yielding initiations, as well as an increase of the load at serviceability limit state (SLS)
conditions [11-13]. Prestressed CFRPs can also decrease the deflection and crack width when compared to the

corresponding results obtained with non-prestressed CFRPs [14, 15].

The possible flexural failure modes for the RC beams strengthened with CFRP reinforcement using EBR or NSM
techniques can be classified into distinct categories, namely: tension failure of CFRP, concrete compression failure,
delamination of concrete cover, and CFRP debonding [1, 16]. Although the ultimate flexural capacity of RC beams
can be increased significantly by using CFRP reinforcement, its efficiency for the flexural strengthening may be
limited by the occurrence of concrete cover delamination (rip-off) as a premature failure mode [15]. Concrete cover
delamination can occur due to the formation and propagation of a fracture surface in the concrete cover at the free
extremity of the CFRP reinforcement. Many studies have been carried out to identify the load carrying capacity of
EBR CFRP strengthened RC beam failing by concrete cover delamination [17-19]. For the NSM technique, however,
a formulation with physical and mechanical support for the prediction of this type of failure mode, with a format that
can be used in a design context of RC beams flexurally strengthened with CFRP systems, still does not exist.

Therefore, the present work has also the purpose of developing this type of formulation.
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The moment-curvature relationship of the cross section of RC beams can be idealized as a trilinear diagram
representing the uncracked, cracked, and yielded stages of a RC beam [20]. A trilinear moment-curvature response
was considered by Sagan and Rasheed for rectangular cross section beams reinforced with prestressed steel strands in
order to compute the neutral axis depth with a simple hand calculation instead of iterative numerical procedure for the
cracked section [21]. On the other hand, the flexural capacity and the deformational behavior of CFRP strengthened
beams can analytically be predicted by using a trilinear moment-curvature relationship based on the strain
compatibility and principles of static equilibrium. EI-Mihilmy and Tedesco, and Rasheed et al. adopted a trilinear
relationship for the flexural response of RC beams flexurally strengthened with FRP plates [22, 23]. EI-Mihilmy and
Tedesco also proposed a method for calculating the deflection using the developed effective moment of inertia for
FRP-strengthened RC beams, while Rasheed et al. determined the deflection by integrating the curvature along the
beam length. The deflection of the strengthened beams can also be estimated based on the integration of the curvature
in the uncraked and cracked sections representing a certain number of elements with the length equal to average crack
spacing [11]. Barros and Dalfré proposed an analytical approach to calculate the deflection of RC structures
strengthened according to NSM or EBR technique based on the force method, also known as flexibility method,
consisting on establishing a set of displacement compatibility equations whose number is equal to the unknown

redundant supports and generalized displacements (or forces) to be determined [24].

The current study intends to propose an analytical formulation, with a design framework, based on the strain
compatibility and principles of static equilibrium to predict moment-curvature and force-deflection relationships of
RC beams flexurally strengthened with prestressed CFRP reinforcement. The moment-curvature response of the
prestressed section is simulated by the proposed simplified trilinear diagram (representing the precracking,
postcracking, and postyielding stages) consisting two stages up to concrete crack initiation (precracking stage) in order
to simulate the effect of the prestressing. One of these stages refers to concrete decompression, and the other to steel
decompression. In fact, according to this analytical approach, the influence of the prestress force on the trilinear
moment-curvature response of the non-prestressed section can be considered by adding the strain profile of the cross
section at the concrete and steel decompression points to the corresponding strain values in the non-prestressed section
at the concrete cracking and steel yielding initiation points, respectively. Furthermore, the analytical equations are
proposed to determine the neutral axis depth of the cracked non-prestressed and prestressed strengthened sections at

the critical points in order to provide a simple hand calculation and eliminate the iterative numerical procedure. The
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developed design methodology also considers the possibility of occurring the concrete cover delamination failure
mode, since this can limit the ultimate flexural load carrying capacity of RC beams strengthened with NSM CFRP
reinforcement. This methodology is developed by considering the influence of the effective parameters on the

occurrence of the concrete cover delamination failure mode.

The force versus mid-span deflection of the beam is analytically predicted using the curvature distribution along the
beam length. The calculation complexities are simplified by assuming a linear curvature variation between the critical

points that decompose the beam in the three regions corresponding to the trilinear flexural behavior.

The developed analytical formulation can be also applied on the design of RC slabs strengthened with FRP systems
other than CFRP reinforcements. The predictive performance of the analytical model is assessed by simulating the
tests of experimental studies, consisting of RC beams flexurally strengthened with prestressed or non-prestressed NSM

CFRP reinforcements.

2. Assumptions

The following assumptions were adopted in the proposed analytical model:

a) Strain in the longitudinal steel bars, CFRP reinforcement and concrete is directly proportional to their
distance from the neutral axis of the cross section of the RC element;

b) There is no slip between steel and CFRP reinforcements and surrounding concrete when conventional
flexural failure modes are considered as the prevailing ones;

¢) The maximum compressive strain in concrete is 0.003.

3. Analytical Approach

As already mentioned, the moment-curvature (M — y ) relationship of the cross section of a prestressed strengthened

RC beam can be idealized by a trilinear diagram representing the precracking, postcracking, and postyielding phases,

delimited by the following M — y points (Figure 1): initial camber (point (ci)); concrete crack initiation (point (cr));
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steel yield initiation (point (y)); and ultimate capacity (point (u)). The strain distribution on the beam cross section at

each of these points is also schematically represented in Figure 1.

When releasing the prestress force an initial compression field in the longitudinal steel bars and surrounding concrete
is introduced [11, 13]. By applying an increasing external load, these compressive strains are converted in tensile
strains. The transition from compressive to tensile strain (null strain) at the bottom fiber of concrete and at the
longitudinal steel bars is defined as the concrete decompression point (point (cd) in Figure 1) and steel decompression
point (point (sd) in Figure 1), respectively. As expected, the load carrying capacity corresponding to the concrete
cracking and steel yielding initiation increase with the level of prestress due to this initial compressive strain profile.
Hence, the strain profile of the cross section at the concrete decompression and steel decompression instants should
be added to the corresponding strain values in the non-prestressed strengthened beam at the concrete cracking and
steel yielding initiation points, respectively, as represented in Figure 2 (see sections 5.1 and 5.2). It should be

mentioned that both decompression points do not exist when non-prestressed FRP reinforcement is applied.

The analytical model detects the ultimate flexural capacity of the strengthened beams adopting three types of failure
modes, namely: concrete crushing, tensile rupture of the CFRP, and concrete cover delamination. Firstly, the

possibility of occurring either concrete crushing or tensile rupture of the CFRP (conventionally known as flexural

failure modes) is evaluated by considering a critical percentage of CFRP reinforcement ( ,05””) that assures the

simultaneous occurrence of the aforementioned failures. A CFRP reinforcement ratio higher than this critical
percentage causes a concrete crushing failure mode, otherwise the tensile rupture of the CFRP reinforcement is the
dominant failure mode (see section 5.3.1). In the next stage, the ultimate flexural capacity of the strengthened beam
when failing by concrete cover delamination is determined. Finally, the ultimate flexural capacity governed by
conventional flexural failure modes is compared to the one conditioned by the concrete cover delamination, in order

to determine the prevailing failure mode (see section 5.3.2).

Figure 3 schematically represents the geometry and reinforcement details of the simply supported strengthened beam
adopted for the analytical study. The beam is assumed to be subjected to a four-point loading configuration. The
analytical approach can be also applied in case of monotonic three-point bending loading by considering a null loading

span (a, =0). A more detailed description of the analytical model reported in this paper can be found elsewhere [25].
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4. Constitutive Law of the Materials

The compressive behavior of concrete is assumed linear up to the yielding of the longitudinal steel reinforcement in
order to simplify the calculation procedure. After steel yielding, the contribution of concrete in compression is

simulated by a rectangular compressive stress block, defined by the «, and g, parameters (Eg. (1)) schematically

represented in Figure 4a [1].

4e —¢
— c c 1)-a
A 6.6, — 2.5, M
3e.6 —¢r
a ="t e (1)-b
3.4,

where ¢, is the strain corresponding to the specified compressive strength of concrete f, which is calculated as:

.17
E. =
E

c

O]

The tensile behavior of concrete is assumed linear up to the stress at concrete crack initiation in concrete tensile surface
[26]. An elasto-perfectly plastic model is used to simulate the behavior of the longitudinal steel bars, as represented

in Figure 4b, while a linear behavior is adopted for the CFRP up to its ultimate tensile strength (Figure 4c).

5. Moment-Curvature Relationship

The analytical approach defines the moment-curvature response of the cross section of a RC element flexurally
strengthened with CFRP reinforcements (failing in bending) using sectional analysis based on the strain compatibility

and force equilibrium at the governing stages assumed representatives of the behavior of this type of elements.

5.1. Precracking Stage
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When the CFRP reinforcement is applied with a certain prestress level, an initial negative camber (upward deflection)

is obtained due to the eccentricity (&) of the prestress force (F,, ) in relation to the centroidal axis of the cross section
(y,, Figure 4a) at the precracking stage. This negative camber causes a tensile strain at the top fiber (£{) and a

cc

compressive strain at the bottom fiber (&) of concrete, whose equations are provided in Appendix Al.

ct

The initial negative curvature of the prestressed strengthened beams ( ) can be determined by considering the

neutral axis depth from the extreme top fiber of concrete (¢ ) as follows:

(ci) h (ci)
() __ &a - ) _ e
= (ci) (ci) > X = (ci) 3
& &y C

A loss of strain in the CFRP reinforcement occurs immediately after the total release of the prestress force due to the
initial negative camber. This short-term prestrain loss (6,(f°i)) and effective tensile strain (ge(fi)) in the CFRP

reinforcement are determined from the following equations:

£ (d, —c)

(i) _ (i)
@ > & = Ep — & (4)

where d, is the internal arm of the CFRP (Figures 3b and 3c) and &, is the applied prestrain.

The concrete decompression point ((cd) in Figure 1) corresponds to the stage where the initial compressive strain in

the bottom fiber of concrete (&)) becomes zero, resulting in a neutral axis depth equal to h, while the steel

ct
decompression point ((sd) in Figure 1) refers to the stage when the initial compressive strain in the bottom longitudinal

steel bars (£{*), due to prestress application, becomes null, at which d, is the neutral axis depth. The curvature at
concrete decompression ( ") and steel decompression ( ") points can be assessed by adopting the ratio between
the compressive strain installed on the concrete top fiber (¢, ) at each point (Eq. (5)) and the corresponding neutral
axis depth [25]. Strains in the constituent materials along the depth of the cross section (longitudinal top (&) and

bottom ( &, ) steel bars, and in the CFRP reinforcement ( &, )) are directly proportional to the distance from the neutral
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axis depth at each decompression point, while the concept of effective tensile strain should be adopted for the

prestressed CFRP reinforcement (see Appendix A2 and Figure 2).

(ci)
c ci ot |Yi
&(:Cd) (Ec ' (h —y ) (5)-a
(ci)
. g WY,
I (5)b

The flexural bending moment at the concrete decompression (M ©*) and steel decompression (M ") points can be

derived based on the sum of internal moments with respect to the corresponding neutral axis using the strain

distribution of the section [25]:
M) = § SV bEN +el ELA(h-d, )+ el ELAL(h=d,)+ el E A (d, -h) (6)

L

M =20 b E,d? + e B AL(d, d)+ gsd b.E (h-d,) +e{ A (d, -d,) (7

The steel decompression point is followed by the concrete crack initiation, where the beam still exhibits linear elastic

behavior, but the tensile strain at the extreme bottom fiber of concrete (") reaches its flexural tensile strength (

gu=T1/E. -1 :0,62\/TC' [26]) (Figure 2a). The strains in the constituent materials along the cross section are
proportional to the distance from the centroidal axis of the beam cross section ('y,) (Figure 2a). The increment of

curvature and flexural capacity corresponding to the bending moment between the concrete decompression and crack

initiation points can be obtained from Egs. (8) and (9) in relation to the centroidal axis of the beam cross section (',

).
(er)
=2 ®
Yi
Mgu)_; e DE.y + el ELAL(y - )+;gcg b.E, (h—yi)z+g§§r).Es./-\.(ds—yi)+e$§r).E,.A,.(df—yi) ©)
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where the equations for the determination of the strain components are provided in Appendix A3. Finally, the curvature

(£ and flexural bending moment (M ©) of the prestressed strengthened beams at the concrete crack initiation

can be determined by using Egs. (10) and (11), where the 7 and M “® are considered null for the non-prestressed

beam (Figure 2a).

Z(cr) _ Z(Cd) n Zécr) (10)

M (cr) -M (cd) n Mécr) (11)

5.2. Postcracking Stage
The steel yield initiation point corresponds to the stage where the strain in the longitudinal tensile steel reinforcement
(&) reaches its yield strength (&, = f,/E,). The steel decompression point should be introduced as an initial

condition for the steel yield initiation instant. Accordingly, to determine the strain distribution of the cross section at
the steel yield initiation point, the strain profile of the cross section at the steel decompression instant should be added
to the corresponding strain values of the cross section due to the bending moment after this decompression point

(Figure 2b).

The strain profile of the cross section due to the bending moment between the steel decompression and steel yield

initiation points can be obtained adopting the proportional strain distribution to the distance from the neutral axis depth

(c) by considering the strain value in the longitudinal tensile steel bars ( £ ) [25]. According to the principles of
static equilibrium, a quadratic equation is obtained to calculate the neutral axis depth (c!” ) at the steel yield initiation

stage due to the bending moment after the steel decompression point (Eg. (12)) (see Appendix A4).
a.cV?+b.c” +c=0 (12)-a

where
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b=2.(E.A+E.A+E.A) (12)-b
c=-2.(E.A.d,+E.A.d,+E A .d,)

The increment of curvature ( x*’) and flexural capacity (M\”) corresponding to the bending moment between the

steel decompression and yield initiation points can be determined by Egs. (13) and (14), respectively, with regard to

the neutral axis depth (c{”).

&
n'= (13)
b
1 . . ,
M =§g§gg.Ec.b.cgy)2 +ey) ELAL () —d,)+ e E A (d —c))+ &) E LA (d ) (14)

Finally, the curvature ( ") and flexural bending moment (M ) of the prestressed strengthened beams at the steel

yield initiation point are determined using Egs. (15) to (16), where the x> and M ©® are considered null for the

non-prestressed strengthened beam (Figure 2b).

Z(Y) - Z(Sd) +Zéy) (15)
d
M(y):M(S)+Méy) (16)

5.3. Postyielding Stage

The ultimate flexural capacity of the strengthened beams is controlled by adopting three types of failure modes,
namely, yielding of the steel bars in tension followed by either concrete crushing or rupture of the CFRP reinforcement

(known as conventional flexural failure modes), and delamination of the concrete cover.

5.3.1. Conventional flexural failure modes

The concrete crushing is assumed to occur when the compressive strain on the concrete top fiber of the cross section

reaches its maximum usable strain (&, =0.003 according to the ACI-440.2R [1]), while the strengthened beams is
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assumed to experience the rupture of the CFRP reinforcement when the ultimate tensile strain in the CFRP is achieved

(&4)-

To assess the prevailing failure mode in the strengthened beams at the ultimate stage, a critical percentage of CFRP

cri)

reinforcement (pﬁ ) can be determined assuming simultaneous tension and compression failures to detect the

appropriate failure mode (Appendix A5). If the CFRP ratio exceeds the critical value, failure will be due to the concrete
crushing, otherwise failure will be caused by rupture of the CFRP reinforcement. The critical area (Aﬁm)) and the

corresponding percentage (pﬁ"”) for the CFRP reinforcement can be determined from:

a,. fcl-ﬂl-c(cri)-b"' A;'S;(Cfi)'Es — As-fsy N p(fcri) :ﬂ a7
E, b.d,

(cri) _
A =
&4

u

Concrete Crushing

Concrete crushing will prevail at ultimate stage when the CFRP ratio exceeds the critical percentage. From the

equilibrium of the internal forces results a quadratic equation that determines the neutral axis depth (c') at failure

(Appendix A5):
a.c?+b.c” +c=0 (18)-a
where

a= fc'.b.(3.sé.£cu —gfu)
b=3.57 (0 (E-A+E(A )-A.T —E[ A5, (18)-b
c=-3.7.¢,.(E.A.d;+E.A.d))

The curvature ( z') and ultimate flexural capacity (M ) are obtained from the following equations (Appendix A5):

cc

7 =2 (19)
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Rupture of CFRP Reinforcement

The equilibrium of the internal forces at the cross section, when the rupture of the CFRP reinforcement occurs, can be

derived adopting strain compatibility, resulting in a cubic equation, whose solution leads the depth of the neutral axis

at ultimate stage (c') (Appendix A5):

(u)2

a.c?+b.c?+c.c¥+d =0 (21)-a

where

fb,re* et

b=3.&. (el (e, E A — Tobd ) + e (A Ty + AT ) (21)b
c=-3.22(c0 B A(d +d;)+2.d, (A f, +ALT,))
=352, (0 B Ad +d (AL f +Af))

a=gW f b(3.g;+g§§?rc)

Accordingly, the curvature ( ) and ultimate flexural capacity (M) regarding the neutral axis depth level (c!’)

at CFRP failure is determined as follows (Appendix A5):

(u)
2= @22)

rc

Mrc _al fc ﬂl C(U)z' [ ﬂlj+gs rc* E Ag (C(u )+ fsy'A%'(ds _Cr(flzj))+ ffu'Af'(df _Cr(s)) (23)

5.3.2.  Concrete cover delamination

Concrete cover delamination, also designated by rip-off, is initiated by forming an in-plane shear crack at the
extremities of the CFRP reinforcement due to high strain gradient caused by the abrupt termination of the CFRP. This
crack is propagated along the depth of the concrete cover of the beam up to attain the tensile steel reinforcement level,
and then progresses horizontally along this level due to the resistance offered by this reinforcement to the propagation

of the crack through it, as well as the higher percentage of voids just below this reinforcement [15, 18]. Subsequently,
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separation of the concrete cover along the longitudinal tensile steel bars occurs in the shear span of the beam, which
can compromise the flexural strengthening effectiveness of this technique if it occurs prematurely. Furthermore, the
susceptibility to the concrete cover delamination in the NSM CFRP strengthened beams is influenced by some
variables, such as the concrete strength class, reinforcement ratio of existing longitudinal steel bars, number and
diameter of the bars composing this reinforcement, the relative position between the longitudinal steel and CFRP

reinforcements, number of CFRP reinforcements, and distance between the consecutive CFRPs [27].

The present section aims to propose a new methodology to predict the ultimate flexural capacity of a RC beam
strengthened with NSM CFRP laminates failing by concrete cover delamination. For this purpose, the concrete cover
delamination is assumed to occur when the principal tensile stress transferred to the surrounding concrete at the

extremity of the longitudinal CFRP laminate attains the concrete tensile strength ( 1, 20,56\/?0‘ [26]). The present

approach, for the tensile fracture surface of this surrounding concrete, was inspired on the work of Bianco et al. (2014)
that proposed a semi-pyramidal shape for modeling the concrete resisting contribution during the pullout process of
NSM FRP reinforcement bridging a shear failure crack in the context of the use of these composite materials and
technique for the shear strengthening of RC beams [28]. Hence, in the current analytical model, the semi-pyramidal
configuration was adopted for the concrete tensile fracture surface at the extremities of each CFRP laminate applied

for flexural strengthening, as represented in Figure 5a.

The dimensions of this tensile fracture surface of the surrounding concrete (assumed by simplification as having a
semi-pyramid format) are supposed to be limited by some restrictions to consider the influence of the aforementioned
variables on the susceptibility of concrete cover delamination, and also simplify the model. These restrictions of the
semi-pyramid on the beam’s tensile surface aim to avoid interaction between the concrete fracture surfaces of
consecutive CFRP laminates. On the other hand, due to the possibility of occurring a weak plan just beneath the tensile

steel bars, the thickness of the semi-pyramid is limited to the concrete cover thickness ( ¢, ) (Figure 5c).

Accordingly, the semi-pyramidal concrete fracture surface is assumed to be extended until the base area of the semi-
pyramid (rectangular shape) reaches a boundary limit. This boundary limit is defined when the short side of the

rectangular base achieves the length of c_ (Figure 5c), while the long side of this rectangular should be limited to

min (s, ;28}) for the CFRP laminates near the beam edge (side-laminates) and s, for the mid-laminates (Figure 5b).
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However, considering that s, is in general higher than 40 mm (Barros and Kotynia 2008) and the angle « formed

by the principal generatrices of the semi-pyramid with the CFRP longitudinal axis (Figures 5b and 5c) is presumed to
be in the interval of 10 to 35 degrees (Bianco et al. 2014), the above boundary limit on the beam’s tensile surface

seems to be experimentally supported.

According to the base area and « of the semi-pyramid of the concrete fracture surface (Figures 5a and 5c), the height
of the semi-pyramid can be defined as the resisting bond length ( L, ), where the slip between the CFRP laminate and
surrounding concrete is neglected along this length to calculate the resistance of the concrete fracture surface. The
resistance of the concrete fracture surface for each CFRP laminate ( F, ) can be determined by considering the concrete

tensile strength ( f,, ). Accordingly, the ultimate flexural capacity of a strengthened beam developing a concrete cover

delamination failure mode (M) can be determined using the maximum applicable force to all the CFRP laminates

ccd

at the end section of L, (section A-A in Figures 5b and 5c).

The implementation of the proposed methodology to predict the concrete cover delamination as prevailing failure
mode comprises the following steps (Figure 6): 1) providing the input parameters; 2) determination of the resisting

bond length (L,,); 3) evaluation of the tensile strength of CFRP (F,, ), maximum value of the force transferable
through the resisting bond length (F,, ), and concrete tensile fracture capacity (F, ) for each CFRP laminate; 4)

assessment the possibility of the concrete tensile fracture at the end of the CFRP laminate considering the
characteristics of bond conditions and the CFRP tensile strength; 5) determination of ultimate flexural capacity of the
strengthened beam adopting concrete cover delamination failure; 6) evaluation the possibility of occurrence of the
concrete cover delamination in comparison to the conventional prevailing failure modes including concrete crushing

and rupture of the CFRP far from its extremities.

1) Input parameter

The input parameters include: concrete cover thickness c_, angle & between principal generatrices of the semi-

pyramidal fracture surface and the CFRP longitudinal axis, number of the longitudinal CFRP laminates N , distance
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between two adjacent CFRP laminates s, , distance between the beam edge and the nearest CFRP laminate S} ,
thickness a, and width b, of laminate’s cross section, and values of local bond stress-slip relationship: maximum

shear stress z,,, and maximum slip o, (Figure 5).

2) Resisting bond length L,

The resisting bond length ( L,, ) at each extremity of the CFRP laminate can be calculated as follows:

CC
(24)

L =
" tana

3) Tensile strength of CFRP F,, , concrete tensile fracture capacity F, , and resisting bond force F,

fu ?

Tensile strength of the CFRP laminate can be determined by Eqg. (25). It should be noted that in the case of a round

CFRP bar, its cross section is converted to an equivalent square cross sectional area.
F =a;.b,.f, (25)

The concrete tensile fracture capacity ( F, ) of each CFRP laminate, adopting a semi-pyramidal fracture surface, can
be determined considering the tensile resistance of concrete on the slant area of the semi-pyramid. It was evidenced
that the concrete tensile resistance of the slant area is equivalent to simply multiplying the base area of semi-pyramid
times the concrete tensile strength (Bianco 2008 [29]). Hence, for the current study, Eq. (26) is proposed to determine
the concrete tensile fracture capacity ( F, ) corresponding to each CFRP laminate.

f

Fy=min(2.Lytana; 2.5, 55, ).c.. f, (26)

The maximum value of the force ( F,, ) that can be transferable through the resisting bond length (L, ) by the CFRP

laminate can be obtained by Eq. (27) adopting an idealized local bond-slip relationship with a single softening branch

as shown in Figure 5d (Bianco et al. 2014).

Fo(Ly) = Lp.Ji./l.{Cl.[cos(/I. L,)—1]-C,.sin(A. Lrb)} (27)-a

1
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where

B LL 1 (ab)
L,=2b,+a,;J, = "bf){E—+ ]

(af f (A\: EC) (27)'b
PP AT BT
Tonax-J1) A A

and A, is the cross sectional area of the surrounding concrete that provides confinement to each CFRP laminate, and

for side-laminates and mid-laminates can be obtained by Egs. ((27)-c) and ((27)-d), respectively.

A =min(2.s;;s; )., (7)<
A =5:.C (27)-d
The maximum bond force (F, ) for the resisting bond length (L, ) should be limited to the maximum debonding

resistance (F

rbe

) and its corresponding effective resisting bond length (L, ) given in Eq. (28) (Bianco et al. 2014).

The

(28)

4) Assessment the possibility of concrete tensile fracture

This step of the algorithm aims to check which of the three types of failure modes occurs, namely, rupture of the
CFRP, interfacial debonding failure, or concrete tensile fracture when the tensile force is applied to the CFRP laminate
at the end section of resisting bond length (section A-A in Figure 5). In fact, the concrete tensile fracture can occur

when the concrete tensile fracture capacity ( F, ) corresponding to the CFRP laminate is a lower than the minimum of
the tensile strength of the CFRP ( F,, ) and the resisting bond force (F,, ). Otherwise, by increasing the applied force

to the CFRP laminate at the section A-A represented in Figure 5, either the rupture of the CFRP or interfacial

debonding failure would occur before the concrete tensile fracture (Figure 6).

5) Ultimate flexural capacity of the strengthened beam failed by concrete cover delamination
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The effective concrete tensile fracture capacity (F,,) of the CFRP laminates can be determined by summing the

fe

concrete tensile fracture capacity ( F, ) of all the CFRP laminates flexurally applied on the tensile face of the beam

(Eqg. 29).

N
I:cfe = Z Fcfi (29)

i=1

The flexural capacity (M () of the strengthened beam at the end section of resisting bond length (section A-A in

ced

Figure 5) can be obtained by Eq. (30) using the effective concrete tensile fracture capacity (F,) of the CFRP

fe

laminates, where the beam’s cross section is supposed to be located between the concrete cracking and steel yield
initiation phases (postcracking stage). Otherwise, for the section located in the postyielding stage, the contribution of
concrete in compression should be simulated by a rectangular compressive stress block (Eg. (1)), and the compressive

and tensile strains in the longitudinal top and bottom steel bars, respectively, should be limited by its yield strength (
g, =1, /E).

Méchrb) :%gcc,ccd . Ec'b'Cczcd + gé,ccd ' Es' A%I'(C(ccd) - ds)+ gs,ccd * Es' As(ds _Cccd ) + Fcfe'(df _Cccd ) (30)

where the strains of the components along the cross section can be determined adopting the proportional strain

distribution to the distance from the neutral axis depth (c_, ) by considering the average tensile strain in the CFRP

laminates (&, .y = F /(N.a;.b;.E()).

According to the principles of static equilibrium and proportionality of the strain distribution along the cross section,

the neutral axis depth (¢

ccd

) can be obtained using a quadratic equation represented in Eq. (31).

2
a.C, +b.c,+c=0 (31)-a

ccd

where
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a=E._b
b=2(E.A+E.A+E.N.a.b) (31)-b
c=-2.(E.A.d,+E.A.d,+E..N.a.b.d)

As a final point, the ultimate flexural capacity (M) of the NSM CFRP strengthened beam adopting the concrete

ccd

cover delamination as prevailing failure mode is determined by Eq. (32) according to the bending moment distribution

along the beam length (Figure 5a).

(Lrb)
(u) _ bs'Mccd (32)

(L + L)
where b, is the distance between the support and the point load (shear span) and L, is the unbonded length of the

CFRP at each extremity of the laminate (shown in Figure 5).
6) Prevailing failure mode of the NSM CFRP strengthened beam

Occurrence of the concrete cover delamination of the strengthened beam can be expected when the corresponding

ultimate flexural capacity (M) is lower than the ultimate flexural capacity of the prevailing conventional flexural

ced

failure mode obtained from section 5.3.1 (M) <min(M{ ;M ) ) (Figure 6). On the other hand, the concrete cover

ccd cc ! c

delamination failure can occur after yielding of the longitudinal tensile steel bars when M) is higher than the flexural

ced
capacity of the beam at the steel yield initiation point (M, Eq. (16)), otherwise, the strengthened beam experiences

the concrete cover delamination before the tensile steel yielding.

6. Force-Deflection Relationship

The force-deflection relationship of the beams is predicted by using the moment-curvature response at the governing
stages derived from the proposed analytical model. For this purpose, it is assumed a linear curvature variation between
the beam’s sections corresponding to the governing stages. Accordingly, a simply supported beam is divided in distinct
regions along the length corresponding to these governing stages, namely, precracking, postcracking and postyielding

regions, as shown in Figure 7. The mid-span deflection of the beam is estimated by summing the deflection of each
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region (8, ) in one-half of the beam length ( L/2) (Figure 8) [25]. The deflection of the each region can be determined

by integrating the function, y(x), that defines the curvature along the length of this region:

Li+l

Sty = _[ Z:(%).x.d(x) (33)

where X is a variable along this region, and L, and L, are the distances of the section boundaries of this region to

i+1

the support.

The negative camber (upward deflection) (d‘”) of the prestressed strengthened beam can be obtained by considering

the constant curvature variation due to the effective negative bending moment (Mepre =ee(f°”.Ef.Af.e) at both

extremities of the bonded length of CFRP reinforcement ( L, ), as shown in Figure 8a:

L/2
d(Ci)=J;((Ci).x.dX=Mepre'Lb(z'L_Lb) (34)
; ¢ 8.Eg. e

where Zéd) is the effective initial negative curvature by considering the effective negative bending moment, and 1,

is the moment of inertia of the uncracked section (Appendix Al).

The mid-span deflection of the beam at the concrete crack initiation is calculated adopting the curvature variation

along the length of the beam (see Figure 8b) by using Eq. (35). The mid-span deflection corresponding to the concrete
and steel decompression points can also be obtained by substituting " and »** into Eq. (35) instead of »",

respectively.

L/2
I 27 xdx=5G0 + 50 o) (35)
b,

s

b, (cr)
d = [(£—).x?.dx+
0 b

To predict the mid-span deflection at the steel yield initiation stage, the beam length should be divided into the
precracking and postcracking regions (Figure 7). In the precracking region, the bending moment is less than the crack

initiation moment (M ©”), while the bending moment within the postcracking region is limited to the steel yield
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initiation moment (M ). The mid-span deflection of the beam can be determined by Eq. (36) assuming a linear

variation of the curvature between the governing sections, as represented in Figure 8c.

(y) (cr) L/2
d® = [ (E)x3.dx+ ((—7‘ ). (x= L)+ 7). x.dx+ [ 9. x.dx
.[ L L:[ L b L) j (36)
(y) (y) (y)
=S0-100) T Oy y T Op L12)

where LY is the length of the precracking region at the steel yield initiation stage (Figure 7 and 8c).

The mid-span deflection of the beam at the ultimate stage can be determined by dividing the beam length in three
regions (precracking, postcracking, and postyielding), by considering the trilinear moment-curvature relationship
represented in Figure 7. The maximum bending moment within the precracking and postcracking regions are limited
by the crack initiation (M ) and steel yield initiation (M @) bending moments, while the ultimate flexural moment
of the beam limits the bending moment in the postyielding region. According to the linear variation of the curvature
in the three regions of the governing stages, as shown in Figure 8d, Eq. (37) can be considered to calculate the mid-
span deflection of the beam corresponding to its flexural capacity.
L’ o

- _
4@ = j(’f(u) ).x2.dx+ j ((—L(“) zu) ). (x= L)+ ) x.dx+ j ((—b L){u) ).(x— L)+ 2).x.dx
Ly Ty

@7
L/2

(u) (u) (u) ()
+6.. XX dx = 5(0 L) 5“_(;) L(")) 5(|_(u) -b,)

s

U
+ 5(b “L/2)

where LY is the length of the precracking region, and L(y“) is the distance of » from the support along the beam

length at ultimate stage.

It is worth to note that the load ( P ) corresponding to the flexural bending moment at the governing stages for the

simply supported beams under four-point loading configuration can be computed by using Eq. (38).

Py =0 (38)

where a, is the loading span represented in Figure 3.
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7. Assessment of Predictive Performance of the Analytical Approach

7.1. Conventional flexural failure modes

To assess the predictive performance of the proposed analytical model, it is applied on the prediction of the force-
deflection relationship of the beams forming three experimental programs conducted by Rezazadeh et al. [13], Badawi
and Soudki [11], and El-Hacha and Gaafar [12]. These experimental programs are composed of RC beams
strengthened with prestressed NSM CFRP reinforcement failed by conventional flexural failure modes, and included
an unstrengthened RC beam serving as a control beam, as well as a strengthened beam with a non-prestressed NSM
CFRP reinforcement. The level of the prestress force applied to the CFRP reinforcement was 20%, 30% and 40% of
its nominal tensile strength in series 1 of the tested beams [13], 40% and 60% in series 2 [11], and 20%, 40% and 60%

in series 3 [12].

The data defining the geometry and reinforcement details of the three series of the experimental programs is included
in Table 1. All beams were simply supported, and were monotonically tested under four-point loading. It is worth to
note that the shear reinforcement ratio and spacing of the stirrups in all the RC beams were designed to avoid the shear
failure. The average values of the main properties for concrete, longitudinal steel bars and CFRP elements are indicated
in Table 2, where the nominal properties of the CFRP reinforcement were supplied by manufacturer. The used epoxy
adhesive provided a proper bond in all cases and, therefore, the analytical formulation previously described is

applicable.

Two types of failure modes of the tested beams were experimentally observed: concrete crushing; rupture of the CFRP
reinforcement (both after yielding of the tensile steel reinforcement). The prevailing failure modes of the beams at the
maximum capacity were analytically predicted similar to the ones experienced experimentally (using the critical
percentage of the CFRP reinforcement (Eq. 17)), except in the case of the non-prestressed strengthened beam in series
3 (see Table 5). This can be attributed to the value of the compressive strain experimentally observed on the top fiber
of concrete (0.0039 [12]) at the CFRP failure, which is higher than the analytical limit assumed for concrete crushing
(0.003). The load versus mid-span deflection relationship obtained analytically and registered experimentally for the

all beams of series 1, 2, and 3 is compared in the Figure 9, 10, and 11, respectively. A good predictive performance
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of the proposed analytical model is achieved for all the tested beams. Tables 3, 4, and 5 compares the values obtained
analytically and registered experimentally for the governing stages of the flexural response of the beams, and also

include the short-term prestress loss, initial camber, and prevailing conventional failure mode.

In order to evaluate the efficiency of the proposed simplified analytical approach (formed by a trilinear response), the

moment-curvature relationship (M — y ) of the non-prestressed and 40% prestressed strengthened beams of the series

3 obtained with this approach is compared to the one determined by using a sectional analysis software developed at
University of Minho (DOCROS-Design Of CROss Sections). DOCROS assumes that a plane section remains plane
after deformation and perfect bond exists between distinct materials. According to DOCROS, a cross section is divided
in horizontal layers, and the thickness and width of each layer is user-defined and depend on the cross-section
geometry. DOCROS can analyze sections of irregular shape and size, composed of different types of materials
subjected to an axial force and variable curvature. Composite layers are used when more than one material exist at
same depth of the cross section. Each layer can have an initial non-null stress in order to simulate a prestress effect.
DOCROS has a wide database of constitutive laws for the simulation of monotonic and cyclic behavior of cement
based materials, polymer based materials and steel bars. More detailed information about DOCROS can be found in

[30].

In the analysis carried out with DOCROS, the cross section of the non-prestressed and 40% prestressed strengthened
beams of the series 3 was discretized in horizontal layers of 1 mm thick. Moreover, in the case of the prestressed
section, an initial prestrain was applied to the layers corresponding to the CFRP reinforcement in order to simulate the

prestress effect.

The behavior of concrete in uniaxial compression was simulated by the stress-strain relationship proposed by CEB-
FIP model code [31], while the behavior of concrete in tension was assumed linear up to its tensile strength and the
post-cracking residual strength was neglected in order to provide a more realistic comparison with the analytical
approach as described by the diagram represented in Figure 12a [7]. To simulate both tension and compression
behavior of the steel bars, the stress-strain relationship represented in Figure 12b was used [7]. The tensile behavior

of the CFRP reinforcement was assumed linear up to its ultimate tensile strength.
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In Figure 13, the predictive performance of the proposed analytical approach in terms of moment-curvature and neutral
axis-curvature relationships is assessed by comparing the results obtained experimentally and numerically (DOCROS)
for the non-prestressed and 40% prestressed strengthened beams of the series 3. This figure evidences a good
predictive performance for the proposed simplified analytical approach. It should be noted that the experimental
moment-curvature and neutral axis-curvature relationships of the analyzed beams were determined by using the strains

of components along the mid-span cross section of the aforementioned beams reported by [12].

To evaluate the level of accuracy of the proposed analytical approach on the prediction of force-deflection using the

M — y relationship, the mid-span deflection of the non-prestressed and 40% prestressed strengthened beams of the

series 3 was analytically and numerically obtained using the proposed analytical approach and Def-DOCROS

software. For this purpose, the M — y relationship obtained in section 5 by using the analytical and numerical

approaches was used. According to Def-DOCROS software, a statically determinate beam is discretized in Euler-

Bernoulli beam elements of 2 nodes. The updated flexural stiffness of each element is determined from the M — »

relationship of the cross section representative of the element by using a matrix displacement approach described
elsewhere [30]. The experimental, analytical, and numerical force-deflection relationships for the aforementioned
beams are compared in Figures 13e and 13f, where it is visible that the proposed analytical approach has high level of

predictive performance accuracy.

7.2. Concrete cover delamination failure mode

The proposed methodology for the prediction of the ultimate flexural capacity of the NSM CFRP strengthened beams
with concrete cover delamination failure, was applied to six NSM CFRP strengthened beams tested by Sharaky et al.
[32], Sharaky [33], Al-Mahmoud et al. [34], Barros and Fortes [7] and Barros et al. [35]. The support and loading
configuration of the tested beams are schematically represented in Figures 3 and 5a. The geometry, steel and CFRP
reinforcement details of the strengthened beams are described in Table 6. Moreover, the main material properties of
the tested beams are represented in Table 7. The shear reinforcement ratio and spacing of stirrups were adopted for all

the beams in order to avoid the shear failure.

The parameters of local bond-slip relationship for all the tested beams were adopted similar to the corresponding

values considered by [28]: 7, =20.1MPa and J,, =7.12mm. On the other side, the angle ( & ) between the CFRP



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

longitudinal axis and generatrices of the concrete fracture surface (semi-pyramid) for all the investigated beams was
found equal to 35° by considering the best ultimate flexural capacity for the strengthened beams by using a back

analysis of the experimental data. Moreover, this value of & was adopted considering the recommended range by

[28] (10°-35°).

The ultimate flexural capacity obtained analytically and registered experimentally for all the tested beams is compared
in Table 8, where it can be confirmed that the ultimate flexural capacity of the strengthened beams when failing by

the concrete cover delamination was analytically predicted less than the one corresponding to the prevailing

conventional flexural failure modes (P <min(P";P")). Table 8 also indicates the comparison between the

ccd [ (]

concrete tensile fracture capacity (F, ) with the tensile strength of CFRP (F,, ) and resisting bond force (F,)

corresponding to the resisting bond length (L, ) for each CFRP laminate. A good predictive performance of the

analytical approach in terms of the ultimate flexural capacity of the strengthened beams when failing by concrete
cover delamination is evidenced by considering the ratio between the analytical and experimental flexural capacity of

the tested beams (P /P{)*? ), where this ratio was found between [0.83-1.13] for all the tested beams.

ccd ced

8. Conclusions
o Inthe current study, an analytical approach was developed based on the strain compatibility and principles of static
equilibrium to predict the moment-curvature and load-deflection relationships of simply supported beams
strengthened with prestressed CFRP reinforcement that can be applied according to the EBR or NSM techniques.
The presented formulation assumes that the moment-curvature response of a beam’s cross section can be simulated
by a trilinear diagram defining precracking, postcracking, and postyielding stages. Two further stages are proposed,
namely: concrete and steel decompression stages, to assess the initial effects of the prestress force applied by the
CFRP reinforcement. A linear variation is assumed for the curvature along the beam length between the sections
corresponding to the governing stages of the beam’s response in order to simplify the calculation of the beam’s
deflection. The flexural capacity of the strengthened beams according to either EBR or NSM techniques is
predicted adopting two types of failure modes, comprising yielding of the steel bars in tension followed by either

concrete crushing or rupture of the CFRP reinforcement.
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In the case of the NSM technique, a design framework methodology is proposed to obtain the ultimate flexural
capacity of the NSM CFRP strengthened beams when failing by concrete cover delamination. Concrete cover
delamination is predicted by assessing the possibility of occurring the concrete tensile fracture at the extremities
of the CFRP reinforcement in comparison with debonding and rupture of the CFRP failure modes. Finally, the
concrete cover delamination is adopted as prevailing failure of the strengthened beams when its ultimate flexural
capacity is less than the one corresponding to the occurrence of the conventional flexural failure modes (concrete
crushing or rupture of the CFRP reinforcement).

The results of three experimental programs composed of RC beams strengthened with prestressed NSM CFRP
reinforcement, failed by conventional flexural failure modes, were compared with the ones obtained by the
proposed analytical approach, and a good predictive performance was determined. Moreover, the results in terms
of moment-curvature and force-deflection relationships obtained with the proposed model and by using a computer
package (DOCROS and Def-DOCROS software) based on a cross section layer model were compared. The results
showed that the proposed analytical approach can accurately simulate the effect of the prestress force on the
flexural behavior of the NSM CFRP strengthened beam (by introducing the concrete and steel decompression
points as an initial condition to the concrete cracking and steel yielding initiation points of the non-prestressed
strengthened beam) compared to the use of a cross section layer model.

On the other hand, the predictive performance of the proposed methodology for concrete cover delamination failure
was evaluated by considering the ultimate load carrying capacity of six NSM CFRP strengthened beams failed
according to this failure mode. The proposed formulation provided a good estimate of the ultimate load carrying
capacity for concrete cover delamination as prevailing failure mode, resulting the ratio of the analytical and
experimental flexural capacity of the tested beams of a mean value and a standard deviation of 0.99 and 0.10,
respectively. According to this proposed methodology, by increasing the unbonded length of the CFRP
reinforcement at its extremities, the resistance to the occurrence of concrete cover delamination can decrease, while
a higher concrete tensile strength and also, a higher concrete cover depth below the tensile steel bars can increase
this resistance. On the other side, this resistance is influenced by the distance between the two adjacent CFRPs, as
well as distance between the lateral face of the beam’s cross section and the nearest CFRP. Accordingly, by

adopting a strengthening configuration for consecutive NSM CFRPs according to minimizing the interaction of
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the concrete tensile fracture of the adjacent CFRPs can provide the maximum resistance to the occurrence of

concrete cover delamination.
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Notations

The following symbols are used in this paper:

A = area of CFRP reinforcement, mm?,

Agroove = area of groove for NSM technique, mm?.

As = area of tensile steel bars, mm?.

A = area of compressive steel bars, mm?2.

a = thickness of CFRP laminate, mm.

aL = loading span, mm.

b = width of beam, mm.

by = width of CFRP laminate, mm.

bs = shear span, mm.

c = depth of neutral axis from top fiber of concrete at critical point, mm.

Cc = concrete cover for the bottom face of the beam, mm.

cert = depth of neutral axis from top fiber of concrete at critical CFRP reinforcement ratio, mm.
ds = distance from centroid of tensile steel bars to top fiber of concrete, mm.

ds = distance from centroid of compressive steel bars to top fiber of concrete, mm.



ds

Ec
=
Es
fe
fet

fr

N.A.
Nt

Ng

St
St

Yi

distance from centroid of CFRP reinforcement to top fiber of concrete, mm.
eccentricity of prestress force to centroidal axis of cross section, mm.
initial Young’s modulus of concrete, MPa.

Young’s modulus of CFRP, MPa.

Young’s modulus of longitudinal steel bars, MPa.

specified compressive strength of concrete, MPa.

splitting tensile strength of concrete, MPa.

flexural tensile strength of concrete, MPa.

resistance of the concrete fracture surface for each CFRP laminate, N.
tensile strength of CFRP, N.

prestress force applied to CFRP reinforcement, N.

maximum value of the force transferable through the resisting bond length, N.
yield strength of longitudinal tensile steel bar, MPa.

height of beam, mm.

moment of inertia of uncracked section of beam, mm*,

beam span, mm.

bonded length of CFRP reinforcement, mm.

resisting bond length, mm.

effective negative bending moment due to prestress force, N-mm.
flexural moment of beam, N-mm.

number of the longitudinal CFRP laminates.

neutral axis of beam.

modular ratio of CFRP laminate to concrete, Ef /E..

modular ratio of steel reinforcement to concrete, Es/E..

external load of beam at critical point, N.

spacing of the two adjacent CFRP laminates, mm.

distance between the laminate and the nearest beam edge, mm.

distance between top fiber of concrete to centroidal axis of uncracked cross section, mm.



a = angle between axis and generatrices of the concrete fracture surface (semi-pyramid).

o1 = multiplier on f’; to determine intensity of an equivalent rectangular stress distribution.

I = ratio of depth of equivalent rectangular stress block to the depth of neutral axis.

Omax = maximum slip of local bond stress-slip relationship, mm.

& = strain level in concrete, mm/mm.

g’ = strain of unconfined concrete corresponding to fc, mm/mm.

&cc = strain at top extreme fiber of concrete at critical point, mm/mm.

&t = strain at bottom extreme fiber of concrete at critical point, mm/mm.

&y = maximum compressive strain in concrete which is 0.003.

Eef = effective tensile strain of CFRP reinforcement at critical point, mm/mm.

&t = ultimate tensile strain of CFRP reinforcement, mm/mm.

&l = short-term prestrain loss in CFRP reinforcement, mm/mm.

&fp = prestrain in CFRP reinforcement, mm/mm.

&s = strain in longitudinal tensile steel bar at critical point, mm/mm.

£ = strain in longitudinal compressive steel bar at critical point, mm/mm.

Esy = strain in longitudinal tensile steel bars corresponding to its yield strength, mm/mm.

e = critical percentage of CFRP reinforcement, mmmm.mm.

Tmax = maximum shear stress of local bond stress-slip relationship, MPa.

X = curvature of beam at critical point.
Appendix Al
Distance from the centroidal axis of beam cross section ('y; ) and moment of inertia of uncracked section (1, ) can be
obtained as follows:

n
LA b2 A dy 4 AL -1)d,+ AL(n ~1)d, + A n,d,
y, ==L = (Al)-a

z bh—A . +A.(n,—1)+A.(n,—1)+ A, .n,

i=1
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l 3 h : 2 . \
Iucr :E bh +bh[y,_5j _Agroove'(df _yi) +As'(ns _1)'(yi_ds) (Al)_b

+A(n,~1).(d, ;) +A.n (d, -y,

where A,

reinforcement to concrete, respectively.

is area of the groove for NSM technique, n, and n, are the modular ratio of steel and CFRP

roove

Tensile strain at the top fiber (&) and compressive strain at the bottom fiber ( &™) of concrete are:

cc ct

[( Fpre'e'yi ] _( Fpre ]J
AL il (A1)-c

EC
H Fpre.exh—yi)H Foe D
A (AL)-d

C

In fact, due to the short-term prestrain loss in the CFRP reinforcement ( se(f Y obtained from Eq. (4)) after the release

of the prestress force, effective prestress force (F, . = E,.s{".A, ) should be used in Egs. (Al)-c and (A1)-d instead

pre

of the applied prestress force (F,, =E.;.A; ), while the effect of this short-term prestrain loss was neglected to

pre
determine the tensile strain at the top fiber and compressive strain at the bottom fiber of concrete in order to simplify

the calculation procedure.

Strains in the compressive and tensile steel bars can be obtained by:

(ci)( @) _qg’
iy Ee (€ ds)
gs<c) - & (A2)-a
() (d _ (ci))
i 8CC ' S C

It should also be noted that Egs. (Al)-c - (A2)-b are derived by assuming no cracking occurs after the release of the

prestress force (Figures 3 and 14) [25].

Appendix A2
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Strains in the constituent materials along the depth of the cross section (longitudinal top ( &,) and bottom ( &,) steel
bars, CFRP reinforcement (&, ), and bottom fiber of concrete (&,)) at concrete decompression (cd) and steel

decompression (sd) points are:

g2 % ) (A3)-a

s ST (A3)-b
(cd)
g .(h—d
g(de) _ Tee (h f ) (A3)-C
(sd) :
P :—8“5 (d.—d,) (Ad)-a
S ds
(sd)
o Ex (h-—d
(V=te 2 ) (d ) (Ad)-b
S
(sd)
&y od; —d,
e = % (Ad)-c
S
Effective tensile strains for the prestressed CFRP reinforcements are as follows:
eV =g, +& (A5)-a
ge(fsd) =&+ 5&‘“” (A5)-b

Both concrete and steel decompression points are assumed to occur before the concrete crack initiation point by

considering an uncracked section (Figures 3 and 15).

Appendix A3

L SN g(Cf) — Ea -Yi (AG)-&
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Strain components of the longitudinal steel bars in compression (&™) and in tension (&\"), and CFRP

reinforcement (') can be obtained by:

‘(cr) g(EcCl:)( yi - ds )

gy =22 (AB)-b
Yi
g(cr).(d -Y;)
gl = Zeb A7 JiJ (AB)-c
Yi

)

= (A6)-d
? Yi
Uncracked section was assumed to determine Eqgs. (A6)-a - (A6)-d (Figures 2a and 3).
Appendix A4
By adopting the principles of static equilibrium at the steel yield initiation point (Figure 2b):
%gggg.Ec.cév>.b+ A.eVE ~A.eD.E A .eV.E =0 (A7)

()

«p ) and longitudinal top steel bars (gg(by)), and tensile strain

where compressive strains at the top fiber of concrete ( &

in the CFRP reinforcement (gﬁ,‘)’)) can be obtained by:

(y) ~(y)
sy =l (A8)-a
(dS - c&y’)

' g(Y)_ C(Y) _dv
gs(hy) = Sb(d(s _bct()Y))S) < Ey

(A8)-b

S0 _ & (d-6”) (A8)-c
fb (ds —CéY))

The equations represented in this section are determined by assuming a cracked section, and also the resistance of
concrete in tension is neglected (Figures 2b and 3) [25].

Appendix A5
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The critical percentage of CFRP reinforcement ( o) can be determined assuming simultaneous tension and

compression failures (Figure 16a):

al' 1:c"ﬂl'c(cri)'b + A"‘g;(cri)' Es - A fsy - A$m)"("fu' Ef = 0 (Ag)

where the neural axis depth (¢ ) and strain components in the longitudinal top (g;(cri)) and bottom (g§°”> ) steel
bars at simultaneous tension and compression failures are:

d;.&,
_ tfw (A10)
((gfu - gfp) + gcu)

(cri) —

(cri)
R (0 —d) _
‘(eri) _ “cu ( s . '(cri) _ i
& _T < gsy if not —> & 'Es = fsy (All) a
e (d,—c) _
cri) _ CU( s (cri) —
f =T g e E =, (AL1)-b

C(

The equations of this section are derived by assuming a cracked section, and also the resistance of concrete in tension

is neglected (Figures 3 and 16a) [25].
Concrete Crushing

From the strain profile of the cross section when the concrete crushing occurs (Figure 16b):

o f A e b+ ALl E - AT —ALE el =0 (A12)

fec

where compressive strains in the longitudinal top steel bars (gs(gc) ), and tensile strain in the CFRP reinforcement (

g(fg) ) can be obtained from the following equations:

,cC

w _ fa( —d)

scc (u)
CCC

<g, if not »elE =1, (Al13)-a

€ = Cgy s,cC

(df _Cég))'gcu
g(f;)cc = T - g(fu,():c = ‘S‘gg,)cc +‘9fp < €y (A13)-b

cc

Rupture of CFRP Reinforcement
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The equilibrium of the internal forces, when the rupture of the CFRP reinforcement occurs, results in the following

equation (Figure 16c):
a . Bc b+ ALl E ~Af —A.f, =0 (A14)

where compressive strains at the top fiber of concrete (g(”) ) and in the longitudinal top steel bars (g'(“) ), and

cc,rc s,rc

tensile strain in the CFRP reinforcement ( gﬁﬁ?m) can be obtained by:

() oW
(uy _ gfb,rc'crc

O (A15)-a
ce,re (df _leél))
u
g(fb,)rc =&y~ ¢ (ALoFD
(u) (u) '
. & rc* Crc - dS i '
85(:2 = M < 85y If not — gs(l:c)'Es = fSY (Ale)
T (dy-c?) |
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Table 1: Geometry and reinforcement details of the beam series [11-13]

Beam N L a bs b h o ds ds de A As Ar grs‘l’fe"e

series 0. (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (Mm?) (Mm?)  (mm?) (mmd)
28

Series 1 1571 1571  CFRP 144

(13 5 2200 400 900 150 300 25 265 288 00 °U00 i geos
(1.4x20)

Series 2 197 3534 (99 375

[y 4 300 1100 1100 152 254 35 20 2415 .0 SN0 CFRPbar i
(199.5)

Series 3 2006 6032 . 038 500

[ 5 5000 1000 2000 200 400 35 343 3875 N S5 CFRPbar o oo

(1¢9)




Table 2: Main properties for concrete, steel and CFRP reinforcements [11-13]

concrete Steel reinforcement CFRP reinforcement nominal CFRP properties
Beam series fe iy fou E, fru E; frum) Erm)
(MPa) (MPa) (MPa)  (GPa) | (MPa) (GPa) (MPa) (GPa)
Series 1 [13] 32 585 656 208 1922 164 2000 150
Series 2 [11] 45 440 560 190 1970 136 1970 136

Series 3 [12] 40 475 - 200 2167 130 2068 124




1 Table 3: Experimental and analytical values of the governing stages of the flexural response for the RC beams of the

2 series 1 [13]
dci e ci Pcd dcd Psd dsd Pcr dcr Py dy Pu du .
RC beams  Result " ﬁg&‘g
(mm) (%) (N) (mm) (kN) (mm) (kN) (mm) (kN) (mm) (kN) (mm)

Control Exper ) ) ) ) ) ) 13.81 0.30 49.70 587 6146 4570 CC

Analy 17.70 037 5240 530 53.64 3043 CC

Non Exper 0 0 0 0 0 0 17.01 035 60.32 593 9297 2446 RC

prestressed  Analy 1785 0.37 6024 553 86.60 18.11 RC

20% Exper -0.08 0.40 - - 710 0.17 2214 046 6869 6.14 94.00 19.36 RC

prestressed Analy -0.10 120 571 011 6.00 0.13 2359 049 66.37 541 86.34 13.80 RC
30% Exper -0.18 130 - - 155 036 23.04 055 7252 652 9516 1692 RC

prestressed Analy -0.15 120 820 0.17 860 0.18 26.08 054 6888 535 86.10 12.07 RC
40% Exper - 190 - - 18.10 0.25 25.08 047 7416 534 8745 1015 RC

prestressed Analy -0.20 1.20 1068 0.22 1121 024 2846 059 7148 530 8582 1042 RC

e  d9isinitial deflection due to prestressing force;

e is the short-term losses of the tensile strain of the prestressed laminate after releasing;

P is the load at concrete decompression point, and d its corresponding deflection;

Psd is the load at steel decompression point, and d* its corresponding deflection;

P¢" is the load at cracking initiation, and d°*" its corresponding deflection;

PY is the load at yield initiation of the longitudinal tensile bars, and d” its corresponding deflection;

P is the ultimate load, and d" its corresponding deflection;

CC is concrete crushing, and RC is rupture of CFRP




1 Table 4: Experimental and analytical values of the governing stages of the flexural response for the RC beams of the

2 series 2 [11]
dci & ci Pcd dcd Psd dsd Pcr dcr Py dy Pu du .
RC beams Result ! ﬁéﬁ’g
(mm) (%) (N) (mm) (kN) (mm) (kN) (mm) (kN) (mm) (kN) (mm)

Control Exper 3 3 B 3 3 B 10.20 1.86 55.10 2350 64.30 85.30 CcC

Analy 13.13 129 5580 17.60 57.43 95.00 CC

Non Exper 0 0 0 0 0 0 10.92 176 6950 26.03 96.50 65.49 CcC

prestressed Analy 1290 114 6526 1843 102.23 64.80 CC

40% Exper - - - - - - 30.09 4.34 95.00 25.82 115.25 48.34 RC
prestressed Analy -1.21 248 1785 155 19.85 173 3092 270 8638 17.71 113.35 47.13 RC

60% Exper - - - - - - 40.00 5.05 105.00 25.72 112.26 32.89 RC
prestressed Analy -1.81 248 26.78 233 29.78 261 3985 351 9631 17.70 112.08 32.96 RC




1 Table 5: Experimental and analytical values of the governing stages of the flexural response for the RC beams of the

2 series 3 [12]
dci & ci Pcd dcd Psd dsd per der pY v pu av R
RC beams Result ! ﬁg&‘g
(mm) (%) (kN) (mm) (kN) (mm) (kN) (mm) (kN) (mm) (kN) (mm)

Control Exper ) ) ) ) B _ 1250 130 7890 2510 83.80 109.90 CC

Analy 2154 164 86.90 2220 89.56 143.60 CC

Non Exper 0 0 0 0 0 0 1840 160 90.20 2530 136.40 11450 RC

prestressed  Analy 2145 153 9449 2215 136.26 88.80 CC

20% Exper -0.50 6.26 - - - - 2210 150 10570 27.70 141.00 9250 RC
prestressed Analy -047 119 759 052 835 0.60 29.06 2.07 10446 2229 140.13 7650 RC
40% Exper -0.60 6.03 - - - - 2790 170 11450 28.60 141.70 7930 RC
prestressed Analy -094 119 1519 110 16,70 120 36.65 261 11281 2202 13945 5770 RC
60% Exper -1.30 10.10 - - - - 3440 240 117.70 2820 13470 49.70 RC
prestressed Analy -1.42 119 2294 164 2522 178 4440 317 12133 2187 13843 4022 RC




Table 6: Geometry, steel and CFRP reinforcement details of the tested beams [7, 32-35]

Tested Lb Lub aL bs b h d ,S ds df A ,S As Af* St S 'f
beams  (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)  (mm)
by[32] 2000 200 800 800 160 280 40 240 272 2¢8 2012 2be8 80 40
1bep8 &
by[33] 2000 200 800 800 160 280 40 240 270 2¢8 2012 2L:1.4x20 455 345
by[34] 2100 350 1200 800 150 280 40 240 274 206 2012 2be6 88 31
by[7]-a 1400 50 500 500 100 177 25 152 171 2¢8 36  2L:1.4x10 30 35
by[7]-b 1400 50 500 500 100 175 25 152 169 @ 2¢8 2‘{’2;‘ 2L:1.4x10 30 35
by [35] 800 50 300 300 120 170 21 149 164 296.5 2¢6.5 2L:1.4x10 40 40

* Two types of CFRP reinforcement were used: CFRP round bar (b) and CFRP laminate (L)




Table 7: Main properties for the concrete, steel and CFRP reinforcements [7, 32-35]

i CFRP
concrete Steel reinforcement .
d beams reinforcement
Teste fe iy fo, E. o E
(MPa) | (MPa) (MPa) (GPa) | (MPa) (GPa)

by[32]and [33] 32 545 624 205 2350 170
by [34] 37 600 - 210 1875 146
by [7] 46 730 800 200 2740 159
by [35] 52 627 765 200 2740 159




Table 8: Experimental and analytical values of the ultimate flexural capacity of the tested beams [7, 32-35]

Tested a L Fet Fru Fr Fete Pcc(u) Prc(u) Pccd(u) Pc(cljj)exp RY

ccd

beams () (mm) (kN) (kN) (kN) (kN) (kN) (kN)  (kN)  (kn) R&™”

by [32] 35 57.12 1020 117.79 24.28 20.40 164.30 - 118.75 116.01 1.02
by[33] 35 5712 580 8329 21.89 17.40 165.39 - 99.33  118.58 0.83
by[34] 35 5570 820 5286 17.72 16.40 - 128.29 10256 108.12 0.94
by[7]-a 35 3570 284 36.77 1467 569 8810 - 84.46 7850 1.07
by[7]-b 35 3284 262 36.77 1351 524 9425 - 93.09 8191 113

by[35] 35 2999 339 3677 1236 6.79 108.80 - 9147 9249 0.99
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Figure 1: Critical points of the trilinear flexural response of the prestressed strengthened beams
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Figure 2: Strain profile of the cross section: a) at concrete crack initiation point (cr), b) at steel yield initiation point
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Figure 3: Definition of the geometry and reinforcement configuration for the analytical model: a) geometry of

strengthened beam, b) reinforcement details in EBR technique, c) reinforcement details in NSM technique
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Figure 4: a) Compressive stress block for the concrete in compression, b) stress-strain relationship for the steel, c)

stress strain relationship for the CFRP
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Figure 5: a) Characteristics of the bonded CFRP reinforcement, b) position of the CFRP laminates on the beam’s
tensile surface, c) concrete cover for the beam bottom face and resisting bond length, d) shear stress-slip relationship

of local bond
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Figure 6: Calculation procedure for concrete cover delamination failure mode
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Figure 8: Curvature distribution along the beam length at the stages: a) initial camber, b) precracking, c)

postcracking, d) postyielding
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Strain (&)

Stress-strain relationship used in DOCROS to simulate: a) concrete, b) steel bars
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Figure 13: Experimental, analytical, and numerical (by DOCROS and Def-DOCRQOS) predictions of the beams in
series 3 in terms of moment-curvature: a) non-prestressed, b) 40% prestressed, and neutral axis depth: ¢) non-
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Figure 14: Strain profile of the prestressed section at initial curvature (ci)
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Figure 15: Strain profile of the cross section: a) at concrete decompression point (cd), b) at steel decompression
point (sd)



Figure 16: Strain profile of the cross section, a) simultaneous tension and compression failures (cri), b) compression
failure (cc), c) tension failure (rc)



