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ABSTRACT: The mechanical behaviour of the adhesiterface between the FRP strips and
the concrete substrate often controls the respohB&P-strengthened RC members. Plenty of
studies devoted to understanding the mechanicavi@lr of FRP strips glued to concrete
mainly focused on their response under monotoniiores; which are certainly relevant in a
wide class of practical applications. On the cawtréew contributions are currently available to
better understand the response of FRP-to-conaredaces under cyclic actions, such as those
deriving by either seismic excitations or traffmatls. This paper presents a novel numerical
approach to simulate such a response. Particulartiagmage-based approach is formulated to
simulate the fracture behaviour of FRP-to-concyaités under loading/unloading cycling tests.
The model is formulated within the general framewof Fracture Mechanics and is based on
assuming that fracture at the FRP-to-concrete fatterdevelops in (pure shear) mode I, as
widely accepted in similar problems. Two alternatéxpressions of the bond-slip behaviour are
considered herein and a preliminary validationnalfy proposed.

1 INTRODUCTION

Fiber-Reinforced Polymer (FRP) materials recendiyngd popularity in a variety of retrofitting
solutions aimed at upgrading structural membeexigting civil engineering structures, such as
concrete columns (Pan et al., 2007), wooden fleanis (Corradi et al., 2006) and masonry
panels (Marcari et al., 2007). As a matter of false mechanical response of the adhesive
interface often controls the structural performaméeReinforced Concrete (RC) members
strengthened by Externally-Bonded (EB) FRP stripBus, plenty of researches aimed at
investigating the bond behaviour of FRP strips dlte concrete were carried out in the last
decades and are currently available in the liteeatBarticularly, the FRP-to-concrete fracture
and debonding process was thoroughly investigai@deth experimental (see, for instance,
Chajes et al., 1996; Czaderski et al., 2012) aedrttical (Ferracuti et al., 2006, Cornetti &
Carpinteri, 2011; Martinelli et al., 2011; Caggiasbal., 2012; Caggiano & Martinelli, 2013)
studies. However, such studies, intended at iryaitig either the behaviour of FRP-to-
concrete adhesive joints or the response of EB-BfRehgthened RC beams, were generally
carried out by only considering monotonic actioppleed to the members under consideration.

Nevertheless, FRP strips are widely used in pralctipplications with the aim of enhancing the
structural performance of RC beams under cyclimastpossibly induced by either traffic loads
or earthquakes. Despite the significant differertmetsveen the two aforementioned load cases,
the state of knowledge about the actual behavidubath the adhesive FRP-to-concrete
interface and the performance of EB-FRP strength&@ members under cyclic actions is still
in need for dedicated investigations under bothetkerimental and theoretical standpoints. In
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fact, few studies are nowadays available on théctdParticularly, Mazzotti & Savoia (2009)
and Nigro et al. (2011) reported the results of-tywle fatigue tests carried out by assuming a
single shear test set-up, whereas the resultgjbfdyicle fatigue tests were recently documented
by Carloni et al. (2012). Regarding theoretical mitidg, Ko & Sato (2007) proposed an
empirical bond-slip model intended for simulatinige tbehaviour observed in a series of
monotonic and cyclic tests carried out on Aramigl, @arbon (C) and Polyacetal (P) FRP strips
glued to concrete blocks and tested in double shEa® model was based on assuming a
Popovics-like law and involved seven mechanicalapeters, which should be calibrated
experimentally as a result of the empirical natfrthe model under consideration.

This paper is intended as a further contributioth modelling of FRP-to-concrete adhesive
interface under cyclic actions: it presents a tegoal model formulated within the general
framework of Fracture Mechanics (FM) to describes thost-elastic behaviour of the
aforementioned adhesive interface. Particularlg mhodel is based on the assumption that
fracture occurs in “mode 11" (i.e. pure shear) an@ alternative expressions (i.e. exponential
and linear softening) are considered to describeébtind stress release in the post-peak regime.
As generally accepted in FM, the unloading branefote the peak load is unaffected by
damage mechanisms, whereas in post-peak regimeatieions of the elastic (unloading)
stiffness are driven up by means of a fracturedbad@mage modelling. Firstly, Section 2
outlines the key theoretical foundations of thepmsed model and proposes some closed-form
expressions of the fracture work which can be @erience having assumed “a priori” an
analytical expression (either exponential or lindar the post-peak branch of the bond slip law.
Then, Section 3 proposes some comparisons betweemaodel simulations and a series of
monotonic and cyclic test results available in 8wentific literature. Finally, concluding
remarks as well as future developments of the ptegerk are highlighted in Section 4.

2 THE THEORETICAL MODEL

A simplified theoretical model is proposed to motled cyclic response of FRP strips glued to
brittle substrates, made of materials such as etmaor masonry. Particularly, the present
proposal is based upon the following key assumption

— the crack develops at the FRP-to-concrete inteiifageure shear) "mode I1*;

— the analytical expression of the monotonic softgriranch of the bond-slip relationship
is described "a priori" by assuming an analytiogiression (either exponential or linear
in shape);

— stiffness degradation in the unloading stages digparpon the actual value of the
"fracture work" developed in each interface point;

- “small” displacements are assumed at the interfaxckaxial strains possibly developing
in the concrete substrate are neglected.

The four assumptions listed above lead to defire ghneral governing equations for the
mechanical behaviour of FRP strips glued to alérittibstrate. They are derived by writing the

classical “equilibrium”, “compatibility” and “(genalised) stress—strain” relationships, in both
monotonic and cyclic response.

2.1 Basic assumptions

The proposed model is intended at modelling the BRI glued to a brittle support and
schematically depicted in Fig. 1.
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Figure 1. Single-lap shear test of a FRP-to-cordoended joint.

The assumptions of uniform width and thicknégsandt, respectively, and a unique bond
relationship throughout the adhesive interfaced teahe following equilibrium condition:

do,[4 __1[Z]

T (1)

beingt[Z] the interface bond stress aaglz] the axial stress in its cross section. The bdimd-s
equations for the adhesive behaviour can be exgmdabsough two alternative bond-slip laws
(even though under the simplified hypothesis of embidesponse). The first one is given by the
following negative exponential law:

{ d=-kér if [s]z= s

17 =-1,e"M Y it pp> s &

where ke is the tangential bond stiffness in pre-peak raspoof the interface shear-slip
relationship s[z] the shear slip at the considerzdbscissas. = 7/ke represents the elastic slip
value, 7, is the shear strength, whil@ is the exponential parameter of the post-peak
relationship. Then, a linear softening interfacedaiccan be alternatively defined by means of
the following expressions:

14 =-k§¥ it [slz< s
d=-1,+k(§F- 9 if s<[d= (2.b)
17 =0 it §%> s

beingks the negative stiffness in the post-peak branchsgnd/ke+ 7/ks the ultimate slip. The
linear elastic behaviour of the FRP strip can keleeepresented by the following relationship:

o,l4=Eg, 3)

whereE, is the Young modulus of the composite, whereasstian field can be calculated by
means of the following compatibility condition:

dy 4
€, =——. 4
P 4y (4)
Finally, the following differential equation can bétained by introducing egs. (3) and (4) into
the equilibrium condition (eq. 1):
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2.2 Fracture-based damage modelling

The unloading/reloading stiffness is modelled wththe framework of FM theory by

considering, for each point of the adhesive intaxfahe fracture wonki and the corresponding

fracture energy in “mode II'G} . The fracture workwy, developed during the sliding fracture

process, controls the evolution of damage. Padtityl the variablew[s] represents the
“inelastic portion” of the enclosed area of the curve in the rangf-s] (Fig. 2). Particularly,
the dissipated work was obtained through the falowrelationships in the cases of
EXPonential (EXP) and LINear (LIN) softening braeshrespectively:

keS| g _ 242 -q) EXP
s 2 2
w, = 13 ds- 19 - s , ©
0 =l ketk)(s-9kst s ¥ |

2k

E

and, clearlywg = 0 for §[7] = s..

S S

(@) (b)

Figure 2.Fracture work spent as defined in eq.(g)linear and (b) exponential softening branches.

Since a unique bond-slip law, possibly defined gy.€1) and (2), is assumed through the bond
length, the value oG/ is uniform throughout such a length and dependherkey parameters

involved in the two expressions (2.a) and (2.b):

2
ks [E“,BisJ EXP

e

] .
ke g Kel
2 s

Finally, the damage parametecan be defined in each point of the adhesivefenter

Gt =[|rld| ds= (7)

d=&% with z:% (8)

i’
f
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whereay controls the shape of the damage curve and tlinigi@anloading stiffnesk is related
to the elastic one through the following relatidpsh

k=k (1-d). 9)

2.3 Outline of the numerical procedure

A Finite Difference (FD) procedure is developed ifategrating equation (5) under monotonic
and cyclic actions. Particularly, a Central-Diffece (CD) expression is assumed to express the
second derivative of eq. (5) in the internal nodiethe FD mesh represented in Fig. 3:

DS, tAS, fori=0,..n-1, (10)

As
2+h (A7

EPtP
wherej is the current analysis stepthe node number anki the corresponding tangential
stiffness of the local bond-slip law dependingséh Since the analyses are intended to proceed
in displacement control, the following boundary ditions are applied at the unloaded and
loaded end of the FRP strip, respectively:

As ' =Ag (11)
As,' =Ag (12)

where eq. (11) corresponds to the condition of atress (and strain) at the unloaded end, and
eg. (12) to the imposed slip increment at the |deated (i.e., noda).

-1 01 2 -1 1 it n-2 n-1 n F

Figure 3. Finite difference discretisation of tHeHA~to-concrete interface.

The set of 1+2) simultaneous equations (10)-(12) can be solveteims of slip increment
vector4s and, in principle, the final solution in tfi¢gh analysis step can be obtained iteratively
to take into account the possible interface noaliityp. Particularly, the trial solution at theth
iteration of thg-th incremental analysis step can be obtained in tefmbeth interface slip and
bond stress vectors (which collect the2 components of both quantities):

sj‘k =5+ 49 ‘k (13)
rj‘k=rj"l+Arj‘k=rj_l—kT Ddsj‘k (14)

wheres™ and #* are slip and bond stress vectors, at the conveegehthej-th incremental
analysis step, arkl a vector collecting the tangential stiffneskesat the various nodes of the
FD discretisation. If the nodeth ended up thdj-1)-th analysis step in the elastic stage, the
following condition should be met by the trial siidin (14) for the same node to remain in
elastic stage:

o <l(s.) =

wherer is the bond-slip law expressed by either of equati(2) ands,; a state variable which
represents the total slip developed in the niodering the fracture process and, in monotonic
conditions, could be simply expressedsassi-s.. If eq. (15) is satisfied in all nodes at thetfirs
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iteration k=1), then they hold their elastic status and theddlfé’ increment, corresponding to
the imposed slip incremeds/!, can be derived by equilibrium:

ke 0 1| 47|
AF) = AF“k= ZKTK b, (Az. (16)
i=1

If this is not the case, the slip incremeds|, should be subdivided in an elastic pAst| e,
corresponding to the achievement of the equalityequation (15) and the cracking part
45|« o= 45|~ 45|k e Then, an iterative search of the equilibriumtfaj-th can be carried out
by employing egs. (10)-(12) as an elastic predietod the equality in eq. (15) to obtain the
corrector. Once convergence is achieved (i.e.rmgeof unbalanced forces at tkth iteration

of thej-th increment), the vect®,, collecting the state variabdg ;, can be updated as follows:

= i1 i-1
Scr - Scr + Ascr ‘k (17)

and the corresponding force determined through(Zg8). Then, in the following incremental
analysis steps, the same nddeill keep the cracking status if no sign changeurs between
the increment slip at the previous s{gf)-th and the one obtained by solving egs. (10)-(12):

Asj'lDd$j‘k >0 (18)

If this is the case for all the nodes, the corresiiay force can be determined through eq. (16)
and the status variable updated via eq. (17). @iker an unloading stage starts in the nodes
where the inequality (18) is not satisfied andtenative predictor-corrector search leads to the
new system status. The incremental analysis pracegdo the achievement of a given failure

condition which could be formulated in terms of mmaxm slip occurring at the unloaded end.

3 EXPERIMENTAL COMPARISONS

The formulation presented in Section 2 needs tedbeéated in its soundness and capability to
simulate the FRP-to-concrete pull-out behaviourennabth monotonic and cyclic conditions.
Experimental data characterising both of the abueeationed experimental situations, on three
types of FRP sheets are available in Ko & Sato 720Dhe results of some tests carried out on a
single ply of A-FRP strips are considered to achiareliminary validation of the proposal.

Three equal specimens were tested under monotodicyglic actions. They are characterised
by an A-FRP strip with relative axial stiffneBgt, = 10.4 kN/mmand widthb, = 50 mm Then,
the values of the bond-slip material parametersdaetified for the two (alternative) softening
laws (namely, the exponential and linear one).i®4darly, ke = 52.22 MPa/mmt, = 2.256

MPa and G}' = 0.958 N/mm are assumed in the following numerical simulaidar the

mechanical quantities which are relevant for bbih bond-slip relationships, according to the
average values identified by the cited authorgtferspecimens Al11, A12 and A13, tested under
monotonic actions. Regarding the softening brarotan be consistently derived by the three
aforementioned values and taking into accountwlmeetxpressions in eq. (7), which connect the
B exponent and thiesslope characterising the exponential and the lisetiening relationships,
respectively. Moreover, the unit value is considde the damage parametey.

Fig. 4 compares the results (in terms of force-séfationship) obtained in the cyclic test
labelled as "Al14" by Ko & Sato (2007) with the asponding numerical simulations obtained
by assuming the exponential expression (2.a) ferstiftening branch. The agreement between
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experimental and numerical results is rather satisfy, especially if it is kept in mind that no

fine tuning of the relevant mechanical parametess performed in this paper, but they were
simply assumed in accordance to the values idedtlliy Ko & Sato (2007) on monotonic tests.
However, the higher residual slip which affected #rctual experimental observations with
respect to the resulting numerical simulation it a possible limit of the proposed fracture
model which needs to be further assessed in thesfstages of the validation procedure.
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Figure 4.Load-slip response under monotonic andiccgctions of FRP strips glued on concrete (Ko &
Sato, 2007) — Exponential softening.

Finally, Fig. 5 proposes a similar comparison basedhe analyses carried out by assuming a
linear softening branch for the bond-slip relatitips It is clear that such an assumption,

generally accepted to simulate the monotonic respoii FRP strips glued to concrete, is less fit
for simulating the cyclic behaviour of their adhesinterface, as it results in an overestimation
of damage and, then, in a significant differencéeiins of both maximum forces and ultimate

slips.

15,00

12,00

Load [kN]
g

o
[=]
S]

Ko & Sato (2007)
Specimens (A11-A16]

3,00 |
— Monotonic

—Cyclic
Experimental (A14

0,0 0,5 1,0 15 2,0 25 3,0 3,5

Slip[mm]

Figure 5.Load-slip response under monotonic andiccgctions of FRP strips glued on concrete (Ko &
Sato, 2007) — Linear softening.
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4 CONCLUDING REMARKS

This paper presented a contribution to the analylstwe cyclic behaviour of FRP-to-concrete
interface. Particularly, the proposed model hasnbfemulated within the framework of
Fracture Mechanics and assumed two alternativeeegjums for the softening branch of the
bond-slip relationship. The closed-form expressiobtined for determining the key damage-
related quantities are among the novel and mosictite features of the present formulation.
The comparison between some experimental resuitabie in the literature and the numerical
simulations performed by means of the present mioigblighted the predictive potential of the
latter. Moreover, such experimental comparisonstpdi out the higher accuracy obtained by
assuming an exponential softening branch, withees the linear one, generally accepted for
simulating the response under monotonic actiong dbservation is the starting point for the
future development and validation of the presendeho
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