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ABSTRACT: An analytical model, based on principal tensteessesss. joint shear
deformation rulesfor the evaluation ofeinforced concreteRC) joints strengthened with
fibre reinforced polymer KRP) composite materialss presented.For this purpose,
existing model available in literature is simplified astejp-by-step iterative procedure is
given which separately evaluadethe shear contributienprovided by the composite
materialand by the confined concref€o achieve the target performance of the retrofit
strategy stepby-step desigmprocedurds adoped togeneratea M-N interaction diagram,
or performance domaindor the beancolumnjoint subassemblyFinally, results of
parametric analyses asbownto highlight the effect of different retrofitting schemes and
axial load levels on theffectivenes®f strengtheningilong with the brief discussion on
deformation based retrofit desigfihe procedure is shown to yield simple and efficient
designcalculationsandcaneasilybeimplemented by practicing engineers.

1 INTRODUCTION

During the last two decadegveral strengthening methodologies have been proposed to enhance the
shear resistance of RC beawiumn jointsusingfibre reinforced composite (FRP) materidis spite

of the few experimental studiesrelatively less work has been dedicated the analtical
modelling/analysisand design of FRBtrengthened joints. Gergely et al. (20Q@@¢sented alesign
example for an interior joint of bridge beteisted by Pantelides et al. (1999). By using steel stirrups
analogyFRP contribution to the shear capgdif the joint was analyzed and composite layout was
specified.Ghobarah and Said (200ahd EI-Amoury and Ghobarah (2002)so proposed a design
methodology based on providing fibre reinforcement to replace the missing joint shear reinforcement
to upgradethe shear capacity of existing RC beaalumn joints respectively Antonopoulos and
Triantafillou (2002)proposed a extendedversion ofPantazopoulou and Bonatimodel (1992)to
account for the effect of externally bonded FétPthe shear capacity tife panel zone region.

In this contributim, the theoretical aspectand alternative simplified method ftine analysis of RC

joints with focus on the strength assessment of panel zone region prior to and after the retrofit
intervention are covered in thipaper.Stepby-step procedures with numerical example for the
construction of MN performance domain for each structural elenaatexplainedn detail In order

to highlight the effect of axial load level on the shear strength of retrofitted joint diffdgrent
retrofitting schemes outcomesmdrametric analysis ghown.

2 PROPOSED MODIFIED MO DEL

Extensive research on the behaviour of bealamn joints have demonstrated that the panel zone
(joint region) can be represented as-mensional paris reinforced in orthogonal directions under
the effect of irplane shear and normal stresses as showigurel (Pantazopolou, 1992).

As-built joint after deformation, the overall geometry can be described by the average angle of shear
distortion, g the principal strainsg and &, which are related to those in the longitudinal and
transverse directiong andg, and the average compressive stess; ands, respectively. Mreover,
assuming that (1) the maximum principal stress in the conggtés always less than the tensile
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capacity for the sake of simplicityvhich can betakenas zero; and (2) the directions of principal
strains and stresses coincide (this is nearly correct if the reinforcement has not yfelteudng

relationshipsare giveninFigure by ut il i zing Mohrdéds circle.
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Figure 1: Exterior RC joint strengthened with FRP: (a) design dimensions; (b) horizontal force equilibrium; (c)
vertical force equilibrium (modified after Antonopoulos et;dld) kinematics of abuilt joint andMohr circle
definition of plane strain and stress

The strengthened joint can be idealized as a threensional element with dimensionstgf(overall

depth of column in the direction of the horizontal shear to be considegg@yidth of beam) andh,

(height of beam). Schematic illustration and average stresses of RC joint strengthened with FRP are
shown in Figure 1. The notations shown in the figure are: distance from calentre to
contraflexure pointly,, half clear span length,, heicht of beamh,, height of column]., effective

depth,d. Additionally, for the force equilibrium requirements horizontal column shear fofcend

beam shear forc, and compressive axial forces of the column and beam (if any) are represented as
N, and Ny, respectively. The joint shear stresses are assumed to be uniformly distributed over the
boundaries of the joint which are presented by direct member action as well as by reinforcement bond.

Under the equilibrium conditionspif olderjoints the averge compressive transverse and longitudinal
stressess; and s, can be written as

s, =-r.E.e, (6)

N
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whereE; = elastic modulus dibre; g;, = average strain in the FRP in the transverse or long. direction;
r«; = FRP reinforcement ratio in the transverse or ikoignal direction (Eqg.10, 11). Plane stress and
strain components can be written in termsipfind tam using Mohrcircle as givenn Figure 1with
the constitutive relation$=E.q, f=E.q, fi=E:g andfs=E:;q whereE; andE; are the elastic modulus of

fibre and steelrespectively Following the same wayhear stress contribution due to FRFcan be
written as

v, = r«Eq ey (8)
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The procedure described above leads to a quagtinomial oftarfg:
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2.1 lterative procedureto evaluate the joint shear strengthe to conposite material

The dear capacity of the strengthened RC jaiabh be determined by a simple iterative procedure.
The imput consists ofl) geometriacdata hy, by, he, be; (2) material propertiescompressive strength of
concrete f., elastic modulus foconcrete E., tensile strength of concretl, E;, FRP thickness per
layer, t;, design rupture strairg,; (3) FRP application detaitsdepth ofFRP sheet obeam surface,
dip, depth of FRP sheet on column surfakg number of sheet on beamy, number of sheet on
columnny ., number of beam sides covered with FR®,, number of column sides covdreith FRP,
ns.. FRP reinforcement ratio in the transverse or long. direction can be found as follows:

re= (Nep NSt dip)/( Ny By) (10)
ra= (Nre NSt di )/ (e be) (11

As an initial stepthe transverse straj g, is incrementedFor each value o& is solved fortang so
that the shear stredsie to FRPr, can be calculateby Eq. @). Next, normal stress in FRR,, along
directiont (at midheight of joint)is determinedto do the failure checht theend of each step by
comparing strains to yield valuest the end of eacherationstegs two conditionsshould be checked

(1) Failure of FRP As an ultimate limit state,abondingof the composite materiad treated here
according to the fractural meanicsbased model of Holzenkampfer (199ich isgiven by

fraew= T =Cy(E; fo) /(i) for ot Ol max (12

whereempirical coefficients; andc, aretaken as 0.64nd 2as suggested by Neubawdral.(1997)
andHolzenkampfer (1994), respectiveBRP development length along the direction t (in mni$

Ib,max :\[(Eftf )/szct) (13)

(2) Diagonal compression failure of joint panel concrdie the absence of stirrupstrengthof the
diagonal compression strut will govern the failure mechanism of the joint. At any point in iteration
compressioffiailure check can be domes indicated in the literature (Priestley et al., 1996)

p. 00.3f, (14)

wherep. is diagonal compression stress &1ds compressive strength of concrete.

3 DESIGN OF THE FRP RETROFIT SYSTEM

Before the appropriate retrofit solution adopted assessment of the deficiertdieam joints should

be uilized by taking into account the expected damage mechanisms along with the internal hierarchy
of strength in the system. Recently in the literature a simple procedure has been proposed to evaluate
the expected sequence of events through the comparisatenfal hierarchy of strengths within a
beamcolumnjoint system (Calvi et al.,, 2002; Pampanin et al., 2007b) through the construction of
capacity and demand curves withinMaN (momentaxial load) performance domain. Appropriate
rehabilitation techniguecan be applied by rearranging the sequence of events to bring them up to
capacity design provisions

Design recommendations are based on Igtdtes design principles. In assessing the nominal strength

of a member, the possible failure modes and swlesgctrains and stresses in each material should be
assessed. Beam, column and joint capacities are referred to a given limit states (e.g. for joints:
cracking, equivalent “yielding™ or extensive damage and collapse) and evaluated in tegoisaént
moment in the columnM,,, at that stage, based on equilibrium considerations within the-beam
column joint systemCapacity design principles (Paulay and Priestley, 19B@uld be employed for

the seismicretrofit which assumeshat the structure developts full capacity and members are
capable of resisting the associated required shear strengths.



3.1.1 Evaluationof beamand columrsection capacities

The behaviour of a member subjected to bending or combined bending and axial load can be best
studied by pedrming conventionaimomentcurvature analysed1-N capacity curves for beams and
columns corresponding to a given limit states can be derived and plotted in a perfedo@mage to

define the sequence of eventdie confinement effects of the FRP on thetise can be taken into
account following procedures ailable in the literature (e.&poelstra and Monti 1999).

3.1.2 Evaluation of joint strength prior and after retrofit

Firstly, asbuilt joint will be analyzed to obtain Nl interaction curve by using stdyy-step
procedure.In order to achieve thighe equivalentcolumn momentcan be expressed in terms of
column shear forc¥j, using simple statickor an exterior bearmolumn jointunder the external and
internal actions along with the notations giverfrigurel.
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wherejd is the lever arm in the beam that carebsume@s0.9d

It should be noted thahé nominal horizontal shear stregsat the middepth of the joint corés
Vin/(bwhe). FromMohr's circler, andthe nominal principatensile stress the jointp; are found as

pt =- fv/2+ (fv/2)2 +njh2 (16)

n, =Jp’+npf, (17)

wheref, is nominal compressive stress on the column at thedeyith of the jait core isgiven by
f, =N,/(hb,) (18)

where compressive stresN,, is taken as negativeNote that, based on experimental evidences
(Pampanin et al., 2002; Hertanto, 2006) forjaets with plain round bars and end hooks thetfir

crack in the jointcore can be assumed to occur at a principal tensile stresgle@e19,/ f.* in MPa

It is noteworthy that, especially for etgipe joints setting limits for the principal stress values in the
joint (both compresge and tensile) is more consistent with the underlying mechanics of the problem.
Becausedhe ultimate failure mode is governed by the crushing of compression strut instead of stirrup
yielding as seen in properly designed joints after the drastic degmadtatihe strength due to the first
crack in the joint paneBy this way, influence of axial loads on the joint capacity through the columns
can be moitored clearly either in asuilt or retrofitted condition.

All things consideredgeneral formulatiorfor asbuilt joint equivalentcolumn moment,, can be
written as follows

al N, @
&£ pt + pt ﬁg)whc (I h )
Moo = 2 e [kNn] (19)
8.0,-h2, 8 2
¢ 0.9dl, 2
A more condensed form of the above equation yields to
(100
v, = Vnltood . 9 fng (20

where b is regar@d as a geometric coefficiemthich is related to the dimensions of beaotumn
joint according to notations given in Figute
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where A is the effective area in the joilhssessmenof the capacity curve of a deficient exterior
beamcolumn joint steps aras follows

Step 1 Determine effective are&=hgb,
Step 2 For exterior joints limit staten terms of p;corresponding to first crackingyE 0.19/ fc‘ )

Step 3 Calcuate the geometric coefficieibt
Step 4 Calculate aduilt joint capacity in terms dfl., for different axial load levels

As a next step, to construct the capacity curve of the strengthened joint, calculation steps are given
below.If debondirg is not prevented, debonding stréfss.)consequently debonding straia £r) will
be taken as a limit value for the capacity.

Step 1 Calculate FRP reinforcement ratio and debonding stegif,

Step 2 Determinetang by solvingquadratigpolynomial of tarfg (Eq.9: atarf g+btarf g- c=0)
Step 3 Calculate average joint shear stress duibte v

Step 4 Calculate retrofitted joint capacity in terms of eql@nt column moment

The total capacity of jointcan be expressed in terms mincipal tensile stress due to thebuilt
solutionp, and thefibre contributionpy (i.e. py= pc + Py). At this stage, supplied base sh¥gagin the
joint can be evaluated usirigtal principal tensile stresp; as a function of applied axial loahd
according to specified joint shear deformation limit state. Conceptual deformatied reafit
designusing FRP materials for shear strength enhancement of deficient beam columis fiirea in
Figure 2.
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Figure 2: Conceptual deformation baseelsthn procedure
3.2 Design example
Step-by-step capacity assassmeat an eterior 2/3 scaleasbuilt and retrofittedoeamcolumn joint

tested at the University of Canterbull be carriedout as an exampléAkguzel 2007) Geometry,
reinforcing details anthaterial properties are given in Figue



Retrofitting scheme consists of 1 layer of application on the beam and 2 layer on the ddiemn.
GFRP materials used for this rehabilitation have nominal thickness of 0.36 mm, elastic modulus of
76,000 N/mmandultimate strain of 1.8%Starting withthe asbuilt joint calculation steps are given

as follows

Step 1 Determine effective are&.=hb,=(0.23)(0.23)=0.0529 fn
Step 2 Limiting principal tension stregg= 0.19,/ fc‘ =0.19/18 = 0.806MPa

Step 3 The geometric coefficiert is calcubted as:
2l).-18dl, _ 2(1.409(2)- 1.8(0.305(1.524

= = =12986
0.9dl,A(. - h) 0.9(0.305(1.524(0.0529(2- 0.33)

Material properties:
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Figure 3: Details of analyzedpecimen

Step 4 As an example for 50 kN of axial load, the equivalent joint morkkpk so would be:
f, =N,/(hb,) =50/((0.23/(0.23) =0.945VIPa

M urso = Qégl p’ +p.f, §1000 / b= (\/ (0.806) +(0.806)(0.945) Xlooc)/lzgse =9.15kNr

For the assament of strenthened joint, if debonding is not prevented, debonding stress
(frseconsequently debonding straig £y will be taken as a limit value for the capacity. As an
example, axial load value is taken 50kN as taken-ouilsjoint performance analysis.

Step 1 Calculate FRP reinforcement ratio in each direction and debonding stgain,
fr o= T = [(E, f)/(t;N;,) = (0.64),/(76000(2.1)/(0.36)(1) = 426kN

8 .4eb= (426)/(76,000) = 0.56 %

re= (Mo NS ot dkp) /( Dy by = [(1)(2)(0.36)(300)] / [(330)(230)] = 0.00284

ra= (e NS.ctr o) /( he b)) = [(2)(2)(0.36)(200)] / [(230)(230)] = 0.00544

Step 2 Determinetang by solvingquadraticgpolynomial oftar’g (Eq.9): atar’ g+btarf g- ¢=0,

& 0_4 5
= + = + =0.0046¢
a ge%z %ﬁEfE £719940 %o.oozsz)(naoooi3



_aN, 0_4(50000 §_ c
b é%\%cbcrﬂrﬁEfef'debﬁ g‘{ %23()(230)(0.00284(0.00544(760002(0.005@2 0.0018¢

PN | I & -
c=(- 1)8%0 ¥ /]/rﬂEf 90=&n9940" Ho.00saq(760098= - 0.002467

- b++/b?- d4ac _ - (0.00189 +/(0.00189 - 4(0.00469(- 0.002467
2a 2(0.00469

D

=0.552Y tang =+/0.552=0.743

Step 3 Calculate average joint shear stress duibte, v
_«Ee ,de/ _ (0.00284(76,000)(0.0059 _
v, = fang ™ A)-? 43 =163MPa

Step 4 Calculate retrofitted joint capacity in terms of equivalent column moment,

Mjr1250= Vs (1000)/6 (%E63)(1000)/129.86=12JNm

Total shearcapaciy of the strengthenejbint can be found by adding the retrofitted joint capacity to
the asbuilt joint capacityM;ri2s0= 9.15 + 12.6 = 21.7BNm

3.3 Validation of the proposeagpproach

In order to validate the proposed analytical procedure test reduks shear strengthened exterior
beamcolumn joint specimens from two different experimethpaigrarecompared with analytical
predictions Detailed informatiorabout the test procedures and results can be fiouthd references
(Nassi, 2002Vecchetti, 2001 Pampaniret al.,2007h Antonopoulos and Triantafillo2002).

Table 1.Comparisons of analytical model with test results

Specimen gipt/ \/? ixp éiept/ \miw %An%xp. §Pavia %An%xp. §Amonopous
F11 0.86 0.83 0.96 0.97
F22 0.94 0.99 1.05 1.23
F21 0.96 091 0.95 1.05
F12 0.79 0.88 1.11 1.23

F22A 0.94 0.97 1.03 | e
F22W 1.02 0.98 0.96 1.12
F22inl 0.88 1.01 1.15 | e
S33 0.65 0.77 119 | e
S33L2 0.84 0.77 092 | e
S63 0.78 0.88 (1 J e —

3.4 Parametrical study

The effect of different GFRP layoutnd axial load levebn the capacity of strengthened joint is
investigated through a parametric studiyrstly, effecs of two different retrofit schemes on the
hierarchy ofstrength in the joinare shown through constructing the performance domains as shown in
Figure 4. Note that, retrofitting scheme is expresseRips/herei indicates the number aheets
applied on the beam surface whergaslicates the number of shieen the column (e.dr12suggest

1 layer of application on beamn@ 2 layer on the column). Sequence of events can also be determined
due to demand imposing on the system in the same constructed domain. Recent studies (Bampanin
al., 2007a) have showrthat variation of axial load due to lateral loading on a frame should be taken



into account, particularly when dealing with the assessment and retrofit of poorly detailed R.C. frames.
The relationship between the lateral force F and the variation of lagiN (N= Ngwaviyy + aF) is
function of thegeometry of the building (i.enumber of bays and storeys) and can be derived by
simple hand calculations or pushover analyses on the prototype frame.
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Figure 4: Evaluation of hierattty of strengths: IMN performance domain

Secondlyprincipal shear stress capacity enhancement due to retrofit for Réheamnd overall joint
strength degradation curves with the combination of contributions of GFRP and concrete under
different axial loads for R11, R12 and R22 are given in Figure 5. Contribution of GFRP is quite
substantial even with the minimum retrofitheene,R11 Although the favourable effect of high axial

load becomes more pronounced as nidvee placed horizontally (e.gR12 and R22, behaviour
becomes less ductile such as 20% reduction in ductility.

359 R11 retrofit scheme
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Figure 5: GFRP effect on the behaviour of strengthened joint under varying axiglcloaidd)



