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ABSTRACT 

Fibre reinforced polymer (FRP) CO mposites have ken increasing ly st udied for t heu 

app k a t  ion in the flexural or shear strengthening of reinforced concrete members. 

Although substantiai increases in strength have been achieved, reduct ions in ductiiity have 

also k e n  reported. as a result of debonding failures near the concrete-FRP interface. The 

de bonding phenomenon has k e n  the subject of nurnerous investigations. inciuding the 

experimental program described herein whic h invo lved the strengthening of shear-crit ical 

bearns using carbon FRP strips. It has been determined that the bond-slip behaviour at the 

bond interface must be considered in the numericd rnodelling of extemaliy-reinforced 

memben. Essential to analyses utilipng a fhite element program are the formulation of 

bond elements and their constitutive relations. The irnplementation of link and contact 

elements, dong wit h iinear elast ic and elast ic-plat ic bond laws. has produced accurat e 

predictions of member response. 
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NOTATION 

shear span, haE of distance between two cracks, maxilnum aggregate s ix  
cross-sectional ares of FRP per unit Iength of the beam 

cross-sectional area of i' FRP Strip 
ama of a pair of FRP plates 
beam width 

width of concrete memkr 
width of FRP laminate (in flexural strengthening) 
width of FRP plate (in f l e m l  strengthening) 
width of bcam web 

thickness of concrete cover 
material s t f iess  matrix 
effective depth 
concrete w ver thickness 
initial debonding Iength 
height of FRP sheets bonded to beam web, effective depth of FRP laminate 
shear depth of the beam section 
distance between the top of the beam to the center of the FRP plate (in 

flexural strengthenhg) 
average strain gradient for the effective bond length 

strain gradient for the effective bord length 

elastic modulus of adhesive 

slip modulus of FRP-concrete bond interfàce 
eiastic modulus of concrete (initial tangent modulus) 
secant modulus of concrete m principal tensile direction 
secant mdulus of concrete in principal compressive direct ion 
elastic modulus of FRP laminate 
eiastic modulus of FRP plate 
eiastic modulus of steel reinforcement 
secant modulus of steel reinforcement in x direction 
secant moddus of steel reinforcement in y direction 
axial force 



fa tensile strength of adhesive 
fband bond strength 
fc concrete cylinder compressive strength 

f't tende strength of concrete, FRP or epoxy resin 

f~ I principal tensile stress 

fk concrete stress in principal compressive stress direction 

&i compressive stress on the crack 

& puil-a ff strength of concrete surface 

hl concrete cube compressive strength 

&X concrete stress in x direction 

b concrete stress in y direction 
Ff , Fb fi, ftu tensile strength of FRP matenal 

fie effective FRP stress 

 CU ultimate FRP stress 
fm stress in FRP plates 

F m  ultirnate load 

f~ maximum compressive stress for cracked concrete in compression 

fr rnodulus of mpture of concrete 

f s i  average stress of steel reinforcement in i' direction 

fw concrete temile splitting strength 
fsx average stress in x-direction steel reinforcement 

GY average stress in y-direction steel reinforcement 

fu ukimate strength of steel reinforcement 

fui stress at failure in i' FRP strip at intersection with shear crack 
fx unifon axial stress applied in x-direction 

f~ unifonn axial stress applied in y-direction, yield strength of aeel 
reinforcement 

fifi yield stress of steel reinforcement in iLh direction 

f~ yield strength of x-direction steel reinfiorcement 

fi, y ield strength of y-direction steel reinforcernent 

G a  shear rnodulus of adhesive 

GE shar modulus of concrete 
G f fiacnire energy 
Gnc critical strain energy release rate for the bond interfice 



bond modulus in tangentid direction (in contact element) 
bond modulus in normal direction (in contact element) 
height of beam section, height of FRP plate 
equivalent moment of inertia 
cracked equivalent moment of inert ia of composite beam section 

transformed second moment of area in terms of concrete 
element stif3hess ma& 
nurnber of FRP fkee edges on one side of the beam 
factor accounting for FRP laminate directions 

structure stifhess matrix 
spring stifhess in the h direction (in link element) 

spring stifkess in the v direction (in Iink element) 
bonded joint length 
initiai tramfer length 
flexural crack spacing 

bond development length 
effective bond length 

development length of FRP laminate 
shear span 

transfer length 
applied bending moment at the transition point between bond-development 
and composite zones 
number of cracks, north side of beam 

total nurnber of a h p s  crossing a shear crack 
applied load 
FRP plate sepration load 
fracture resistance of plain concrete 

force between nodes i rtixl k in the r direction (in contact element) 
siip at concrete-FRP bond interface 
average crack spacing, south side of beam 
spacing of FRP saips (in shear strengthening) 
maximum spacing of FRP strips (in shear strengthenhg) 

, Sm , S, slip at bond interfàce when maximum bond stress is reached 

SU , Sdt ultimate slip at bond interfie 



transformation rnatrix 

ta thickness of adhesive layer 
t f thickness of FRP laminate 
TFRP shear contribution of FRP laminate 

t~ thickness of FRP plate 
TU ultirnate capacity of bonded FRP-mncrete joint 

u displacement 

ub horizontal displacement of beam 
u f horizontal displacement of FRP laminate 
Ur, U,, , U, bond strength of adhesive or FRP-concrete interface 
v vertical crack opening 
V shear force 

shear stress across the crack 
maximum transmissible shear stress across the crack 

concrete normal shear stress 

shear contribution of FRP Iaminate 
shear contribution of FRP strips 
appiied shear stress 

horizontal cnick opening, average crack width, width of FRP laminate 

width of FRP strips (in shear strengthening) 
effective width of FRP laminate 

distance fkom neutrai axis to FRP plate (in flexural arengthening) 
reduction fiictor, or direction of principai FRP fibres measured nom 
longitudinal axis of beam 
direction of principal FRP fibres measured fiom longitudinal axis of beam 

damage factor for cracked concrete 
relative displacement between nodes i and k in the r direction (in contact 

element ) 
shear displacement 

slip at bond interfàce when maximum bond stress is reached 
uhimste slip at bond interface 
maxUnum slip in equivalent (linear) bond relationship 

principal tensile strain 

principal compressive stram 
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NOTA îïUN 

cracking stniin of concrete 
elast ic strains 
effective FRP strain 

effective FRP strain (AC1 format) 
characterist ic value of effective FRP strain 
uitimate FRP strain 
strain in the h direction (in link element) 

saain in concrete cylinder at f , 
straùi correspondhg to fp 
plastic offset strains 
seain at failure in ih FRP strip at intersection with shear crack 
uhimate strain of steel or FRP reinforcernent 
strain in the v direction (in link element) 

ultimate vertical tende strain of concrete 
normal strain in x-direction 

nonnal strain in y-dkction 
shear strain 
debonding hcture energy per unit area of FRP-concrete crack surface 

partial safety factor for FRP in tension 

modular ratio 
strain energy of concrete containing N cracks, without debonding and sliding 
of rebars and the debonding of FRP sheet 
total debonding energies on al1 debonded interfaces between FRP and 
concrete 
total debondhg energies on all debonded interfiices between reôars and 

concrete 
strength reduction factor 
total sliding energies on ail debonded interfaces between rebars and concrete 
shear crack inclination 

angle between the centreline of rebars and the crack normal 

shear plane angle in the web 

shear reinforcement ratio of FRP laminates 
shear reinforcement ratio of s t k q s  

steel reinforcement ratio in x direction 
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CHAPTER 1 INTRODUCTION 

1.1 BACKGROUND 

In recent years, there has k e n  an increased need for the strengthening or rehabilitation 

of reinforced concrete (RC) stnictures7 due to the aging of ~ c t u r e ,  the demand for 

higher vehicle loads, updates in design codes or inadequate original designs. An effective 

method for increasing the capacity of reinforced concrete bearns is through the use of 

externdy-bonded reinforcement. Traditionaliy, steel plates have been bonded to the so ffits of 

beams to raise their flexural strengths. However, within the past 10 years, the application of 

fibre reinforced polyrners (FRP) as extemal reinforcement has received much attention fiom 

the structurai engineering communhy. FRP plates or fabrcs are preferred over steel plates 

mainly due to their high tende strength, high strength-to-weight ratio and corrosion 

resistance. Increase in structurai weight is negligible, while the durabiiity of covered members 

is enhanced. Due to their iight weight, field use of FRP p h e s  or fabrin requircs less labour 

and equipment, resulting in shorter periods of dimption to services. As FRP material is 

flexible, it cm be utiüzed in any configuration to match the strength requirement of the RC 

member. Although the material costs may be high, they are o f k t  by the low installation and 

maintenance costs. 



Field applications of FRP for flexural or shear strengthening of RC members cm be 

found around the world today. FRP sheets are applied with the nbre direction oriented parallel 

to the longitudinal axis of the members to increase flexural strength, and are bonded to the 

webs of members to raise shear capacity. In Sherbrooke, Quebec, Canada, the rehabilitation of 

Webster Parkade, built in 1959, involved strengthening of the main beams with FRP sheets. 

An increase of 1 5% in flexural capacity and 20% in shear capacity was achieved [I l .  Single- 

ply carbon fibre reinforced polymer (CFRP) strips were bonded to the deck soffit of Bridge J- 

857 in Phebs County, Missouri, USA to enhance iîs moment capacity. Although a 30% 

mcrease was desireci, it was found after testing to Wure (this bridge was schedded for 

dernolition) that the moment capacity increased by only 1796, with a combined Mure mode of 

rupture and peeling of the CFRP sheets [2]. In Japan, not oniy has FRP composites been used 

for flexural and shear strengthening, but many structures have undergone seismic retrofitting 

using FRP since the 1995 Hansin Earthquake [3]. Many projects have been cornpleted in 

Europe, with more than 1 O00 applications of CFRP plate bonding in Switzerland alone [4]. 

1.1.2 RESEARCH WORK M O L  KING FRP COMPOSITES 

Rapidly advancing research in the area of FRP technology for the repair or 

strengthening of RC rnemben have embled practical applications to be undertaken. Numerous 

experimental studies have proved that exterdy-bonded FRP can significantly increase a 

mernber's strength and stifhess. However, there have a h  been reports of reductions in 

ductility associated with brittle behaviour due to bond faiure 15-71. Such premature fàilure 

leads to an mefficient use of the FRP material and prevents the strengthened members fiom 

reaching their fidl capacities. 



To compiement experimental tests, anaiytical methods must be established so that 

prelimimy designs for s p e c w g  extedy-bonded FRP can be verified. Detailed analyses of 

these designs can be perfomed with a nonlinear finite element program Resuits fiom such a 

program have shown good agreement with experirnental data, in ternis of the increased 

s taess  of FRP-reinforced rnembers. However, it was noted that the numericd program 

tended to overestimate the M u r e  load of the member since debonding Mure was not taken 

mto account 181. 

Debondhg failures are govemed by the local bond stress-slip relationship between the 

concrete and FRP. nius, it is imperative to consider the relative displacement between t h e n  

The bond-slip at the interfàce between the two adherents must be modelled to accurately 

predict the ultirnate capacity and Mure mode of FRP-strengthened RC rnembers. Since finite 

element prograns are based on displacement compatibdity at the element nodes. accounting 

for bond-slip can be accomplished through the use of interface bond elements. 

1.2 OBJECTIVE OF CURRENT RESEARCH 

The current research has k e n  conducted to m e r  the modehg capabaies of the 

noniinear finite element program VecTo r2 to include FRP-strengthened RC rnernbers while 

accounting for bond-slip. An experimental program was undertaken to study the debonding 

phenomeaon m RC beams strengthened in shear with CFRP composites. Fmally, the program 

VecTor2 was verifïed by corroborating with spechnens studied by other researchers and with 

those tested in the current program. Trends noted in the experimental and analytical work wiii 

be summar&d, dong with suggestions for fûture research. 



This report is divided into seven chapters, the remaining six of which are organized as 

follows: 

Chapter 2 - a review of published literature regardhg experimentai and analytical work on 

RC members with extemally-bonded FRP composites (for f l e d  or shear 

strengthening), and midies to characterize the bond behaviour between concrete 

and FRP 

Chapter 3 - a description of the Modified Compression Field Theory and the nonlinear fhite 

element program VecTor2, and formulations for bond elements (link and contact 

elements) used to mode1 the concrete-FRP interfàce 

Chapter 4 - details of an experirnental program involving three shearîriticai beams extemally 

remforced with FRP WC, dong with test observations, analysis and discussion 

of results 

Chapter 5 - corroboration of program VecTor2 with test specimens arengthened in flexure or 

shear with FRP composites: experimental details, modeiiing considerations and 

resuits 

Chapier 6 - discussion of trends in experirnental and adyticai work, and the need for future 

experimental and analytical work 

Chupter 7 - conclusions drawn fiom the current research 



LITERATURE RE HE W 

2.1 INTRODUCTION 

Due to the many advantages of using FRP as extemal reinforcement for RC members, 

extensive research has k e n  carried out regarding their performance. Much of the research 

has concentrated on flexural strengthening, where FRP laminates are bonded to the top or 

bottom &ces of beams in the maximum moment regions. However, the number of 

experiments in which FRP is bonded on beam webs as shear reinforcement has also increased 

within the past few years. Besides studying the global response of bearns strengthened with 

FRP, some researchers bave focused their attention on the local behaviour at the bond 

interface. Attempts have been made to characterize the bond behaviour at the interface where 

prernature fàilures initiate. To expedite the usage of FRP in field applications, design 

produres must be deveioped. Numwous experiments were reguired to build up a database 

of results, leading to the large volumes of published üterature regarding nich tests. The 

amount of d y t i c a l  work is also on the rise, pointing the way to comprehensive guidelines 

that cm be used for the design of such members. As for numerical modelling emplo ying the 

tinite element rnethod (FEM), successfil attempts have k e n  reported ùi the area of flexural 

strengthening, while simulations of shear-strengthened RC beams are limited in number. 



2.2 FLEXURAL STRENGTHEMNG WITH FRP COMPOSITES 

The main reason for the introduction of FRP laminates into stmctural engineering 

applications was to replace the heavy and corrosive-prone steel plates traditionally used for 

the flexural strengthening of RC beams. Thus, a large amount of research has ensued, in an 

effort to get a better understanding of the overall behaviour of strengthened beams and the 

local behaviour at the plate ends. 

2.2.1 GLOBAL B E W  WOUR 

While earlier work was predominantly experirnentai, more recent tests have usually 

k e n  followed by analytical or numerical modelling. The papers reviewed in this section will 

focus on analytical work that has k e n  undertaken, both excluding and including the 

characterist ics of the adhesive interface layer. 

RC beams strengthened with CFRP plates and sheets were tested by Arduini et af.[9], 

in which fai lw mechanisrns included FRP rupture, concrete shear at the end of the FRP 

reinforcement, and FRP debonding. The beams were modelied with FE analysis, using a 

commercial package h e d  on a smeared crack approach. Beams strengthened with CFRP 

plates were analyzed with a 2-D mesh, while those bonded with CFRP sheets were modelled 

in 3-D. FRP reinforcement was applied directly over the concrete elements, and perfect bond 

was assumed. Load-def'tion curves for the beams bonded with FRP plates are given in 

Figure 2.1, with results obtained fkom experiments and numencal simulations. Although 

good accord was found between these curves, the numerical r e d t s  were stiffer than the plots 

kom the tests. This can be attniuted to the p e r k t  bond assumption, and the iimited number 



of nodes that could be used. The FE analysis showed that high shear stresses at the end of the 

EXP plate had caused the delamination fàilure of the beam. 

Figure 2.1 : Experimental and FEA results for bearns bonded with CFRP phtes[adapted fran 91 

Ross et a1.[5] also tested large-scale RC beams strengthened in flexure with three-ply 

uniaxial CFRP laminates. For bearns that were lightly to moderately reinforced with 

longitudinal steel (reinforcement ratio less than 1.5%), the fàilure was dominated by 

deiamination between the CFRP plate and the adhesive. Despite the brittle hilure, the peak 

load enhancement ratios (strengthened to mntrol beams) for these beams ranged fiom 1.75 to 

3.00. An elastic-plastic section d y s i s  was used to produce the load-deflection curves for 

the beams tested. Each curve is divided into four regions, as shown in Figure 2.2, with a 

linear load-displacement relationship in each region. A trilinear curve is used to approximate 

the stress-strain bebaviour of concrete, an elastic-plastic response is assurned for steel, and 

CFRP is lioear elastic until failure. The points defining the load-displacement curve were 

detamined using appropriate assumptions for the beam's behaviour within each region. In 



region 4, concrete may c d  before the FRP fails, but the FRP may debond at the FRP- 

adhesive interface (due to inadequate bond strength) or at the concrete-adhesive interface 

(due to low shear strength), so the calculated load P4 is expected to be higher than the actual 

failure load. 

Figure 2.2: Load-deflection response assurnptioos in beam section analysis [SI 

Nonlinear FEM analyses were performed for some of the beams tested using program 

ADINA. Two-dimensionai, eight-noded plane stress elements were used to represent the 

concrete, whde the reinforcing steel and FRP plates were modelled by three-noded tniss 

elements. The constitutive relation for concrete was a hypo-elastic mode1 based on a uniaxial 

stress-strain relationship that can account for biaxial and triaxial conditions. Material models 

for the steel and FRP were the same as those ernployed in the sectional anaiysis. The load- 

displacernent c w e s  fiom the sectional and FEM analyses are compareci to the experimental 

results for two groups of beams in Figure 2.3. Although both predicted cuves are close to the 

actual response, the expected behaviour in region 4 is not achieved due to the delamination of 

the FRP plate. Thus, it was conciuded that the single most important factor affecthg the 

bauns' response is the bond strength between concrete and FRP. The use of an anchorage 

systern is suggested to prevent debonding and to utiluie the full capacity of the plate. 



Figure 2.3 : Cornparison between analytical, FEM and experimental results by Ross et al. [SI 

A nonlinear FE layered mode1 was w d  by Nitereka and Neale [6] to simulate the 

behaviour of RC beams strengthened in fiexure with FRP laminates. The beam is divided 

into several layers, in which the proprties are assumed to be constant in each layer. Concrete 

is assumed to be nodineas in compression, with pst-cracking tension aflening effects, and 

steel reinforcement is modelled as elastic-plastic. Individual FRP laminae are linear elastic, 

while an equivalent elastic modulus for the whole composite is obtained by the classical 

lamination theory for composite structures. Both types of reinforcement are smeared into the 

beam and are transformed into layers of equivalent area Full bond between concrete and 

steel reinforcement is assumed, and bond-slip at the interface between concrete and FRP is 

neglected. Shear deformations are disregarded, and equal displacements are Mposed at the 

interfaces of adjacent layers to ensure interlayer compat ibilit y. 

The iterative displacement-controlled numerical analysis program was validated using 

pubüshed test r e d s  for RC bearns bonded with FRP plates. In Figure 2.4, the experimental 

load-deflection cuve for the bearn tested by M'Bazaa (1995) 161, which experienced a 

delamination Mure, is shown. The fàilure load of this beam was 60% of the predicted 

uhimate load. In a subsequent test by Chicoine (1997) [q, in which U-shaped composte 

anchors were added at the ends of the beam, the load capacity was raised to 95% of the 

theoretical value. From the numerical analysis, it was concluded that tension stflening 



effects gave a more continuous load-deflection response, and that the concrete cover should 

be divided hto several layers such that the load traasfer fiom the concrete to the FRP c m  be 

represented realistically. Also, it was noted that the FRP mains predicted by the analysis did 

not match those measured in the experiment. This implies that stippage at the concrete-FRP 

interface had led to the delamination of the composites. Hence, the perfect bond assumption 

used in the numerical d y s i s  was not justified. 
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Figure 2.4: Cornparison brtween analytical and experimental results for bearns tested by 
M'Bazaa and Chicoine [6] 

Arduini and Nanni [q conducted experiments in which CFRP sheets were bonded to 

the sofnts of precracked RC beams. They concluded that the CFRP significantly enhanced 

the uitimate Ioad capacity of the beams, while the flexuraI stifiess was increased to a lesser 

extent. However, the ductile response of the control specimens was often changed to a brirtle 

failure mode in the members bonded with FRP. The authors recommended fùrther studies in 



the area of concrete-FRP adhesion in order to Limit the extent of FRP peeling so that the 

strengthening technique can be more effective. Two tests were performed to determine the 

bond interfixe characteristics: a tension + shear test (Figure 2.5(a)) and a compression + 

shear test (Figure 2.5(b)), where two saw-cut pieces of concrete were joined by a layer of 

adhesive and subjected to tension or compression. A Mohr-Coulomb fàilure envelope was 

constructed fiom the results, fiom which it was found that the shear strength at the concrete- 

adhesive inteditce %.as approximately 5 MPa for the adhesives tested. A sirnilar test in which 

two FRP plates were nrst bonded to the concrete surfaces, and then glued together, \vas later 

conducted. It was concluded that the shear strength of the FRP-adhesive interface was about 

three tirnes higher than that of the concrete-adhesive interface. 

Figure 2.5: Concrete-adhesive specimens: (a) tension and shear, (b) compression and shear[7] 

An analytical mode1 (described by Arduini et al. [9]) \kas also used to predict the 

response of the beams, using nonlinear constitutive relations for concrete, bilinear elasto- 

hardening response for steel, and linear elastic behaviour for FRP and adhesive. The beam 

was discretized into a certain number of segments, and cracks were uniformly distri'buted 

dong each segment. The equilibriurn equations for f l e d  moments and normal forces must 

be satisfied for each segment. At the concrete-FRP interfke, shear stresses mise fiom the 

dBerence in n o d  forces acting on the two ends of the FRP segment, and a triangular shear 

stress distri'bution was assumed. The distriiion of the n o r d  stresses caused by secondary 

effects at the int& was assumed to be hear with maximum values at the ends of the 



segments. Four failure modes could be predicted by this model: shear failure and tensile 

hcture of concrete, FRP rupture, and local failure of the adhesive (when its ultimate tensile 

strain was reached). Once the maximum value of shear stress or normal stress was reached at 

the bond interface of one segment of the hem, the FRP reinforcement would be 

disconnected fkom the concrete in that segment. 

Andytical and experimental load-deflection curves for a set of specimens are given in 

Figure 2.6. Near the uhimate load, the analytical curves were stiffer than the experimental 

results, and tended to overestimate the failure loads. This may be amSbuted to the "plane 

sections remain plane" assumption and the k t  that the effects of local debonding were not 

included, In the tests, it was noted that the FRP sheet delaminateci at a crack in the constant 

moment region, leading to the progressive debonding of the sheet. However, for the results 

presented, ihe m l y t  ical-to-experimental ratios of ult imate load and ult imate deflect ion were 

1 .O6 and 0.96, respectively, and the predicted fàilure modes agreed with those observed. 
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Figure 2.6: Cornparison between analytical and experimental results by Arduini and Nanni[i] 



Small-sale beams with CFRP plates bonded to the soAits were studied by Bokan- 

Bosiijkov et a1.[10]. Numerous drops in flexural load were observed during the test. These 

were attributed to the progressive separation of the CFRP plate fkom the concrete just above 

the adhesive layer at local shear-peeling cracks, a process that had initiated fkom the plate 

end. The CFRP plates delayed crack development, and changed the failure mode 60m 

flexural-shear to a shear dominated failure. The authors also used snalytical formulae derived 

by Ttiljsten (1997) [IO] to estimate the shear and peeling stresses at the plate ends when plate 

separation started. The calculated peak shear stress of 4.2 MPa was much lower than the 

bond shear strength between epoxy and concrete of 15 MPa However, the maximum peeling 

(normai) stress of 3.3 MPa was close to the bond tende strength between concrete and 

adhesive of 4 MPa Thus, it was deduced that the high peeling stresses at the plate end had 

caused the separation of the piate fiom the bearn soîfït. A nonlinear 3-D FEM program 

(described by &unit et al. (1 I l )  was used to mode1 the short-span beams. Each cornponent of 

the bearn (concrete, steel reinforcement, epoxy and CFRP plate) was represented separately. 

CFRe was assumed to be elastic, whiie al1 other materials were modelled with strain 

sofiening. Results of the numerical modelling are ploaed in Figure 2.7. Although the initial 

stifniess matched the experimental resulu, the post-cracking stifniess was higher than the test 

eap rdnencs 
- - &. erp CFRP 

data Nonetheless, the predicted ultimate loads were close to the actual values. 

okan-Bosiljkov e Figure 2.7: Cornparison between analytical and experimental results by B 

ai. [l O] 



R a W  and Hutchinson 1121 tested concrete beams with CFRP or glas FRP (GFRP) 

laminates bonded to the sofM in four-point bending. Similar to the experiments performed by 

other researchers, it was found that the CFRP plates enhanced both the s t f iess  and strength 

of the bearns, with a maximum increase in ultimate load-carrying capacity of 230%. The 

authors a h  concluded that the arnount of tensile steel and internai shear reinforcement 

affected the magnitude of the performance enhancement. It has been noted that the tensile 

force in FRP increases at a greater rate afler the Bexural steel yields. For highly reinforced 

beams, the compressive strain of concrete is close to the d t h t e  value when the flexural 

steel yields. Thus, the enhancement of the beam's load capacity by the FRP reinforcement is 

limited. As the quantity and modulus of the CFKP laminates increased, the strength and pst- 

cracking stiffiness of the beams rose accordingly. The characteristics of the concrete cover 

play a large role in detenniniag the ultimate load of piated beams. In beams with thinner 

laminates, the faiiure was in the concrete cover close to the loading point within the shear 

span. A layer of adhesive and cement paste was found on the FRP surface where plate 

detachment occmed. For bearns with thicker plates, the failure location shifted towards the 

plate ends where the shear and nonnai peeling stresses increased. At ultimate load levels, the 

interface shear stress averaged dong the beam was higher for beams with thicker FRP plates. 

However, peeling at the plate ends was not a primary failure mechanism for the FRP-bonded 

beams, as is usually the case for steel-plated beams. For all of the FRP-strengthened beams 

tested, plate delamination was involved, preceded either by fidure within the cover or by 

concret e shear failure result h g  in cover separation. 

The LUSAS FE program was then utilized to predict the response of the extemally- 

reinforced beams. This program is based on a smeared crack concept, and incorporates an 

isotropie damage model to simulate the nonlinear behaviour of concrete. Four-noded or 

eight-noded quacirilateral isoparametric elements were used to model concrete, while steel 

rebars were smeared ont0 concrete as two- or tbree-noded bar elements. For strengthened 

beams, triangular elements were placed in the transition zone to reduce the element size 

toward the bond zone, as illustrateci in Figure 2.8. The adhesive layer and FRP lamiaates 



were each modelled with a row of four- or eight-noded elements and the adhesive was 

assumed to be elastic. 

Figue 2.8: Typical FE mesh for RC beam with externally-bonded FRP reinforcement [12] 

The FE predictions were sensitive to the concrete tensile strength, and a value of 1.5 

MPa (for compressive strengths ranging f?om 54 to 69 MPa) was found to give the best 

agreement with the experimental load-deflection cuves .  The stiffiiess was slightly 

overestimated, but al1 predicted solutions for bearn strengths were within 20% of the test 

results. Interfice shear stress values were estimateci; peak stresses occurred at the plate ends 

at Iow load levets, but the location of the peak stress shified as loading increased, dependhg 

on the type and amount of external reinforcement (Figure 2.9). However, the magnitudes of 

the predicted peak stresses were up to three times lower than the maximum values measured 

from the experiments. In the FE analyses, principal stress was chosen as the failure criterion 

parameter since t combines the effects of no& and shear stresses. The limiting principal 

stress at the concrete-FRP interface was determined to be 1.7 MPa, and its exact location 

depended on the thickness of the FRP laminates. A higher principal stress would Iead to 

fiiilure just within the concrete, since the tensile strength of concrete is much lower than that 

of the adhesive. 



Figure 2.9: (a) Redicted and (b) actual shear stress distribution at concrete-FRP interface[lZ] 

In a study by Limam and Hamelin 1131, 2-D nonlinear FE simulation was used to 

predict the response of RC beams with CFRP sheets bonded to the tension fàce. In the FE 

rnodel eight-noded membrane elements were used to represent concrete, two-noded t w  

elements were adopted for steel and CFRP reinforcement (Figure 2.10). Whereas perfect 

bond was assumed between steel reinforcement and concrete, bond-slip was considered in 

the concrete-FRP interfàce through the use of two-noded continuous contact elements. 

Experiments were perforrned to examine the behaviour of the bond intefice, and it 

was found that the nontinear behaviour varied according to df ler~nt  combinations of 

materials, as depicted in Figure 2.1 1. Factors afFecting the stifniess of the intertàce behaviour 

included the mechanical properties of concrete, the characteristics of the adhesive, and the 



CFRP (truss ciment with or without 
inMace element) 

Figure 2.1 0: Finite element mesh emplo yed by L imam and Hamelin [ 131 

Figure 2.1 1 : Chanicterization of bond interface behaviour 1131 

The concrete model was based on dflerent yield surfaces in the tensile and 

compressive regions and a smeared crack approach was applied. Steel reidorcement was 

idealized by an elasto-plastic model with strain hardening. Resuhs fiom expenmental tests 

were used to define a const i~ive hw for the intehce layer of Mohr-Coulomb junction 

elements. Figure 2.12 compares the numerical results with the experimentd data Accurate 

mdelling of the interfàce (PI (num)) predicted an ultimate load and deflection that were 

withh 10% of the actual values. On the other hand, a non-realistic mode1 for the interface led 

to large discrepsncies between the analyticd c w e  (Pd and the test results (Pi (exp)). 



Figure 2.12: Cornparison between anaiytical and experimental results by L imam and 

Hamelin [13] 

After extensive snidies on the global behaviour of RC beams retrontted with FRP in 

flexure, researchers have grouped the fàilure modes into the following categories: (i) steel 

yield and FRP rupture, (hi. cmhing of concrete in compression, (üi) shear fàilure. (iv) 

debonding of concrete cover dong the flexurai steei, (v) delamination of the FRP plate, and 

(vi) peeling of FRP due to shear cracks. These fiiilure modes, along with sarnple load- 

deflection c w e s ,  are illutrateci in Figure 2.1 3 (a) and (b). 

Figure 2.13 : (a) Failure modes in FRP-bonded beams [14] 



Figure 2.13 (continued): (b) Sample load-deflection curves [14] 

While the conventional failure modes are afkted by the ratios of the steel and FRP 

reinforcement, shear and debonding failures depend on factors such as the amount of shear 

reidorcement, existing cracks pnor to retrofitting, the length of the FRP laminate, and the 

relative stfiesses of the lamihate, adhesive, and concrete. In the experimentai program 

undertaken by Buyukonurk and Hearing [14], t was found that debonding failures occurred 

in beams with higher shear resistance. Debonding of the concrete cover along the flexural 

rebars took place in beams with shorter FRP laminates, in which interfacial stresses 

concentrated in the anchorage zone. On the other hand, peeling at shear cracks tended to 

occur in beams with longer FRP laminates, where significant shear cracks could be found. 

Some of the potential crack paths in debonding fàilures are illustntted in Figure 2.14. 

It is widely recognized that debonding ofken leads to the prernature fàüure of these 

beams. Numerous researchen have described these debonding mechanisms using various 

approaches. Local Mure mechanisms can be generally categorized into two main groups: 

failure of the concrete cover (near the plate ends or dong the beam) and peeling of the FRP 

(at the anchorage zone or at cracks along the beam). 



1 : P d  failurc into coricw 
2: Interfacial failute b e m n  concrctc and adhcsivc 
3: Cohesive failure in iht adhesive 
4: inrulrial crack beiwecn the dhesive anâ the composite 
5: Alteanaîing crack puh betmui the two interfaces 

Figure 2.14: Potential crack paths in FRP debonding failures 1151 

Shear hilure of the concrete cuver between the steel reinforcement and FR. 

laminates can Iead to the separation of the FRP plate. In this case, debonding usually starts 

fiom the end of the plate where high intefice shear stresses aise. Delamination fiom the 

anchorage zone occurs when the interface shear stress reaches the limiting value (defhed as a 

funaion of the concrete strength f 3. This value has k e n  found to be approximately 8 MPa 

for normal strength concrete [16]. 

An analytical formulation to predict the uhimate load of CFRP-plated beams due to 

concrete cover a p h g  was presented by Nguyen et a1.[17]. This mode1 is based on the 



composite action of the RC bearn and the FRP plate. Whereas plate debonding results fiorn 

high local bond messes and peeling forces near the FRP plate ends in the adhesive interfàce, 

the critical stresses for ripping of concrete are at the flexural steel level after shear cracks 

have developed at the plate ends. The shear crack causes an eccentricity between the tensile 

forces in the FRP plate and in the steel bars, ieading to the ripping out of the concrete cover. 

From the experimental results Nguyen et al. divided the composite behaviour of the FRP- 

plated beam (at ultimate) into three zones: (1) a "destressed zone at the end of the plate 

where mains were approxirnately zero, (2) a "bond-development" zone in which the strains 

inctea~ed linearly, and (3) a "composite" zone where the plate acted compositely with the 

beam. The composite mode4 along with these three zones, is illustrated in Figure 2.15. 

O de-stressed zone 
bond developmcnt zone 
composite zone 

Figure 2.1 5 : Composite mode1 of concrete beam bonded with FRP plate [ 1 71 



It was coacluded that if the plate strain at the transition point between the "bond- 

development" and b'composite" zones was limited to a critical value (0.00 17 in this case), 

ripping failures codd be prevented. The axial strain in the plate at the transition point ( E ~ )  is 

given as 

where M, is the applied bending moment at the transition point, E, is the elastic modulus of 

concrete, 1, is the cracked equivalent moment of inertia of the composite beam section, dp is 

the distance ktween the top of the beam to the center of the plate, and x is the distance fiom 

the top of the beam to the neutral axis. The location of the transition point ffom the plate end 

is determined by the bond development longth (hev), which is determined by : 

where c, is the thickness of the concrete cover, E is the elastic modulus, G is the shear 

modulus, t is the thickness, and the subscripts p, a and c represent FRP plate, adhesive layer 

and concrete, respectively. The total bond development length was found to be independent 

of the applied load, the length of the plate and the shear span. Using a plate strain limit 

determined koom simple bond tests and the two equations given above, the fàilure load of the 

beam due to concrete ripping can be predicted. 

2.2.2.2 PEELING-OFF OF FRP 

The propagation of a crack dong the concrete-FRP interfàce can cause the bond to 

hcture  in a brittle marner. Such a crack can form due to: non-uniform application of the 

adhesive, flexural cracks in the concrete, FRP peehg-off from an uneven concrete surface, 



or htigue loading. When the FRP composite on the beam soffit is subjected to tende forces, 

the adhesive layer is loaded in shear to provide shear connection between concrete and FRP. 

Therefore, the crack propagation will be similar to hcture mode II. The critical strain energy 

release rate for the interface (Giic) is given by TriantafiIlou and Plevris [16] as 

where k is a constant, P is the applied load, b is the rnember's width, C is the inverse of the 

gradient of the load-deflection curve, and a is the crack length. Fracture occun when the 

value Goc is reached, and the load causing debonding can then be found. 

Peelingsff of FRP laminates is associated with the formation of shear cracks in the 

concrete beam, which give a combination of horizontal (w) and vertical (v) openings, shown 

schematically in Figure 2.16. A relative vertical displacement between the two sides of a 

shear crack can initiate the p e e l s E  

1 
" i  

W 

Figure 2.1 6: Crack openings leading to FRP peeling* ff [ 1 61 

Assuming that the deformations in the longitudinal steel and FRP at the crack 

location are d y  due to shear, the load (P) ai which FRP peels off can be &en as: 



where (v/w), is the critical ratio of  vertical to horizontal crack openhg (a property of the 

concrete-FRP bond) and LGA is the total shear stiffness of the steel rebat and FRP laminates. 

This type of Etilure is moaly found in beams with thicker laminates. Therefore, the thickness 

of the FRP laminate should be Limited so that brittle peeling failure can be prevented. 

Additiodly, Blaschko et d. 1181 listed four cases of FRP peel-off situations (besides 

peeüngsff at shear cracks), as illustnued in Figure 2.17: - FRP peeling-off beyond the outermost flexml crack in the uncracked anchorage zone 

0 FRP peeling-off at flexural cracks between the outermoa crack and the maximum 

moment area - FRP peeling-off at flexurd cracks in the maximum moment region 

0 FRP peel-O ff due to uneven concrete surfàces 

embedded 
, /  runiorccrnenl 

'outrrmcsl crack 1 marmum bending '\,oultrmasl ciach 
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Figure 2.17: Locations of bond fidure due to FRP peeling-off [adapted fiom 181 



For the case of FRP peeling-off beyond the outermost flexural crack in the uncracked 

anchorage zone, the authors suggested using an equation based on fiacture mechanics to 

determine the maximum tensile force which can be sustained. It is recommended that the 

elongation of the FRP laminates be Limited so that slippage and the occurrence of debonding 

can be reduced at flexural cracks. Within the maximum moment region, the bond behaviour 

is influenced by the amount of internal and extemal flexural reinforcement. FRP sheets 

bonded to an unewn beam soffit will be subjected to perpendicular divert ing forces that can 

destroy the bond. Values for the permissible unevenness of the concrete surface were 

proposed (up to 5 mm over a length of 2 m for FRP thickness greater than 1 mm); thicker and 

stifEer laminates can tolerate higher deviations in surface roughness. 

Malek et al. [18] presented closed-fom soiutions for calculating the maximum shear 

and nomial stress concentrations in the interface at the piate cut-off point. Linear ekstic 

behaviour was assumed for the rnaterials, and a discrete crack mode1 was applied. The 

proposed method was verified by comparing its results with those fiom a finite elernent 

analysis ushg program ABAQUS. An example of the finite element mesh around the plate 

cut-off point, with five layers of elements in the adhesive, is depicted in Figure 2.18. Good 

agreement was found between the results, both for the interfacial shear and normal stresses 

near the cut-o ff point, as shown in Figure 2.1 9. 

Figure 2.18: Mesh definition at the FRP piate cut-off point [19] 



Figure 2.19: Cornparison of shear and n o m l  stresses near FRP plate end [ 1 91 

An approach for predicthg the premature debonding phenomenon in RC bearns 

bonded with FRP plates was presented by Mukhopadhyaya and Swamy [20]. Whereas the 

analytical models proposed by other researchers predicted shear and normal stress 

concentrations near the FRP plate ends, the mode1 presented uses the interface shear stress to 

predict plate debonding fiilure. The concept of the interface shear stress is based on a 

lirniting value of shear stress between the concrete and FRP plate which becomes critical 

near the plate cut4ff end. From experiments in which FRP plates debonded at the cut-off 

point, it was found that the critical interface shear stress varied between 0.33 to 1.35 MPa for 

CFRP plates, and 60m 0.26 to 0.90 MPa for GFRP plates. As the aiffness and relative 

moment contribution of the FRP plate increased, the interfàce shear stress also inaeased. 

Plate debonding is more likely to take place in beams with a depth to width ratio of 2.0 or 

more, or in beams with a shear span to depth ratio greater than or equal to 6.0. A minimal 

increase in interface shear stress with an increase in concrete strength was noted. 



Varastehpour and Hamelin [2 1 ] developed an analytical model to predict the strength 

and stiflkess of RC barns bonded with FRP plates, inc luding fdure modes such as concrete 

cnishing, FRP hcture or FRP plate separation fiom the bearn soffit. The model was based 

on the compatibility of deformations and equilibnum of forces, accounted for material 

nonlinearity, and simulated the bond-slip at the concrete-FRP interfiice. The general 

algorithm of calculat ion for this iterative analysis technique is depicted in Figure 2.20. 

Since bond-slip lowers the stiffness and failure load of RC beams bonded with FRP, 

the mechanical properties of the interface must be determined. From the results of a direct 

shear test, it was concluded that the intefice exhibits a bilinear stress-strain relationship, and 

is highly influenced by the surface treatment, as  shown in Figure 2.1 1. Once the shear stress 

at the interface has been estimated, the corresponding slip can be determined fiom the stress- 

strain curve for the interface. This slip value is then subtracted fkom the FRP plate strain 

kfore calculating the FRP tende stress for the equilibrium of forces in the section. 

Based on the equilibrium of the interna1 forces, strain compatibility and the nodinear 

behaviour of materials, the average shear stress at the interface (r) is given by: 

where ,&?= 
1.26~ 10'0 y ~ r p g  , v -  E~ 

, A=- 
0.7htp E,  4 Ec 

in which V is the shear force, k is the sectional ngidity, a is the shear span, h is the height of 

the beam section, and t,, and Ep are the thickness and elastic modulus of the FRP plate, 

respectively, yp is the distance f?om the neutral axis to the FRP plate, It is the transfomed 

second moment of area in terms of concrete, and q is the modular ratio. 



Figure 2.20: Flo w-chart of calculat ions for theoretical mode1 [22] 

Equations dehing the hilure criteria for two types of premature beam failure were 

also presented. For Wure of the concrete cover dong the longitudinal steel reinforcement, 

the concrete between consecutive f l e d  cracks is assumed to behave as individual teeth, 

acting as cantilever beams under the influence of the Iateral shear stresses at the FRP bond 

interface (Figure 2.2 1). Debonding occurs when the tensile stress near the longitudinal steel 

reaches the concrete tensile strength (f 3. The admissible shear stress (T*) at the interface is 

obtaiaed as: 



where 4 is the f l e d  crack spacing (about equal to the stimip spacing), d' is the concrete 

cover thickness (between steel and FRP), b is the beam width, and 4 is the width of the FRP 

Figure 2.2 1 : Cracked beam and concrete tooth acting as cantiiever beam [2 1 ] 

For the case of plate debonding, where the fàilure is govemed by the Mohr-Coulomb 

law, the admissible shear stress ( t d  that cm be sustained at the interface is determined to 

T and E denote thickness and elastic modulu, while the subscripts p and a represent the FRP 

plate and adhesive, respectively. This mode1 does not account for the concrete strength nor 

the effective bond length (the distance over which bond stress can be effectively transferred). 

For a beam subjected to four-point bending, the plate separation Ioad can be 

caicuiated as 



where T dm is the minimum of the values given by equations (2-6) and (2-7). For beams 

bonded with thick FRP plates, the separation load corresponds to the ultimate capacity of the 

beam. This theoretical model was validated against experimental results for four FRP- 

strengthened beams which had failed by plate separation due to failure of the concrete cover. 

The predicted moment-curvature relat ionships matched the test results almon perfect ly . 

Estimation models for three debonding failure mechanisms for RC beams bonded 

with FRP sheets on the tension face were also presented by Wang and Ling [22]. The tooth 

peeling $ilure model is similm to that proposai by Vanistehpour and Hamelin 1211, as 

described previously. When the interface shear stress reaches the dowable value, defîned by 

Eqn 2-6, debonding cm occur at the steel-concrete interface or concrete-FRP interface. The 

anchorage shear fiiilure model is based on comparing the uniform shear stress (r,) at the 

concrete-FRP interface against three shear strength values. The shear stress cm be estimated 

by Eqn. 2-9, in which of is the tende stress in the FRP of thickness tr and L, is the shear 

The values to be checked include the shear strength of the adhesive, the interfacial friction 

resistance between the concrete and adhesive, and the shear strength of the concrete. In 

generd, the conmete's shear strength is the weakest, and will govem the anchorage shear 

debonding fàilure. The response of RC beams bonded with two plies of FRP sheet was 

predicted with an analysis neglecting debonding fàilure, and with the two models mentioned 

above. Results h m  the two debondhg models were in close agreement with the test data, 

while the analysis disregardhg debonding overestmiated the ultimate load, as show in 

Figure 2.22. 
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Figure 2.22: Comprison of predicted beam responses and test data [adapted fiom 221 

Wang and Ling also proposed a discontinuous inteficial shear stress mode1 in which 

a jump in the interfacial shear stress occurs when the yield moment is reached. This is based 

on the observation that after the steel reinforcement yielâq the interna1 force of the FRP 

greatly increases. The interfacial shear stress (ta may be calculated by 

S I X  v 
r, =- (for M c M y )  

bf 

(for M > M y )  (2- 1 Ob) 

where SI and S2 are the slopes as defhed in Figure 2.23 and are detemiined by the 

properties of the beam cross-section, V is the shear force, and bf is the width of the FRP 

layer. 



Figure 2.23: Variations of intemal forces before and d e r  yielding moment [22] 

The uniformly distributed inteficial shear stress changes into a discontinuous 

distribution once the yield moment is exceeded in any section, and the location of the 

discontinuity shifts nom the loading point towards the support as the load increases. This 

dso justifies the commonly observed debonding propagation fiom the mid-span to the 

supports. Besides comparing the interfiicial shear stress with the shear strength of the 

concrete, the development length of the FRP laminate (Lf), determined by Eqn. (2- 1 1 ), 

shouId also be checked. 

where Fr is the tensile strength of the FRP material, tr is the FRP thickness, and Ur is the 

bond sirength of the adhesive or the FRPsoncrete interface. Once the debonding fiont passes 

the boundq for the rquired development length, unstable crack growth can occur in the 

interface, leading to debonding fidure of the FRP laminate. 



An analysis of debonding failure modes, including shear-tension failure and peeling 

of FRP, was conducted by Buyukozturk and Hearing [14]. At the end of the FRP laminate, a 

change in stifniess and discontinuity of beam curvature leads to a stress concenîration in the 

concrete. Thus, cracks are initiated at the anchorage mne, and can result in shear-tension 

failure leading to debonding at the rebar level, or peeling at the shear crack rnouth leading to 

delamination dong the concrete-FRP interface. The following two equations can be used 

iteratively to d e t h e  the shear stress transferred across the concrete-FRP interfixe. 

where E and G are the elastic and shear modulî, ub and uf are displacements of the beam and 

FRP laminate (Figure 2.24), t is the layer thickness, I is the equivalent moment of inertia, and 

the subscnpts E a, and c represent FRP, adhesive, and concrete, respectively. Peeling of the 

FRP may initiate fiom the ends of the laminate or fiom existing cracks in regions subjected 

to pure moment or to rnixed moment and shear. The authors also proposed using advanced 

internicial fiacture mechanics with h i t e  element analysis to relate local FRP peeling 

processes to the global behaviour of the beam. 

Colotti and Spadea [23] proposai a tniss model to describe the ultimate behaviour of 

RC beams wiîh externally-bonded plates. The tniss model is based on the theory of plast icity, 

and includes load transfer by bond to account for fkiiure due to plate separation. The global 

force flow of plane stress field at the interfàce is represented by the bond stress resultant U. A 

constant bond strength model with zero tension cutoff is used as a yield condition for the 

interface. Estimates of bond strength were suggested for the two modes of debonding. For the 

case of concrete cover fàilure, the bond strength is determined as 



Figure 2.24: Displacements in FRP-bnded barn due to shear [14] 

where f is the tensile strength of concrete, 1, is the crack spacing, and d" is the concrete 

cover thickness. For debonding of the FRP plate fiom the concrete, the bond strength (UV) is 

given by: 

UV = bp (2.17 + 0.02 (f, - 20)) for 20 c f, I 50 MPa (2- 1 Sa) 

Uy = bp (2.77 + 0.06 (f', - 50)) for f, > 50 MPa (2- 1 5b) 

where bp is the width of the FRP plate and f, is the cylinder compressive strength of the 

concrete. The effective bond strength is the minimum value calculated h m  the above two 

equations. The bond failure mechanism is chmacterized by the slipping of the plate within 

the shear span, coupled with a shear crack dong path ON (refer to Figure 2.25) and the 



yielding of stirrups crossing the crack. The load-carrying capacity for several failure modes 

were presented, including bond failure, and various combinat ions of concrete cmhing, 

yielding of ffexural and transverse reinforcement, and FRP rupture. nie mode1 was validated 

against the test results of more than 20 beam specirnens tested by various researchers. The 

predicted shear strengths and failure modes were found to be reasonably accurate, with an 

average analpical-to-experimentai strength ratio of 1.04. 

The analytical models proposeci by Mnous researchea provide a simple tool for the 

p r e h h u y  design of RC rnembers strengthened in flexure by FRP laminates, while 

accounting for both the global behaviour and the local failure modes. 

1 1 

Figure 2.25: Free-body diagram for tniss mode1 [23] 



2.3 SHEAR STRENGTHENING UITE3[ FRP COMPOSITES 

Although FRP research has focused predomiaantly on flexural applications, more 

attention has k e n  given to the usage of FRP for shear strengthening since 1991 [24]. 

Bonding configurations can be in the form of boncihg on the sides only, as a U-wrap around 

the underside of the beam, or completely wrapped around the beam. However, the latter 

option is not likely to be adopted in the field since most beams are cast monolithically with a 

slab. FRP iaminates can be bonded to RC beams, either as stnps or as a contuiuous sheet, to 

act as shear reinforcement. Advantages of strips include the ability to seiect theù number 

based on the shear strength requirement, and the ease of achieving a d o m  epoxy 

thickness. The FRP strips or sheets can be oriented vertically or at an angle (usually f45") to 

the beam axis to counteract the tende forces generated by shear. Some common bomling 

configurations are depicted in Figure 2.26. 

(a) Bonded Surface Configurarions 

U U I 

( I I Cont inuo~ S k t  1 II 1 Smps 

(CI Fiber Onentarions 

(b) FRP Remforcement Distrrbucions t d) Psesdo-isotropie F W  Remforcement Schcmcs 

Figure 2.26: FRP shear reinforcement configurations [25] 



Experimental work is slowly increasing to build up a database of results for RC 

rnernbers strengthened in shear with FRP, but the analytical models proposed in the Iiterature 

are numerous and in most cases contradictory [26]. Very few accounts of FEM work relating 

to shear strengthening of RC members with FRP have been published. 

Taerwe et al. [27] tested five full-scale RC beams strengthened in shear with CFRP 

sheets, both in the fom of jackets (continuous sheet) and as vertical strips with various 

spacing. Gains in shear strength ranged &oom 20% to 85%, with the mode of failure switching 

f?om diagonal tension (in the control beams) to flexural failure or peeling-O ff of CFRP. In the 

beam bonded with a continuous CFRP jacket over its shear spans, flexunil failure was 

obtained, although strains measured on the sheets indicated that a shear crack had formeci 

undemeath. The remaining beams that were bonded with various configurations of CFRP 

strips failed in shear with concrete cnishing near the Ioading point. At the major diagonal 

shear crack, hcture and peeling-O fF of the CFW strips were noted. The CFRP peelingsff, 

accompanied by a layer of concrete, was due to tension in the sheet arising fiom the shear 

crack near the edge of the strips. Typical failure modes and locations of shear cracks are 

illustrated in Figure 2.27, dong wit h cornparisons against unstrengthened contm 1 beams. 

The authors also used Eqn. 2-16 tu predict the contn'bution of the CFRP strips (Vr~ps )  

to the bearns' shear capacity: 

where Li and gui are the stress and strain at fàilure in the ilh strip at its intersection with the 

shear crack, A, is the cross-sectional area of ih strip, and E is the elastic rnodulus of the 

CFRP sheet. It was conchded that using CFRP strkps as extemal shear reinforcement is 

similar to intemal steel stirnips, where the spacing and width of the strips have a large 

influence on the magnitude of shear contri'bution. In contnist to steel stinups that are usually 



assumed to have yielded at the shear crack, the shear contribution of CFRP strips is based on 

their tende strains, which are usudy less than the ultimate strain of the material. The strains 

of the sîrips depend on the distribution and location of each strip, as these parameten 

influence the location and inclination of the shear cracks. Once the dtimate of a strip 

crossing the midpoint of a shear crack has ken attained, the contribution of the stirrups and 

str@s near the ends of the crack may be reduced. 

I )o.*. I 

Figure 2.27: Failure modes of shear-strengthened beams tested by Taerwe et al. (273 

Li et al. f24] studied five beams in four-point bending: one of which was 

strengthened only in flexure, while the rernaining four were strengthened in flexure and 

shear. Strengthening in shear was accomplished by bonding continuous CFRP sheets up to 

various heights on the sides of the beams. It was found that initial cracking in the concrete 

was delayed in the shear strengthened beams and that the location of the shear strengthening 

sheets afEected the cracking mode of the beams, as shown in Figure 2.28(a). As the CFRP 

sheet area increased, the stifkess of the beam increased due to the sheets' restraining effect 

on crack development, although ductile was slightly reduced (Figure 2.28(b)). 



Figure 2.28: (a) Cracking patterns ami (b) load-deflection curves 6 o m  Li et al. [24] 



As opposed to the epoxy resin commonly used for bonding of FRP, Funakawa et of. 

[28] tested FRP-strengthened beams bonded with methy l met hacry Iate (MMA) min, which 

can cure quickly at low ternperatures. The specirnens differed in the number and type of FRP 

sheets used. As the number of FRP sheets was increased, a larger deflection was reached 

before the fibres hctured, and shear strength increases of 54 to 1 1 0% were measured. The 

FRP reinforcement used for the specimens and the correspondhg load-deflection curves are 

given in Table 2.1 and Figure 2.29. It was noted ihat the addition of the aramid FRP (AFRP) 

sheet enhanced the defocmation capacity more than the load capacity of the beam 

Table 2.1 : Type and Quant it y of FRP Reinforcement Used by Funakawa et al. 1281 

Specimen Number of Number of 
Number CFRP Sheet(s1 AFRP Sheet 

O 20 40 60 80 
Deflection (mm) 

Figure 2.29: Load-deflection curves for beams tested by Funakawa et al. [28] 



Sato et of. [29] studied the effect of CFRP bonded vertically ont0 the sides of 

concrete beams, both with and without steel airmps. The parameters tested were the location 

and quantity of CFRP (strips versus continuous sheets, application on sides only or in a U- 

shape configuration), and the amount of stimips. In terms of shear strength, the beams with 

CFRP bonded in a U-wrap were superior. Even afler the CFRP on the sides had peeled O& 

the laminate on the sofR could nill sustain tende force. As for the failure mode (depicted in 

Figure 2.30), delamination took place below the shear crack in the region between the centre 

of the shear span and the support in the beam with CFRP bonded to the sides (specimen S2). 

On the other hand, the beam with CFRP bonded in a U-wrap (specimen S3) experienced 

complete larninate peeling in the same region of the beam. For both types of configuration, 

delamination of CFRP above the main shear crack occmed in the region between the loading 

point and the centre of the shear span. 

Figure 2.30: Delamination of CFRP based on bonding configuration [29] 

The researchers noticed the similarity in the strain distribution of CFRP and steel 

stimips almg a major shear crack. Hence, they proposed a method of predicting the shear 

force carried by the CFRP baxd on the reduction fàctor for s h p s  proposed by Ueda and 



Okarnura (1984) [29]. A shear crack pattern is assurned, and the shear capacity of a CFRP 

strip is d e t e h e d  f?om its snain in the shear cracking zone when the CFRP stress reaches 

the bond strength. The lowest value calculated along the shear span is taken as the actual 

shear capacity of the CFRP. Discrepancies between the predicted values and the test data 

were attributed to the estimations of bond strengb from uniaxial bond tests by Tanaka 

(1996) [29]. It was concluded that the shear force carried by CFRP was larger when the 

aimp ratio was lower. A h ,  despite its lower stifhess (area times Young's modulus), CFRP 

carried more shear force than stimips due to locaiized elongation at a shear crack and better 

bond charactenstics. 

'Tliree series of 1.3 m long RC bearns shear strengthened with CFRP strips were 

tested by Chaallal et d. [30]. The beams in one series were fùlly reinforced in shear (FS) 

with steel stirmps, whde beams in the second series were under-reinforced in shear (US). In 

the third series, the beams were fabricated in the sarne manner as in the second series, and 

then bonded in the shear span with 50 mm wide CFRP side strips either perpendicularly 

(RS90) or diagonally (RS135) to the k m ' s  axis (where the number foilowing RS represents 

the angle of orientation of the strips). The RS series was designed to achieve the sarne shear 

capacity as the FS series. Whereas the bearns in the US series fài1ed in shear, the bearns in 

the RS and FS series achieved the yielding load of the tension reinforcement. For the two RS 

series, the CFRP strips reduced the extent and severity of the shear cracks, thereby increasing 

the shear strength and stifkess of the beams, as can be seen in their load-deflection curves 

shown in Figure 2.3 1. The vertical strips in series RS90 forced the diagonal cracks to bend 

less than in conventional RC beams, while the diagonal strips in series RS135 Limitecl the 

propagation of shear cracks. Most of the beams in the RS series fàiled due to concrete 

peeling nom excessive longitudinal and transverse cracking at the bottom of the beams along 

the longitudinal steel reintorcement. These cracks were ascribed to the high peeling ( n o r d  

tensile) stresses developed at the ends of the CFRP strips near the bottom of the beams, 

especidy at high load levels. The authon conciuded that aithough strips oriented at 13S0 to 

the beam axis outperfonned the perpendicular strips, U-strips or U-jackets should be utilîzed 

to minimize the peeling stresses at the ends of the strips leading to premature b a r n  failure. 



Figure 2.3 1 : Load-deflect ion curves for beams tested by C haallai et al. 1301 

The effect of using CFRP sheets for the shear mngthening of RC beams with 

corroded stirrups was the nibject of a study by Kage et al. [31]. It was found that as the 

quantity of sheets increased, the shear capacity increased but deformation at maximum Ioad 

decreased. In Figure 2.32(a), specimen SB 1 1 IO had one sheet bonded horizontally, while 

specirnen SB1 130 was bonded with three sheets. CFRP sheets that were bonded horizontaily 

experienced diagonal splittmg in the direction of the fibre due to shear stress, lowering the 

shear capacity of the beam. The beam response was tougher when the sheets were bonded 

perpendicularly to the beam axis (specimen SB 121 O), and deflections werp larger than when 

the sheets were bonded horizontally (specimen SB 1 1 I O), as shown in Figure 2.32(b). The 

most effective configuration was obtained when two sheets were bonded at right angles to 

each other (specirnen SB 13 10). Anchoring the CFRP sheet around the corner of the beam 

substantially increased its deformability. 

Nomis et al. [32] also conciuded that the orientation of CFRP sheets influenced beam 

response and fàilure modes. When the CFRP fibres were bonded perpendicularly to cracks in 



Figure 2.32: Load-deflection curves: effects of CFRP (a) quantity and (b) orientation [3 11 

the beam, large increases in stiffhess and strength were obtained, accompanied by brittle 

fdures in which concrete ruptureci due to stress concentrations near the ends of the C m .  

Where CFRP fibres were placed obiiquely to the cracks, a smaller increase in strength and 

stifniess was noted. However, the resulting failure mode was more ductile and was preceded 

by wamings such as snapping sounds or peeiing of the CFRP. 

Arduini et al. [33] tested two-span continuous RC beams bonded with CFRP sheets 

for flexural and shear strengthening. Two plies (at O0 and 90") of CFRP were bonded ont0 

the sides of one beam (beam L4), while the second beam was a h  strengthened for flexure in 

the maximum moment regions (beam L5). Beam L4 fhiled in a brittle marner, whereas the 

response of beam L5 was more ductile. The addition of CFRP sheets on the top and sofit of 

beam L5 raised the maximum load and controlled the propagation of cracks. 

Analytical and numencal models were also used to predict the behaviour of these 

beams. In the analytical mode1 based on the plane section assumption, each span of the beam 

was discretized into a finite number of segments, for which equilibriurn equations of normal 

forces and flexural moments had to be satisfied. The CFRP sheets were considered to be 

linear elastic until rupture. Perfect bond was adopted until Mure occurred in the adhesive, 

and the adhesive thickness was neglected. At the concrete-adhesive interfixe of each 



segment, shear stresses were generated nom the dnerence between the normal forces acting 

at the two ends of the FRP reinforcement, and the shear stress distribution was assumed to be 

constant throughout the segment. The mechanisms of niilure which could be detected 

include: local adhesive fi lute when its ultimate tensile strain was reached, shear failure in 

concrete when the shear strength at the concrete-adhesive interface (taken to be 5 MPa) was 

attained, and FRP rupture when its ultimate strain was reached. Numerical analyses were also 

conducted using finite element analysis in which the smeared crack approach was adopted. A 

3-D mesh of 8-noded brick elements was used to mode1 the concrete beam, over which 

elements represent ing FRP reinforcement were direct ly app 1 ied to simulate the perfect bond 

assumpt ion 

Figure 2.33 compares the analpical and numerical results against the experirnental 

data The analytiuil response was stiffer and l e s  ductile than the test curves, but the 

numerical predictions were in good accord with the measured values. However, the peak 

loads and mid-span deflections were slightly overestirnated by the FE analyses, which may 

k attributed to the assumption of perfect bond. As well, the assumption of plane sections 

was invalidated by pre- debonding and shear fdure of the cormete cover observed in 

the experiment. The analytical methods aiso did not account for the spreading of large cracks 

in a punching rnanner near the central support at high load levels. 

The shear capacity of RC members retrofitted with continuous fibre sheets was 

Wied by Araki et aL 1341. Thirteen beams, strengthened by various types and amounts of 

FRP sheets, were subjected to anti-symmetncal loading conditions. It was determined that 

the shear strength of the memben incresed in proportion to the amount of sheets used. The 

researchers found that the shear capacity of such beams can be evaluated by using the 

effective shear reinforcement ratio @pu). However, it was necessary to multiply the tensile 

strength of the FRP sheets by a reduction factor a, which was proposed to be 0.60 and 0.45 

for carbon and aramid sheets, respectively. These values were based on the ratio of average 

stress in the sheets at peak load to the FRP's tensile strength. The effective shear 

reinforcement ratio is defined as: 



where and bfare  the shear reinforcement ratios of stimps and FRP sheets, respectively, 

a is the reduction factor as described above, oh is the tensüe strength of the sheets and os,, is 

the yield strength of the stimps. The effective shear reinforcement ratio can then be applied 

in equations for conventional RC memben to calculate the capacity of the strengthened 

beams. 

Figure 2.33: Experimentai, analyticd (A) and numerical (FE) results for beams studied by 

Arduini et ai. [33] 



Grace et al. [35] tested 14 RC beams strengthened with FRP laminates, both in 

flexwe and in shear. From their experiments, it was found that the cracks in the shear- 

strengthened beams were smaller and more evenly distributed. The bonding of vertical fibres 

over the whole span of the beam reduced the number of diagonal cracks, thus ailowing the 

longitudinal fibres to be filly utiiized. Al1 of the snengthened beams exhibited poor ductility, 

measured in terms of an energy ratio (ratio of absorbed energy at failure to total energy). 

Failures were sudden and were accompanied by the release of large arnounts of energy. This 

brittle behaviour irnplies that a high factor of safety is required in the design of such 

members. 

n ie  common occurrence of FRP sheets peeling fiom RC beams strengthened in shear 

has prompted research into the effectiveness of anchorage systems. One such audy has k e n  

carried out by Sato et al. [36]. They studied T-beams with CFRP sheets bonded to the sides 

of the web and wrapped around the bottom, one without end anchorage (specimen No.2) and 

one with mechanical anchorage in the form of anchor plates and bolts (specimen No.3). The 

resulting increases in shear strengths were 12% and 33% for the unanchored and anchored 

bearns, respectively. The CFRP sheet changed the failure mode of the b a r n  î?om shear 

compression to shear Lilure after the delamination of the sheet. In the specimens bonded 

with CFRP, the areas of debonding were similar, although the loads at which delamination 

occurred were higher for the beam with mechanical anchorage (Figure 2.34). Delamination 

of the CFRP sheet lowered the s t f i e s s  and uitimate shear strength of the beams. 

In the beam with mechanical anchorage, the shear force at yielding of the a h p s  and 

the ultimate shear strength were higher than the unanchored beam because the delamination 

of the CFRP sheet was delayed. As well, even after initial deIamination, the tensile force 

carried by the CFRP in the anchored beam increased since the anchor bolt could sustain 

shear. Due to the presence of epoxy between concrete and CFRP and between CFRP and the 

anchor plate, the bond area was greater than that for the unanchored sheet. Therefore, for the 

same applied force, the bond stress was lower. Thus, the load at delamination of the anchored 

sheet was higher than that of the unanchored case. 



Figure 2.34: Delaminat ion of CFRP in beam (a) without and (b) with anchorage, 

(c) correspondhg load-de flect ion curves [3 61 

A more in-depth look at anchoring systems was conducted by Sato et al. [371, in 

which four anchorage schemes were tested (refer to Figure 2.35). 

Figure 2.35: Systems of CFRP anchorage [371 



The effectiveness of the various anchorage methods is depicted in Figure 2.36(a) and 

(b), where the S series were T-beams and the M series were rectangular barns, with the 

anchorage system represented by the number following the series letter. The combination of 

lateral steel plates and bolts was found to be adequate, even under cyclic loading conditions. 

Therefore, anchorage system Type 3 was recommended both in ternis of performance and in 

ternis of practicality in field applications. 

Figure 2.36: Behaviour of beams with various CFRP anchorage systems: 

(a) S and (b) M senes [37] 

The researchen reported that the shear strength of CFRP-strengthened RC beams can 

be estimated using a mode1 based on tniss and arch actions, the stress fields of which are 

show in Figure 2.37(a) and @). 

Figure 2.37: Stress field for Type 3 anchorage system: (a) tniss and (b) arch actions 1371 



Khalifa and Nanni [38] investigated the performance of T-beams strengthened in 

shear with CFRP composites. They found that by using various configurations of  CFRP 

sheets, the shear capacity o f  the beams could be increased by 35 to 145%, as substantiated by 

Figure 2.38. 
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Figure 2.38: (a) Strengthening schemes and (b) test resuits for T-beams studied by 

Khalifa and Nanni [3 81 



It was also wted that an optimum quantity of FRP e d s ,  beyond which the 

strengthening effectiveness is uncertain. Strips of FRP applied oniy to the beam sides (BT5) 

provided l e s  strength enhancement than those bonded in a U-shaped configuration (BT4), 

and their faüure modes are compared in Figure 2.39. Although strips proved to be as 

effective as continuous sheets, it was advised that sheets be utiiized in fieId applications since 

damage to an individual strip is more detrimental to its behaviour. 

Figure 2.39: Failure modes of bearns (a) BT4 and (b) BT5 1381 

The shear behaviour of RC T-beams bonded with FRP sheets or strips \vas also 

studied by Deniaud and Cheng [39]. Eight full-scale beams were tested to examine the 

interaction of conmete, steel stirmps and FRP sheets in carrying shear loads, and several 

important conciusions were dram The shear contriiution of the FRP sheets was dependent 

on the amount of internai shear reinforcement. For beams that were more heavily reinforced 

with steel stirrups, the FRP sheets were less effective. The FRP sheets could eventually 

reduce the shear capacity of the beam by changing the critical shear path, resulting in an even 

more sudden shear faim. It was noted that the FRP strains were Uniformly distriibuted 

among the FRP strips crossing the shear crack Figure 2.40), contrary to the assumption of 

hem distnibution previously proposed. The failine modes of the bearns were characterkd 

by the debondhg and peeling of the sheets above the web shear crack. The FRP sheets were 



found to have delayed the loss of plane section behaviour and the change fiom full beam 

action to partial arching action. 

Figure 2.40: Vertical strains in FRP stnps bonded onto T-beam [39] 

The authors proposed a mechanical design mode1 based on the combination of the 

stnp method and the shear friction approach. In the strip method, the FRP sheets mssing the 

web crack are divided into a series of strips. Using geometricai parameters such as the 

anchorage conditions and the bonded length of stnps above and below the crack, the 

maximum ailowable strain for each stnp is determined. A uniform strain distribution 

assumption is adopted, and the applied load is sequentialiy redistributed to strips with higher 

criticai dbwable strains mtil the load reacbes a fmaximum value. Then, the maximum FRP 

strain value and the ratio & (remaining bond length over initial total length) are recorded. 

According to the shear fiction approach, the goveming shear strength is given by the lowest 

shear strength among aii the potential Mure planes dong which slippage cm occur. The 

contn'bution of the FRP strips (TFRP) c m  be caiculated as 



where df is the height of FRP sheets bonded to the beam web, tf is the thickness of the FRP 

sheets, Ef is the elastic modulus of FRP in the principal fibre direction, E,, is the maximum 

FRP strain over the remaining bonded length, wr and sr are the width and spacing of the FRP 

strips, s is the total number of stimips crossing the shear crack. a is the direction of the 

principal fibres mea~u~ed fiom the longitudinal axis of the beam, and 8, is the shear plane 

angle in the web. The proposed methods gave reasonably accurate strength predictions for 

the beams tested by the authoa. The ratios of experirnental to predicted shear strengths were 

close to 1.00, with unconservative estimates (within 10%) for the two beams which had 

failed by buckling of the FRP sheets. 

2.3.2 DESIGN EQUA TIONS 

In preparation for the inclusion of design procedures for FRP-shear-strengthened RC 

beams in the various codes, numerous researchers have presented several design equations. 

Triantafillou [40] described some of the earlier proposed criteria for detemiinhg the FRP 

contribution to a RC beam's shear capacity. In Uji's (1 992) [40] modei, the FRP-concrete 

interface carries average shear (bond) stresses approximately equal to 1.3 MPa at the tirne of 

debonding, and the upper bound to the FRP contniution is given by ts tensile strength. For 

GFRP, the average shear stresses at the t h e  of peel-off were determined by Ai-Sulaimani et 

al. (1994) 1401 to be 0.8 MPa and 1.2 MPa for plates and strips, respectively. In the work of 

Ohuchi et al. (1 994) 1401, the M i n g  strain for CFRP wraps was equal to its ultimate tensile 

saain or 2 3  of this value, depending on the fàbric thickness. 

Awther preliminary proposai was put forward by Chajes et al. [41], in which the FRP 

contriiution to shear capacity was based on the expected strain at failure. For continuous 

FRP reinforcement with fibres oriented at 90°, the theoretical shear capacity (Vf) is given by 



where Ar is the cross-sectional area per unit length of the beam, csh is the FRP stress at 

faiiure, and d is the effective depth. The equation was M e r  rewritten by utilizing the hear  

stress-strain relationship of FRP in tension, by recognizing that fàilure of the beam is 

initiated by failure of the concrete, and by assuming that perfect bond exists between 

concrete and FRP prior to fidure. Er is the modulus of elasticity of the impregnated fàbric, 

and E, is the uhirnate vertical tensile strain of concrete (average value rneasured to be 

0.005). Using the average value of strah at fàilure precludes the ability to account for 

different uttimate strains that may result fkom various FRP orientations. The proposed 

method led to theoretical values of shear contribution which were up to 13% higher than the 

rneasured data. 

Gendron et d. [42] presented a theoretical mode1 to determine the shear strength of a 

RC beam bonded with FRP plates. Among the assumptions used was that of no slipping 

between the plates and concrete so that the full strength of the plates can be developed. The 

anaiysis consists of three phases: evaiuation of the member's nominal shear strength using 

the compression field theory or the modified compression field theory, selection of FRP 

plates such that the shear strength is increased up to a pre-detemiined value, and the 

verification of the shear-bending interaction. In the second phase, the shear strength 

attributed to the FRP plates (Vù is calculated as 

where A,,, is the area of a pair of FRP plates, f, is the stress in the plates, dm is the shear 

depth of the section, s, is the horizontal spacing of the FRP plates, est is the shear crack 

inclination corresponding to the shear force in the beam (at any load higher than the level at 

which strengthening was h e d  out), and a is the inclination of the FRP plates with respect 

to the member axis. The iterat ive procedure for evaluating the values of f, and es, as well as 

the steps for predicting the response of the beam in order to estimate the quantity of A, 



needed, are given in detail by Gendron et al. [42]. In the third and final phase, the member 

response rnust be recalculated using the plane section assumption to ver3y the yielding of the 

longitudinal rebars and the crushing of concrete in compression 

C losed- form solutions were develo ped by Malek and Saadatmanesh 1431 to est imate 

the shear force carried by FRP fabric or plates bonded ont0 the web of RC beams. The 

analytical mode1 presented was based on the compatibility of strauis in the plate and the 

beam, and the assumptions of composite action (no slip between concrete and FRP) and 

linear elastic FRP material behaviour were applied. The force c h e d  by the FRP fabric was 

thought to be made up of two cornponents: the first of which is caused by the orthotropic 

behaviour of the plate (even in pure bending), while the second component is caused by the 

moment gradient in the beam nie  proposed method was verified using the tinite element 

program ABAQUS, in which 4-noded elements and one-dimensional bar elements were used 

to represent concrete and rebars, respectively. FRP plates were modelled with Cnoded 

composite membrane elements that were imposed directly onto the concrete elements. 

Although the predicted FRP axial strains were reasonably close to the measured values, the 

slight overestimations were ascribed to the negligence of slip. 

The work described above was M e r  extended by the researchers 144) to determine 

the effect of webbonded FRP plates on the inclination of shear cracks and the beam's shear 

capacty at ultimate. The necessary equilibrium and compatibility equations were derived 

uUng tniss analogy and the compression field theory, while the assumptions were the same 

as those previously applied. The theoretical procedure was utilized in a parametric study to 

investigate various panuneters that may affect the mclination angle of shear cracks. it was 

found that the cxack inclination angle stays constant pnor to yielding of the steel a b p s  but 

drops thereafter. Prior to yielding, the inclination angle inmases as the FRP plate thickness 

inrreases, up to 50° for a 4 mm thick plate. The crack inclination angle and shear force in the 

composite plate oscillate as a function of the FRP fibre direction, with the maximum shear 

force in the plate occurring when the fibres are perpendicular to the shear crack. As the 

stimip spacing increaseà, the crack inclination angle decreased and the shear force in the 



FRP laminate increased. Once the angle of shear crack inclination (O,) has been determined, 

the contribution of the FRP plate to the shear capacity of the beam (Vf) can be estimated as 

where h is the height of the FRP plate, Fs is the ultimate capacity of the FRP (and should be 

reduced accordingly to the usable strength at fidure), and tp is the plate thickness. 

Triantafillou [26] has proposai an analytical model for the design of RC members 

shear strengthened with FRP laminates, following the Eurocode f o m t  which is based on 

ultimate M t  suites. The model is established using an analogy with steel stirnips, with an 

effective FRP strain that decreases with an increasing FRP axial rigidity. The load carried by 

the FRP laminates at ultirnate depends on their fàilure mechanism. Typically obsewed failure 

modes include peeling-off (debonding) through the concrete near the bond interface, ancilor 

tensile hcture at a stress lower than the ultimate strength of the FRP due tc stress 

concentrations (at debonded areas or at beam corners). Whether debonding or ûacture wiU 

occur first depends on numerous fàctors such as the bond conditions, the anchorage length or 

type of anchorage used, the laminate thickness and stifhess, and the concrete strength. 

In developing the shear contribution of FRP, the load bearing mechanisms in the FRP 

laminate at the uiiimete state must be considered, a qualitative representation of which is 

given in Figure 2.41(a). Regions of full debonding, lirnited shear transfer through the 

concrete, and fuil shear transfer are depicted. The associateci tensile stresses in the FRP are 

shown in Figure 2.410, where only a section of the FRP reaches its design tensile strength 

fb*d* 



Figure 2.41 : (a) Schematic of FRP stress bearing mechanism, (b) simplified FRP tende 

stress dong shear crack [40] 

The FRP contribution to shear capacity (Vf) is expressed (in the Emcode format) as 

where yf is a partial safety factor for FRP in tension (approximately equal to 1.15, 1.20 and 

1.25 for C M ,  AFRP, and GFRP, respectively), pf is the FRP shear reinforcement ratio 

(defined as 2t& for continuous sheets, where tf is the thickness of the ERP on each side of 

the beam and b, is the width of the beam web, or as (2 t&)/(wr/sd for FRP strips of width 

wf at a spacing sd, Er is the FRP's modulus of elasticity, d is the effective depth and P is the 

orientation angle of the FRP fibres to the longitudinai axis of the beam. The effective FRP 

strain is represented by E ce, and depends on the FRP "development" length, defined as the 



length needed to reach FRP tensile iiacture before debonding. The development length is 

proportional to the FRP axial ngidity (ara tirnes elastic modulus, or pf x Ef). Hence, as the 

FRP laminates becomes stiffer or thicker, debonding dominates over tensile fkcture and the 

effective strain decreases. 

Mer a study of experimental results published in the literature, it was found that FRP 

fabrics wrapped completely around the cross-section tended to fail in tensile hcture, while 

those bonded to the sides only or in a U-shaped configuration fhiled by shear debonding. 

Based on best-fit trend lines, the relationship between E 2, and pf Ef was suggested to be in 

the form of: 

E ,, = - 0.00065(p Ef ) + 0.00245 for p Ef  > 1 GPa (2-23) 

It was noted that a value of pf Ef = 0.4 GPa presented a limit to the effectiveness of shear 

strengthening with FRP. Also, the actual value of s c, may be higher in reality since many of 

the experimental data used for the calibration of Eqn 2-23 were obtained fiom small-scaled 

specirnens. 

Triantafillouys equation fur descrihg shear failure combined with FRP h t u r e  was 

slightly modified and caiibrated with a few more test results by Khalifa et al. [25]. This 

method is temeci the effective stress approach, in which the effective stress (f c3 is reiated to 

the level of strain at the tirne of FRP rupture. The equation presented by Triantafillou is 

written in the Amencan Concrete Institute (ACI) code format as foilows: 



where Ar is the total thickness of the sheet (2tf for both sides of the beam) times the width of 

the CFRP strip wfi df is the effective depth of the FRP shear reinforcement, and ail other 

terms are dehed as before. For wntinuous sheets, wf and sr should be equal. A strength 

reduction &or of 0.70 is suggested for the design value of Vfi To ensure that shear cracks 

will be intercepted by at least one FRP strip, the spacing of the strips (sf) should be Limited to 

sr- = wf + d/4. 

The effective stress is related to the ultimate FRP strength through the ratio of 

effective strain to ultimate strain (fCe = Rxf~, and et, = Rxeg). For al1 the test data available 

at the tirne, pf Ef never exceeded 1.1 GPa, and R was caiibrated to be 

in which the upper Limit of 0.50 has the effect of limiting the FRP strain to maintain the 

concrete's shear integrity, and appiies only to low-modulus CFRP sheets with ultimate s h a h  

approximately equal to 1.5%. It was later suggested by Khalifa and N a d  [45] that the upper 

limit for R should be equal to 0.006/qU. The effective stress approach is limited to CFRP 

reinforcement and to cases where debonding does not govern. 

To descrii shear failure combineci with FRP debanding, Khalifa et ai. [25] referred 

to the bond mode1 proposed by Maeda et al. [46]. For FRP sheets that are bonded to the sides 

of the beam or m a U-shaped configuration, anchorage is only provided by the interfacial 

bond between the concrete and FRP. Delamùiation occurs when the inteficial bond tails as a 

resuh of the high tensile stresses developed in the FRP. These stresses are signifiicantly 

increased when tension must be transferred by the FRP to the vertically-separated concrete 

on either side of the shear cracks. The concepts of effective bond length and average bond 

stress are applied to derive empmcal equations for the uitirnate capacity of CFRP sheets at 



dehination. For debonding failure, the ratio R is calculated from Eqn. 2-26, taking into 

account the concrete strength and the bonding configuration. 

with wf, representing the effective width of the FRP (evaluated as shown in Figure 2.42), EL, 

is the uhinate FRP strain, and df is the effective depth o f  the FRP shear reinforcement. The 

effective width concept is based on the reasoning that d e r  a shear crack forms, ody the 

portion of FRP extending past the crack by the effective bond length (L, found by Eqn.2-27) 

is capable of carryhg shear. 
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Figure 2.42: Effective width of FRP: (a) in U-wrap, (b) bonded to beam sides ody [25] 



Eqn.2-26 was later revised into the followuig form by Khalifa and Nanni [45]: 

The design equations previously presented by Triantafillou [26, 401 have been 

recently modified by Triantafillou and Antonopoulos [47]. The shortcomings of the former 

approach include: (1) FRP rupture was assumed to occur at the same tirne as shear failure 

(concrete diagonal tension), whereas it may occur after the peak shear capacity is reached, (2) 

one equation was proposed regardes of the mode of failure (FRP debonding or hcture) and 

the type of FRP matenal, and (3) the effect of the concrete strength on debonding failures 

was not considered. In the updated approach., the effective FRP strain is further multiplied by 

a reduction hctor a of 0.8 to become the characteristic value of the effective strain (cke). To 

obtain an estimate of the effective strain, the statu of the FRP at shear hilure of the bearn 

m u t  be identified. Although govemed by the diagonal tension fàilure of concrete, this may 

occur prematurely due to FRP debonding, or the FRP may rupture exactly at or siightly past 

the peak load, a s  illustrated in Figure 2.43. 

LOAD Shear frodure 

f B FRP fracture 
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Figure 2.43 : Schernatic ii1ustration of shear and FRP failures [47] 



At the uitirnate state, it can be expected that some debonding of the FRP will take 

place, as a result of the excessive straining in the FRP that leads to strain incompatibilities 

with the concrete and subsequent cracking. Such cracking will give rise to local debonding of 

the laminates. Therefore, the value of the exective strain is dependent on the bonded length 

of the FRP, t s  relation to the effective bond length through which interface shear stresses 

develop, and the relation of this length to the bond development length. Besides the FRP 

axial rigidity, the shear strength of the concrete also affects the development length so the 

effective strain becornes a f ic t ion of the quantity (pf ~ d / ( f  ), where f, is the concrete 

compressive strength. 

The newly proposed equation for the shear contribution of FRP is essentially the 

same as Eqn 2-22, but the effective strain (€ce) is mplaced by the characteristic value (&a, = 

0.8xsk) and new values for yf and are proposed. If shear failure is combined with or 

followed by FRP k t u r e ,  yr is equal to 1.20 for CFRP, 1.25 for AFRP, and 1 -30 for GFRP. 

If failure is dorninated by FRP debonding, then yf is equal to 1.30. T k e  values may be 

adjusted as more experimental data becorne available. The expressions for the effective FRP 

stmh are grouped according to the bonding confîguration and the type of  rnaterial used, as 

given in Eqn. 2-29. 

Fully wrapped 0: &f 

Side-bonded or U-shaped CFRP: 



0.47 

Fully wrapped AFRP: (2-29c) 

Below a iimiting value of pf E g  none of the FRP failure mechanisms were noted, giving a 

direct reiationship between FRP shear contribution and pf Efi However, once this limiting 

value (pfEùlim was exceeded, failure was governed either by debonding combined with shear 

failure if the FRP was not properly anchored, or by shear hcture combined with or fo llowed 

by FRP rupture if anchored or fùlly wrapped. For both cases, the concrete strength affects the 

increase in shear strength, but in the second situation, the dependence on pr Er is more 

prominent, as evidenced in Figure 2.44. 

Therefore, the value of pf Er should be limited uniess de bonding c m  be prevented 

with the use of  anchorages. The limting value is suggeaed to be 

where E, = 0.005, a limit imposed to ensure 

f t c z f 3  = 0.018f ' ,~ '~  (2-30) 

that the shear integrity of the concrete is 

rnaintained so that mechanisms such as aggregate interlock will remain effective. It was also 

recommended that if vertical FRP stnps are employed their spacing sr should not exceed 

0.8d. 

The FRP shear contribution equation was also expressed in the AC1 and Japan 

Concrete InstÎtute (KI) code formats. The AC1 format is given as: 



CTHAPTER 2 LIERA 7URE REP7EW 

where cpf is the strength reduction fàctor, equal to 0.75 for debonding hiilure and 0.80 for 

shear fidure with FRP fracture, and E = 0.9 E 5, I 0.006. In the JCI code format, the 

only modification fkom the Eurocode format is that the value of aç, given by Eqn. 2-29 must 

be multiplied by 1 .O35 A cornparison of experimental and theoretical values for the effective 

FRP stralli showed that the proposed model gave better agreement than the modeis of Khalifa 

et al. [25] and the K I  approach, but the data analyzed had already k e n  used in the 

calibration of the proposed equaîions. 

Figure 2.44: FRP contribution to shear capacity in ternis of pf Er [471 

V,Jb,? r MPa) 
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A more recent empirical model for deteminhg the effective FRP strain (E ce) has 

P T  

: 
. .; 

been proposed by Schnerch [48]. The equation was based on experimental data pub lished in 

the literature and concentrateci on beam fiiilures dominated by FRP debonding. FRP hchlre 

was disregarded by the researcher as this mode of fàilure was wted to occur only in cases of 

complete wrapping with FRP (which is not practical in field applications) or when pseudo- 

isotropie laminates (with fibres oriented in more than one direction) are used. The model is in 

the form of: 



where kL accounts for the laminate directions (1 .O for unidirectional and 1.4 for two or more 

orientations), p, is the steel shear reinforcement ratio (AJ(b,,,s)), f is the concrete strength, 

pf is the FRP reinforcement ratio dehed as (2t&)/(w&) as before, Er is the elastic 

modulus of FRP, P is the angle of the FRP fibres f?om the beam axis, kE is the number of fiee 

edges on one side of the beam ( 1 .O for U-jackets and 2.0 for laminates bonded to the bûun 

sides only), df is the height over which the FRP composites coincide with steel stimips, and d 

is the effective depth. It was suggested that the effective strain does not have to be Limited 

(except by the u h b t e  strain of the FRP material) to &tain the shear intcgrity of the 

concrete since the shear cracks formed are fine and closely spaced. Once the effective strain 

has k e n  determined, it cm be applied in Eqn. 2-24 to determine the shear contribution of 

FRP laminates. Of the 56 test resuits analyzecî, the average value of experimental to predicted 

shear capacty for the pmposed mode1 was 1.34 (with a standard deviation of 0.22), while for 

the Khalifa model the average was 2.13 (with a standard deviation of 0.93). However, since 

the test data were used to calibrate the equation, more independent experimental results are 

required to validate the mode]. 

A system for evaluating the shear capacity of RC members bonded with CFRP sheets 

was pnsented by Kamih81ako et al. f491, in which a constitutive mode1 for the bond intehce 

between concrete and FRP was included. The shear capacity of the beam is determined based 

on the ultimate deformation of the member and the bond behaviour of the CFRP sheet. To 

characteriz the bond stress-strain relationship, uniaxial tests were performed on concrete 

prisms bonded with CFRP or AFRP composites. The shear stress-shear displacement cuves 

obtained fiom the experiments are shown in Figure 2.45(a), and the general relationship is 

transformeci fiom a bilinear curve to an quivalent linear elastic mode1 as depicted in Figure 

2.45(b). The values obtaiwd for the parameters of r, and 6, at which the bond fàils are 

summarized in Table 2.2. 



Figure 2.45: Shear stress-displacement relationships: (a) from experiments, (b) equivalent[50] 

Table 2.2: Values of Parameters in Equivalent Bond Constitutive Mode1 [50] 

Type of Eiastic M O ~ U ~ U S  (MPn)  4 
FRPSheet ofE~orv(GPa1 

The proposed computational system is based on the hct that the tensile strain in the 

FRP depends on the shear crack width and the length of the peelingsff zone. The shear crack 

width is calculated fiom the rigid body rotation model while the length of the peeling-off 

zone is detennined by so lving Eqn. 2-33 for 6: 

where tf and Er are the thickness and eiastic modulus of the FRP sheet, 8 is the shear 

displacement at the border of the bonding and peehg-O ff zones (refer to Figure 2.46(a)), and 

k = rd&,. Once 6 exceeds 6, the FFtP sheet will pee1 off nom the c o m t e  over the shear 

crack, schematicdly shown in Figure 2.46@). The FRP strain is determined once equilibriurn 



equations for tensile force and compatibility of displacement are satisfied. Then, the shear 

force wrKd by the FRP element is found by muhiplying the strain value by the FRP's 

elastic mdulus and cross-sectional area. Ahhough the values predicted by the proposed 

method agreed reasonably well with 32 sets of experimental data, the peelings ff zone was 

overestimat ed for large beams. 

(a) 

Figure 2.46: Models used for cakulating peelingoff length: (a) g l o w  (b) [491 

2.4 BOND CHARACTERIZATION 

Whether FRP composites are used for the flexural or shear strengthening of RC 

members, premature failure by debonding of the FRP laminates is prevalent. For barns 

strengthened in fleme, debonding may occur at the plate end due to high shear and normal 

stresses or near mid-span where high shear stresses exist mund flexural cracks. For FRP 

sheets bond4 to beam webs (refis to F i p  2-47}, peeling may start fiom the intersection of 

a major shear crack and the boundq edge of the FRP sheet (case a), or debonding can take 

place near internai cracks once bond-slip exceeds the uhimate bond-slip value (case b). 



Figure 2.47: Cornmon locations for FRP strips on bearn webs to debond 

Bond is of utmost importance in the strengthening systern as  it provides the shear 

transfer between concrete and FRP necessary for composite action. To main a better 

understanding of the debonding phenornenon, researchers have performed bond tests in an 

attempt to cbamcterize the bond behaviour. The major areas of study include the maximum 

shear stress and bond-slip that can be sustained by the bond interface, the reiationship 

between bond stress and slip, the factors which influence this relationship, and the modes of 

faiiure. Experimental, analflical, and b t w e  mechanics approaches have k e n  undertaken. 

Numerous experirnental studies have been carried out to examine the bond behaviour 

between FRP composites and concrete. Several c o m n  specimen types employed in these 

tests are shown in Figure 2.48: specimen (a) is used to obtain the bond strength directly, 

types (b) and (c) are used to estimate the effects of shearing and bending, while specimen 

types (d) and (e) are designed to eliminate the Ioad eccentricity that resuhs when laminates 

are bonded on two fàces. 



(9) insened type 

Figure 2.48: Typical bond test specimens [SOI 

One of the eariier studies was performed by Chajes et al. [SI], in which single-lap 

shear test specirnens and 25 mm wide CFRP plates were used. It was concluded that the 

concrete surfàce should be mechanicaliy abraded or sandblasted and a primer should be 

applied, and the surfàce of the composite plate should be roughened. An "off-the-sheif" 

epoxy is suflncient but ductile adhesives (those with a low elastic modulus or a large strain to 

hiiure) are l e s  effective. If the failure mode of the bond is governeci by shearing of the 

concrete beneath the bond, the ultimate bond strength wiIi be proportional to f p.'. 

Tests with varying bond lengths were conducted to study the force transfer fiom the 

FRP plate to the concrete. The load transfèr, bdicated by the seain disaibution m e a d  on 

the FRP plate, is a shear flow that depends on the relative stiffiiesses of the adherents and the 

adhesive. The distnauton dong the bonded length decreased at a linear rate, meaning 

that the force t ransk  was n d y  d o r m ,  givmg a constant value of bond resistance R 

(quai to the shear stress multipliecl by the width of the FRP plate). For a joint with a bond 

length L b  the ultimaîe capacity (TJ can be estmiated by 



Tu = RLb for Lb < L 

Tu = RLjd for Lb 2 Ljd (2-34) 

where Ljd is the bond development length beyond which no further increase in load can be 

ac hieved. 

A series of shear bond tests was performed by Ueda et al. [52] to determine the 

maximum bond stress and factors that have an influence on its value. ConcIusions reached 

include: bond strength does not increase with bond length once this length exceeds 1 00 mm; 

as the CFRP stifniess increased (up to 50 GPa-mm), the maximum local and average bond 

stresses at delamination increased and the CFRP strain gradient decreased; narrow strips of' 

CFRP exhibited higher bond strength than wider strips; and steel plates anchored with 

tension bits provided an enhancement to the bond strength. From the experirnental data, 

Eqn.2-35 was proposed to calculate the value of the maximum bond stress (rm& using 

variables de fined previousl y: 

Two other empirical models reiating the bond length (L) and the average bond shear 

stress at fàilure (rd are those of Hiroyuki and Wu (1 997) (Eqn.2-36) and Tanaka (1 996) 

(Eqn.2-37) [53]: 

The maximum bond strength of the joint is obtahed by multiplying ru by the width b, and 

length L of the bonded area 



Horiguchi and Saeki [54] conducted th= types of bond tests using concrete of three 

different strengths to determine the effect of test methods and quality of concrete on the bond 

strength of CFRP sheets. The tests involveci subjecting CFRP sheets to shear, fienire and 

d k t  tension The relationship ktween the bond strength, the test type and the concrete 

strength is depicted in Figure 2.49, while the observed fâilure modes are summarized in 

Table 2.3. 

Figure 2.49: Relationship between bond strength, test type and concrete strength [54] 

Table 2.3: Failure Modes Observed in Bond Tests [54] 

Type of Concrete Compressive Strength (MPa) - 

Bond Test 11 31 46 
Shear test delamination delamination deiamination 

Bending test concrete ' delaminat ion CFRP fracture 
Tensile test concrete ' delaminat ion concrete 

rnortar rnatrix hcture, * maWaggregate interfacial fiacture 

From the experimental resuits, the foiiowing estimations for bond strength (f b,,d) were 

proposed: 

f hd (shear) = 0.09 (f dm 

f baid (bending) = 0.22 (f dm 

f (tende) = 0.36 (f 3 z3 



In a study by Brosens and Van Gemert [ S I ,  double-shear prisms were used to 

examine the shear stress distribution and hcture behaviour of CFRP. The hcture Ioads 

were predicted with the models proposed by Taljsten and Van Gemert. A nodinear Gracture 

mechanics concept is adopted in THljsten's (1994) [55] theory, in which the ultimate load is 

found fiom Eqn. 2-39 as 

5- Ef where a = - 'A 

bis the width of the CFRP laminate, t is thickness, E is the modulus of elasticity, Gr is the 

fracture energy, and the subscnpts f and c represent FRP and concrrte, respectively. 

Dificulty arises in calculating the h c t m  energy kom the rneasured values of load, 

deformation and shear stresses. A relationship between hcture energy and the concrete 

properties should be determined. The method proposed by Van Gemert (Eqn. 2-40), based on 

a trÎangular shear stress distribution over the fÙU bond length, is shpler to apply, but the 

fracture load estimated is the one at fia cracking while the remahhg strength reserve is 

neglected: 

where 1 is the bond length and !& is the pull-O fT strength of the comrete surfàce. 

Maeda et al. [46] carried out an experirnental study on the bond rnechanism of CFRP 

sheets usmg a double-face shear type specimen and attempted to simulate the strain 

distrtibution ushg FEM. It was fond  that the strain distribution cuve of the FRP shifted 

fkom quaciratic to linear as ultimate load was approached. and the active bonding area was 

shifted as delamination propagated, as seen in Figure 2.50. The effective bond length was 

noted to decrease as the CFRP -ess increased. 



Location 

Figure 2.50: Schematic of strain distribution in CFRP sheet during shear bond test [46] 

The CFRP strain distribution was simulated using the FEM program WCOMR, h 

which a smeared crack mode1 and average stress-strain relationships were adopted. A typical 

mesh used for the analysis is drawn in Figure 2.5 1, while the elastic modulus, shear modulus 

and thickness of the bond elements representing the epoxy resin were 1.50 GPa, 0.58 GPa 

and 0.1 mm, respectively. The predicted distributions were found to be fairly accurate as long 

as the nonlinear behaviour caused by concrete cracking was considered. 

CFS Elcmcnt 

Figure 2.5 1 : Finite element mesh for analysis of CFRP-bonded concrete pnsm [46] 

nie uitirnate load that can be taken by the CFRP sheet ( P d  can be calculated h m  

Pm= =Le bs, 



Le is the effective bond length calculated fiom Eqn. 2-27, tf and Ef are the thickness and 

elastic moduius of the FRP, respectively, and (d~/clx)~ is the strain gradient for the effective 

bond length (measured to be 1 1 0.2 p/mm in this test). 

A flexural specirnen was employed in Miller and N a r d s  [56] investigation of the 

strain distribution between CFRP sheets and concrete. Ali of the specimens failed by peeling: 

the CFRP sheet assumed all of the load up to the level of localized peeling, then the effective 

bond length shifted unta cornplete peeling had occmed. It was found that as the bond length 

increased, the bond strength dmeased. Concrete strength did not have any effect on the bond 

strength as the specimens fiiled within the bond intefice. Increasing the CFRP stifniess 

raised the bond strength, but the increase was not proportional to the number of plies used. 

The ultimate load (Pm& a ) b l e  by the CFRP sheet can be determined by: 

where Le = - 0.432 (tf E ~ )  + 943 , = ( )  x W 6  
avg 

in which Le is the effective bond length, w is the width of the FRP sheet, r is the average 

bond stress, tf and Er are the thickness and elastic moduius of the FRP, and (dddx),,,g is the 

average saain gradient for the effective bond length (found to be 88 Cr/mm in this 

expiment). 



2.4.2 FACTORS 11VFLCI;ENCYlVG BOND STRElVGTH 

The effect of various bonding conditions on the bond strength between CFRP sheets 

and concrete has been examined by Yoshizawa et al. [57]. Using double-face shear 

specimens, bonding conditions such as surface preparation (with water jet or sander), types 

of CFRP sheets (high tensile strength or high moduius), and debonding area rate (with 

varying amounts of film to simulate debonding) were assessed. It was reported that surface 

treatment by water jet was superior in enhancing the bond swngth, and that the bond 

strength for high modulus CFRP was greater tban that for low modulus, high tensile strength 

CFRP. The bond strength also increased as more layers of CFRP laminates were applied but 

the artificially-induced debonding (fioom 6 to 13%) did not have any influence on the bond 

strength. Flexural tests involving full-scale beams were also conducted, 60m which it was 

found that fracture of the concrete cuver occmed, rather than separation of the CFRP 

laminate fkom the concrete. 

An experimentai investigation performed by Tripi et al. [58] aimed to characterize the 

local and global deformations in tensile-loaded concrete prisms bonded with CFRP sheets. 

The main variables studied were the thickness of the adhesive layer and the modulus of the 

CFRP fibres. Arnong the observations was the indication that diagonal cracking af6ected load 

transfer near cracks. Thus, the concrete strength mua be considered in the bond behaviour of 

extemal FRP reinforcement. It was concluded that the local deformations are dependent on 

the thickness of the adhesive tayer; thicker hyers cfeateà a gradml tmnsfct of load W e e n  

concrete and CFRP which was rnanifested in larger relative displacements and greater crack 

spacing. The modulus of the CFRP sheet had a large infiuence on the magnitude of peak 

longitudinal strains at cracks, but the relative displacements and crack spacing were only 

slightly afEected. Hence, it wes hypothesized that the FRP sheet extensional siifnies 

(modulus x thickness) controls the global behaviour while the epoxy shear stiffiiess (modulus 

c thickness) contmls the local bebaviour. Since a stifY adhesive layer was found to promote 

cracking, the stifniess of a cracked RC member is best enhanced through the use of a hi&- 

moduius FRP k m b t e .  



Bizindavyi and Neale [5 91 conducted an experimental and theoretical investigation 

into the shear conditions at the concrete-FRP intexface. Single shear-lap specbnens were 

tested, and three distinct profiles were noted in the FRP strain distribution cuves, an example 

of which is shown in Figure 2.52. As the load was initially applied, the strain profde 

decreased exponentially starting fkom the loaded end. The distance required for the strain to 

reach zero is termed the initial tramfer length. Once a crack was initiated in the concrete, the 

transfer region shifted towards the fiee end of the FRP laminate. The strain profile changed 

to a bilinear c w e ,  with the transition point located at the lirnit of the initial transfer length. 

Near uhimate Io& the strain distribution became Iinearly decreasing. As for the shear stress 

distriiutions, the trend was also exponential at loads lower than the initial cracking load. 

Mer cracking occurred, the maximum shear stress location progressive1 y tram ferred to ward 

the unloaded end of the specimen until the joint fiiiled completely. 

Figure 2.52: Strain distribution dong GFRP-concrete joint [59] 

The relatioaship between the transfer length and the relative load level is bilinear, 

with a constant value of -fer length for loads l e s  than the cracking load and a linearly 

increasing portion up to failun. The transfer length (u may be eaimated using 



where Lo = 5 O Fmax 

rmcan 

in which Lo is the initial transfer length, 5 is the relative load level (FE,&, 5 0 is the relative 

load level at which cracking initiates, Lj is the joint length, F, is the dtimate Io& is the 

FRP width and z,, is the average bond strength Whether concrete shear failure or FRP 

rupture occurs depends on the transfer of forces exceeding the cracking load and the bond 

length available to carry additional loads. 

A theoretical expression, based on the shear lag theory and valid only in the elastic 

range, was dehed for the shear stress distribution (r(x)) on the FRP-concrete joint: 

where F is the applied load, Ga and ta are the shear modulus and thickness of the adhesive, 

respectîvely, E is the elastic modulus and A is the cross-sectional are& while the subscripts f 

and c stand for FRP and concrete. The axial stress m the laminate (f,(x)) is presented as 



The proposed equations were applied to the test specimens fkom the study. Although the 

predicted strain distributions agreed well with the actuai response at s e ~ c e  load levels, the 

theoretical response was stiffer when thicker laminates were used since peeling failure was 

not considered in the d y s i s .  

Double-face shear type specimens were also the subject of audy of Wu and 

Yoshizawa [60]. The test variables included two types of CFRP materials, two concrete 

strengths, two thicknesses of concrete cover, varying layers of CFRP sheets and dflerent 

rebar ratios. The experimentd results are given in detail by the researchen. The propagation 

behaviour of the crack fiont and the pmcess of debonding, as observed âom experiments, is 

illustrated in Figure 2.53. As the tende crack propagates and joins with diagonal shear 

cracks near the FRP sheet, the shear s t f iess  of the intedacial layer is reduced. With the 

fiont of the diagonal crack dong the bond interface, the possibility of debonding grows. 

Since debonding is typically initiated by a tende crack in the concrete, the 

constitutive relationship dong the bond interface before the initiation of debonding can be 

expressed as in Figure 2.54(a). Bond h c t w e  usually propagates dong the bond interface 

betwetn concrete and FRP or through the concrete adjacent to the interface. Therefore, the 

shear stress-displacement relationship after debonding can be related to the sofiening 

behaviour of concrete in shear (Figure 2.54(b)). The area Gr undet the t-6 curve inc luding or 

excluding pre-peak shear displacement can be defmed as the hcture energy based on a 

nonlinear fracture energy concept. 

However, the bond between concrete and FRP may fail suddenly due to the 

aitastrophic propagation of a crack dong the bond interface. Thus, the debonding 

phenomenon becomes a problem involving hcture mecbanics, in which fracture is 

considered to occur when the strain energy release rate equals the critical strain energy 



release rate for the interface Giic ( c m  be approximated by Gd. This arises fiom the 

assumptioa that debonding is a Mode II (foward shear) type fàilure mechanism. 

Figure 2.53: Crack propagation and formation of debonding [60] 

Figure 2.54: Constitutive relationship for bond interface: (a) pnor to debonding, 

(b) d e r  debonding [60] 

The researchers proposed a mode1 for analyzing the tensile properties of FRP-bonded 

RC members based on the fracture energy approach. Figure 2.55 shows a RC member 

subjected to a tensile stress a resulting in N number of cracks. The symbols in the figure are 

definecl a s  follows: L = length o f  member, b = width of member, E = elastic modulus, V = 



volume ratio, d = debonding le- S = average crack spacing, t = thickness of RC member 

and the subscripts c, s and cf represent concrete, steel and CFRP, respectively. As the 

concrete member cracks, the FRP near the cracks starts to delaminate f?om the concrete. 

Once the FRP stress at the crack reaches the bond strength, the debonding areas connect 

together (Figure 2.55). Thus, the sheet becomes delaminated for the length of the concrete 

member except at the ends, and final debonding fdure occun when the sheet is completely 

separated fiom the concrete. 

Figure 2.55: RC member bonded with CFRP sheet: general representation and connection of 

delamination between FRP and coacrete [adapted nom 6 1 ] 



Essential to the development of the theoretical mode1 is the energy equilibriurn 

required during cracking. Thug the strain energy release rate should be equd to the sum of 

the rate of the debonding energy and sliding energy at the rebar-concrete interface, the 

debonding energy along the FRP-concrete interface, and the fracture resistance of concrete, 

as stated by: 

where cp, is the strain energy of concrete containing N cracks, without debonding and sliding 

of rebars and the debonding of FRP sheet, cp, is the total sliding energies on ail debonded 

interfaces between rebars and concrete, cpds is the total debonding energies on ail debonded 

interfaces between rebars and concrete, q d C f  is the total debonding energies on aii debonded 

interfaces between FFW and concrete, and Ria is the fhcture resistance of plain concrete. The 

debonding fhcture energy cpdd can be caiculated as foiiows: 

where &f is the initial debonding length (measured to be 15 mm) and y,f is the debonding 

h c t u r e  energy per unit area of FRP-concrete crack mfhce (ycf = Ciiic = Gr). Using a double 

shear test, Giic was measured to be 6.0 Nlm The computational flow for the calculation of 

the tende stresses and strains in the FRP-bonded RC member is given in Figure 2.56, while 

the equations used are detaüed in the original paper. The load-deformation curves, crack 

widths and average crack coostrainiog eEect were well modelled using this analytical 

technique, but fbrther research is needed regarding the FRP stress distribution and crack 

spacing, and the assumption of average strains must be modified. 



Figure 2.56: Computational flow for determinhg tende properties of FRP-bondeà 

RC member [61] 



In Hornam's [62] study of the durability of CFRP and GFRP fabrics, double-face 

shear specirnens were bonded with materials ~ o m  the TYFO SB Fibnvrapo System It was 

found that fkeeze-thaw cycles affected the mechanical behaviour of the FRP-concrete bond, 

but M e r  investigations are required &fore more definite conclusions can be drawn 

However, fiom the tests of the conml specimens, it was concluded that the bond stress-slip 

curves resembled the stress-strain curves of ductile steel, with an initial linear eiastic range 

fo iiowed by a plastic range. The shape of the relationship can be fou& in the next chapter 

(Figure 3.8(a)), while the average values defining the constitutive relationship are listed in 

Table 2.4. 

Table 2.4: Values Defining Bond Stress-Slip Relationship in Hornam's Study [62] 

FRP Maximum Bond Slip at Maximum Ultimate 
Material Stress (MPa) Bond Stress (mm) Slip (mm) 
Carbon 3.42 0.0 1 * 0.5 1 
Glass 2.47 0.01 0.67 

* approximated fiom bond stress-slip curves 

The bond stress-slip relationship adopted in Sato's [63] work is a bilinear elastic- 

plastic curve. The maximum bond stress ( T ~ )  is based on the equation given by Ueda et al. 

(Eqn. 2-35) for concrete strengths ranghg f?om 24 to 46 MPa. Expressions for the slip when 

the maximum bond stress is reached (S3 and for the ultimate slip (Su) are given by 

where b is the width of the member, and G, is the shear modulus o f  concrete (G, = 0.43xEC). 



Nanni et al. [64] and Lee et al. 1651 presented a tension stiffening mode1 for FRP 

sheets bonded to concrete, focusing on the bond-slip behaviour at the interface. Applying a 

linear bond stress-slip relationship, which is mitable for working loads, the slip of the FRP 

sheet (bonded to plam concrete) between primary cracks can be written as a second order 

differential equat ion: 

With the appropriate boundary and equilibriurn conditions, the above equation can be solved 

for expressions to calculate the axial force (F) and displacement (u) of the concrete and FRP, 

and the relative displacement, or slip (s), ktween the two rnaterials. The resulting equations 

are given as Eqns. 2-50 to 2-53. 

in which wf is the width of the FRP sheet, Eb is the slip modulus, Ar is the cross-sectional 

area of FRP, Er is the FRP's elastic modulus, q is the modular ratio between FRP and 



concrete (Ee,), p is the FRP reinforcement ratio (A&), a is half of the distance between 

wo cracks, T is the total uniform tensile force, and the subscripts c and f represent concrete 

and FRP, respectively. The slip modulus (Eb) can be estimated f?om a simple shear model as 

follows: 

where t is the shear stress and y is the shear strah, and G and t are the shear modulus and 

thickness of the epoxy, respectively. No shear is assumed to exist in the FRP sheet or 

concrete in this model. AAer conducting an experimental study, it was found that this 

estimate of the slip modulus was higher than the test value, and bat it was only applicable 

prior to secondary cracking. 

The above approach was m e r  extended by Lee et al. [66] to RC members bonded 

with FRP sheets. Using equilibriurn conditions similar to those described above (with the 

inclusion of a reinforcing steel component), and assuming linear bond stress-slip behaviour, 

ordinary different i d  equat ions were developed. By irnposing the necessary boundary 

condit ions. the distribution of the force, displacement and slip were established and presented 

in Appendk 1 of the referenced paper. The researchers subjected several small-scale and 

large-scale double-f8ce shear specimens to tension. Using the theoretical calculation, moiré 

interfmmetry and mechanical de formation measurements, trial values of the slip modulus at 

the concrete-FRP interfàce were found to be in the range of 137 to 5290 MPaImrn. 

Mechanid deformation data were affected by the shear de formation in the concrete, epoxy, 

and FRP sheet. Thus, the apparent süp modulus values werp reduced. The slip modulus fkom 

the miré hterférometry (1690 MPa/mm) was considered to be the most reliable. It was 

lower than the shear s t f i e s s  of the epoxy Sut higher than the combinai shear stiffhess of the 

epoxy and concrete. The slip modulus was found to be independent of the type of FRP sheet 

used. It was also concluded that as the thicknen of the epoxy layer decreased, the siifniess of 

the specimen increased. While the member with the highest slip modulus exhibiteci the 



greatest tension-stiffening behaviour, the stifihess of the FRP and adhesive were not as 

influentid as the number of tension cracks that had developed. 

Nakaba et al. [50] examined the bond behaviour b e h ~ e n  FRP laminates and concrete 

to obtain the local bond stress-slip reiationship. The parameters studied in the double-shear 

bond test were the mechanical properties of FRP fibres and concrete. The main conclusions 

drawn fiom the experiments include: the bond strength and maximum load increased as the 

FRP stifniess increased, the type of fibre affected the shape of the stress distribution but did 

w t  influence the local bond stress-slip relationship, the thickness of the adhesive layer did 

not affect the maximum load sustained, and the maximum local bond stress increased as the 

compressive strength of concrete increased. As for the effective bond length, in which the 

bond stress is distributed, previous snidies have reporteci values ranging fkom 20 to 1 00 mm 

The tests describeci here showed that the effective bond length increased as f i e r  FRP 

laminates (with higher values of tr x Er) were utilized. Aiso, the effective bond length was 

suggested to be the distance measured at 10% of the maximum bond stress, as shown in 

Figure 2.57. 

Dirti# bmcalm(lmal) 

Figure 2.57: Example of effective bond length [50] 



A typical plot of local bond stress-slip reiationships obtained h m  the experiment is 

presented in Figure 2.58, in which it can be seen that the c w e s  tended to be parabolic in 

fom Maximum locai bond stress (r b a n )  varied fiom 5.6 to 9.1 MPa, while the slip at 

s b- mged fiom 0.052 to 0.087 mm 

The test data were fitted with Popovics' (1973) [SOI equaîion, with the final bond 

stress-süp relation given as: 

r b is the local bond stress, s is slip, r b,m, is the maximum local bond stress, ha is the slip 

at r (0.065 mm), n is a constant (3) and f, is the concrete compressive strength 

restricted to a range between 24 and 58 MPa 

- CS-AM - CS-HCF 
C S - s a =  
-CSISCFH 
-c-CS-SCR. 

Figure 2.58: Measured bond stress-slip curves for specimens tested by Nakaba et al. [SOI 



Chen and Teng [53] reviewed the currently available anchorage strength models for 

concrete-FRP joints subjected to shear. The fàilure mode studied is shear anchorage or shear 

debonding fàilure, where cracks propagate paralle1 to the bonded laminate near or dong the 

concrete-adhesive interfàce, starting fiom the most highly stressed reg ion to wards the 

anchored end. In single or double shear tests, there are six possible fàilure modes: concrete 

failure just beneath the concrete-adhesive interface, FRP tensile hcture, FRP delarninat ion, 

adhesive failure, concrete-adhesive int erfacial failure and FRP-adhesive inter fac i d  failure. 

The hst mode has been the most commody reported, while the last three are rarely seen due 

to the high strength of adhesives used. Concrete surfàce fhilure is of primary concem since 

this type of fhilure is also noted in the first 20 to 50% of the bond length prior to FRP 

de lamination. 

In tenns of fracture mechanics models, Yuan and Wu (1999) and Yuan et al. (2001) 

1531 employed linear elastic hcture mechanics (LEFM) and nonlinear fiacture mechanics 

(NLFM) in their study of bond strength. The resuhing equation fiom L E M  for bond 

strength was the same as  that given by Tiiljsten (Eqn. 2-39), but a is rephced by ay (Eqn. 2- 

56), which accounts for the width of the FRP and concrete member. 

The NLFM equations were solved for the five dflerent bond stress-slip relationships 

depicted in Figure 2.59. The linearly ascending and then descendhg curve (Figure 2.59 (c)) 

may be closest to reahy. 

Figure 2.59: Bond stress-slip models for FRP bonded to concrete [SOI 



For this case, the maximum sustainable load (Pd is given as 

in which rf is the maximum stress on the bond stress-slip c w e ,  6, is the correspondhg slip 

and 6f is the maximum slip. 

Neubauer and Roaw (1 997) [50] preferred the shape of the bond stress-slip 

relationship as shown in Figure 2.59(d), and suggested that the hcture energy be calculated 

as Gf = cf x& where cf was found to 0.204 mm h m  experiments and & is the tende 

strength of concrete. The bond strength can be obtained fiom 



Comparing the predictions of the published models with experimental results, it was 

found that when the effective bond length was not considered, the bond strength was greatly 

underestimated. The models proposed by Khalifa (1998) and Neubauer and Rostssy (1997) 

showed reasonable results, but these equations were calibrated using the experimental data 

Chen and Teng proposed a new mode1 based on a iinearly decreasing shear-slip 

mode1 (Figure 2.59(b)) since typical slip values are 6, = 0.02 mm and 6f= 0.2 mm (i.e., SI << 

W. The ultimate bond strength is given by 

and the variables are the same as  those previously defined. For ultimate strength design and 

serviceability state design, the coefficient in Eqn. 2-59 should be replaced by 0.3 1 5 and 0.2, 

respectively. Lf high stress needs to be anained in the FRP plate, a thin laminate with a high 

elastic rnodulus should be selected. However, to best utilize the fùil tensile strength of the 

FRP plate, a thin plate with a lower Young's rnodulus is recommended 

To summarize, rnost of the published literature are in agreement regarding the global 

behaviour and local failure modes O bserved in RC mernbers flexurally strengthened with 

FRP composites. Good accord has been noted between nurnericaily predicted responses and 

experimentai data when the pmperties of the bond interface were considered. The breadth of 



research and consequent understanding in the area of flexunil strengthening with FRP can be 

ascribed to its similarity to bonding with steel plates, which has been snidied in detail in the 

pst. As for shear strengthening with FRP composites, comparable experimental results have 

been obtained in terms of the effects of the amount and orientation of the FRP, and the 

e Bit iveness of using U-wraps and anchorage sy stems. Several researchen have presented 

the concept of an effective FRP strain (CC,) for estimating the shear contribution by FRP 

laminates. Whereas previous models focussed on the dependence of CC, on pvEr and f ,, 

more recent proposais have included the efliects of the stimip ratio and the configuration of 

the FRP laminates. More work is required with respect to the bond behaviour, both in 

determining the bond strength and the bond stress-slip relationship. Although researchers 

have identified nurnerous hctors infiuencing the bond strength, not all of these panuneters 

have been considered in the proposed bond strength models. Various relationships have been 

fomulated between bond stress and slip, ranging fkom an elastic-plastic law to a triangular 

distribution to a parabolic shape, among others. Therefore, additional research is needed to 

pinpoint the fonn of the bond modei, and to detemine whether the type of bond iaw is 

dependent on the properties of the materials used. 



CHAPTER 3 FINITE ELEMENT FORMULA TiO1VS 

3*1 INTRODUCTION 

The two-dimensionai nonlinear finite element program (VecTor2) *ad in the 

analytical portion of the curent research has been developed at the University of Toronto. 

Concrete is represented by four-noded rectangular (8-degree-o f-kedom (do f)) or three- 

noded trianguiar (6-dof) constant strain elements, whiie steel and FRP reinforcement are 

modeiled by one-dimensional two-noded tniss elements (4-dof). This program is based on an 

iterative, secant stiiïness formulation and uses constitutive models Fom the Modified 

Compression Field Theory (MCFT) developed by Vecchio and Collins (1 986) [67]. The 

details of the constitutive models and their implementation into the finite element program wiil 

be presented below. 

3.2 TEIE MODIFIED COMPRESSION FIELD THEORY (MCW 

The MCFT is a smeared, rotatmg crack mode1 for analyzing remforceci c o m t e  

membranes, in wbich cracked concrete is represented as an orthotmpic material with unique 

constitutive relations. Average stresses are related to average strains in a concrete element, 

while compatibility and equili'brium conditions m u t  be satisfïed. For an element subjected to 



d o m  axial (f, and f,) and shear (vw) stresses, the average strains and stresses can be 

represented by the Mohr's circle as shown in Figure 3.1. 

- 1 x  

-% 
Loading Def ormat ions 

Average Strains 

Figure 3.1 : Average strams and stresses m a remforceci concrete element [68] 

Average Concrete Stresses 

The principal tende strain (ci), the principal compressive strain (E~) and the cnick 

direction (0,) c m  be found as folows: 
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where cx and E,, are the nomial strains and y, is the shear strain. The stresses in the concrete 

and remforcement are then detemisied from the strains using the MCFT constitutive relations 

descriid klow. 

For concrete in compression, the Hognestad parabla is u d ,  with the mmucimum 

compressive strength reduced according to Eqn 3-4, and as iliustnited in Figure 3.2: 

where 

in which & is the concrete stress m the principal compressive stress direction, f, is the 

compressive cyhder strength, ç, is the strain m the cylinder at f,, fp is the maximum 
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compressive stress for cracked concrete in compression, E, is the strain corresponding to fp 

and Pd is the damage factor for cracked concrete. 

Figure 3.2: Constitutive relation for cracked concrete in compression [67,69] 

For concrete in tension, a linear response is used until cracking, with contribution fiom 

tension stiffenjng effects after cracking occurs, as  represented by Eqn 3.5 and Figure 3.3. 

f c r  = Ec CI for €1  j (3-5a) 

J t 

= 1 +,/500Ê, 
for > Ecr 

where is the principal temile stress, EI is the p ~ c i p a l  tende strain, E, is the concrete's 

initial tangent modulus of elasticity (calculated as 2f  JE^, s, is the cracking strah, and f , is 
the teasile strength of concrete. 

Steel reinforcement is assumed to behave in an elastic-plastic rnanner (Figure 3.4)' but 

strain hardening effects can be included. 



where f, and fsy are average stresses in the x- and y-reinforcement, respectively, Es is the 

elastic modulus of steel, and f,, and fw are the yield strengths of the x- and y-reuiforcement. 

Figure 3.3: Constitutive relation for concrete in tension [67,69] 

Figure 3.4: Constitutive relation for reinforcing steel [69] 



The concrete stresses in the x- and y-directions (f& and &) and the concrete normai 

shear stress ( v ~ )  are then deterrrîined fkom the principal average stresses using the Mohr's 

circle (Figure 3.1): 

For equiliium conditions to be met, the stresses in the concrete and in the reinforcernent 

must be quai to the appiied loads: 

where and fi are the steel reinforcement ratios in the x and y directions, respectively. The 

saain values ( E ~  and yw) assumed in Eqns. 3- 1 to 3-3 are revised until Eqns. 3- 1 1 to 3- 13 

are satisfied. 

The stresses given above are average values; local conditions at a crack must also be 

considered. The tramfier of stresses across the crack may be govemed by the stresses m the 

remforcement and the shear and compressive stresses acting at a crack: 
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where ffi and fsi are the yield and average stresses of the reinforcement in the ih direction, 

respective@, and Bi is the angle between the centreline of the rebarç and the crack normal. The 

shear stress across the crack (va) k related to the compressive stress on the crack (6) in 

Wairaven' s equation: 

where - 
Vcimax - 

W 
0.3 1 + 24 --- 

a+16 

in which vo, is the maximm transmissible shear stress across the crack, and is a function of 

the average crack width (w) and the maximum aggregate size (a). 

3.3 FTNITE ELEMENT PROCEDURE 

Three mput fiies are required for program VecTor2: 

i )  .job file - contains infonnafon on the mes related to the current analysis, load fàcton, 

convergence requirements, aud assumed material behaviour models 

ii) .s2r file - contains information related to the materiai properties, finite element mesh 

definition, element state of activation, and restraints 

iii) .Dr file - contains loading information, mcluding imposed loads and displacements, 

temperature Io& concrete prestrains and ingres pressure 
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Once the mput files have been created, the program can be executed. The flowchart for the 

nonlinear finite element procedure is depicted in Figure 3.5. 

( input atructum, mrter~i~ ptoperîka 1 

Figure 3.5: FIowchart for finite element procedure [69] 
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Definitions for the secant moduti are given as follows: 

- 
fcl Eci =- - fez , E c 2  =- 
El E2 

where Ë and Ë represent concrete behaviour in the principal directions, and Ë , and Ë ,,, 
represent the behaviour of  the reinforcement in the x and y directions, respectively. The secant 

&es  values are then used to calculate the material stifniess matrix ID], composed of a 

concrete component [Dl, and reinforcement components [Dlsi: 

where [Tl is an appropriate transformation matrix to account for the directions of the 

components. The material stîfbess matrix for concrete is evaluated as: 

where 

For each remforcement component, a material dfkess matrix is determined as: 



The transformation ma& to be used in Eqn 3- 18 is calculated by: 

cos2@ s i .  * 4 cos 4 sin 4 1 

where 41 = 180" - 8, + P for the concrete component and 4 = ai + P for the reinforcement 

components, in which P is the angle between the globai and local x-axes and ai is the 

orientation of the r e k  with respect to the local x-axis. 

M e r  the material stifniess matrix [Dl has been evaluated, the element stitniess rnatrix 

@cl can be determined fiom 

where [BI depends on the assumed element displacement functions. The stmcture stifniess 

rnatrix M is then assembled, inverted and used to calculate the unknown joint dispiacements. 

From the displacements the strains and stresses m the element can be found. New secant 

moduli and material stifihess matrices are evaluated and compared with those fiom the 

previous step. This Îterative procedure is continued until the specified convergence k t  is 

met, at which time the finai resuits can be O btained. 

3.4 MODELLING OF REPAlRED STRUCTURES 

The fàct that most rehabilitation projects are carried out d e r  the RC structures have 

been put mto service for some t h e  must be taken into account. This has k e n  achieved in 

program VecTor2 with the plastic o f k t  approach ushg a secant stfiess formulation. A 

schematic of  the axdysk procedure is shown m Figure 3.6. To begin the analysis, oniy the 

elements in the on@ RC member are activated. The repair materiah, nameiy bond and FRP 



elements (and wncrete elements if ciamaged concrete is repaired), are Licluded in the finite 

element mesh, but are initialiy disengaged. The disengaged elements experience svains equal 

to those of the activated elemnts, but these are kept as plastic o k t  strains (E 4. These 

elements do not contribute to the stifbess or strength of the structure since their elastic strains 

( E  3 are zero. At the load stage conespondhg to the the  of repair, the bond and FRP 

elements are activated. The repair elements start fkom a state of zero eiastic strain, and their 

addition to the stiflhess of the member is defined by the secant modulus calculated based on 

the net elastic seains. The plastic offset str- are updated as loading is mcremented for the 

duration of the anaiysis. 

(al 

Figure 3.6: Analysis of beam bonded with FRP plate: (a) finite element rnesh, (b) load history, 

(c) strains in FRP element, (d) determination of secant modulus [70] 
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3.5 MODELLING EXTERNALLY-BONDED FRP COMPOSITES 

In a previous version of VecTor2 (formerly known as TRIX [69]), FRP composites 

were smeared into rectangular 'concrete' elements, as exempLified in Bucci's work [8]. This 

essentially means that the concrete mechanical properties were negiigible as these elements 

were completeiy nIled with FRP composites (Le., the area ratio of the FRP was 1 00% in both 

directions). The FRP-nlled rectangular elements were superirnposed on top of the original 

concrete elements to simulate the repair, resuhg in a double mesh for the FRP-bonded 

section of the member. This implied perfect bond conditions between the two adherents, 

assuming tbat no slip occumd between the concrete and FRP composites. 

However, bond elements have since been implemented by Gan [71] into program 

T m .  The goal of this undertaking was to mode1 the bond-slip behaviour between rebars and 

concrete in rnembers subjected to cyciic loading. The element fonnuiations have been adopted 

in program VecTor2 and expandeci to include the modelling of bond-slip response between 

FRP and concrete. Since the bond elements employed m the program are either dimensionless 

or one-dmiensioaai (to be descn'bed later in th& cbapter), the FRP composites rnust now be 

rnodelled as two-noded truss elements. 

3.5.1 CO1VSTlTUTIVE RELA TION FOR FRP COMPOSITES 

FRP resorcement is assumed to be linear elastic with bnttle &tue in tension, as 

demonstrated by Figure 3.7. The uitimate tende strength of the material is represented by f t, 

while the corresponding strain at M u r e  is E%. 
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Figure 3.7: Constitutive relation for FRP reinforcement 

3.5.2 CONSTITUTIVZF RELATIONS FOR BOND INTERFACE 

In the literature published up to now, various bond stress-slip relationships between 

concrete and FRP have been proposed, as previously descriid in section 2.4.4 of this report. 

This is maidy due to the many factors which influence the local behaviour, such as the 

concrete strength, FRP thickness and stifhss, the relative stfiess of Qexural FRP and 

tension steel reinforcement, epoxy thickness, and the mechanical properties of the resin. At the 

time of hplementation of the constitutive relation hto the program, numerous researchers 

(Hornam, Sato, Nanni and Lee) had noted that the relationshïp for the bond mterfàce is either 

linear elestic or elastic-plastic. Therefore, a general shape of the elastic-piastic curve, as  seen 

in Figure 3.8(a), has been adopted in the current research The variabks include the maximum 

shear stress that can be carried by the bond interfàce (üd, the slip at the fint occurrence of 

maximum bond stress ( S d ,  and the ultmiate slip when the bond fails (Sui& Therefore, a 

linear elastic relationship, shown Î n  Figure 3.8(b), can also be specified by setting S, equal 

to Suit. The slope of the linear relationship is termd the "slip modulus" (Eb). 



STRESS """ f 

Figure 3.8: Constitutive relationship for bond interface: (a) elastic-plastic, (b) linear elastic 

3.6 MODELLING BOND-SLIP BEHAVIOUR WTH BOND 

ELEMENTS 

In order to sirnulate the slippage that occurs at the interfàce between two materials, 

interface or bond elements must be incorporated into the finite element program Two 

appropriate bond element types ate the link element and the one-dimensional contact element. 

Both of these elements have been used successfully in modelling bond-slip between concrete 

and intemal steel reinforcement 17 1 1. Simüarly, these elements (with a modified constitutive 

relation) can represent the interfhce between concrete and &y-bonded FRP laminates, 

and wiil permit the debondmg phemmenon to be modelled accurately. 

To represent the bonding of FRP plates or sheets, the relevant concrete elements m u t  

be double-noded. One set of nodes is used for the concrete elements, whüe the second set is 

used for the FRP (represented as tniss elements). The nodes of these two adherents are 

connecteci by bond elements, which ailow relative displacement, or slip, to take place between 

concrete and FRP. The di f f ince  in disphcement between the concrete node and the FRP 

node detenmhes the nodal slip of the bond element. The bond stress is then calciilated using 
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the specined constitutive reiationship. Finally, the force tramferred by the bond element is 

found by rnultipiying the bond stress and the bonded surfafe area represented by the element. 

The bond elements permit a certain amount of slippage to occur between concrete and FRP, 

while transferring load between the two components, untii debonding fidure occurs. Once the 

uitimate slip value has been attained, the bond faüs and the corresponding FRP tniss element 

is ' d i s c o ~ ~ t e d '  fiom the concrete member by suppressing its load-carryhg capacity. 

The link element was developed by Ngo and Scordeiis in their analysis of bond-slip 

between steel rebars and concrete in RC barns 1721. The link element has no physicd 

dimensions, so the two nodes (i and j) that it connects have the same coordinates. A 

representation of the 19ik element, shown m Figure 3.9, consists of two linear springs p d e l  

to a set of orthogonal axes h and v. The iink element cm be oriented at any arbitrary angle 9 

with the horizontal axis of the RC member. Each spring has one degree of &dom 

(translation in h or v direction), and the displacement in each direction is independent of the 

other. 

Figure 3.9: Representation of link element [adapted fiom 721 

106 



Since oniy the mechanical properties of the link element are relevant to the 

formulation, it can be piaced in any interface while using the appropriate spring stifhesses. 

For the present analyses, liak elements will be located at nodes where tms bars representing 

FRP are comected to the corner nodes of concrete elements. The springs represent the shear 

and normal stiflkess of the adhesive connection, and transmit shear and normal forces between 

the nodes. 

Let &, and Kv represent the s p ~ g  stfiesses in the h and v directions. Displacements 

an considerd positive in the directions show m Figure 3.9. The stress-straùi relationship is 

given by 

where a h  and o,, are stresses in the h and v directions, and IQ, and K, are the respective 

stifhesses. Relative displacements between nodes i and j in the h and v directions are 

represented by 4 and E,, and are positive for tende strah. The displacement transformation 

maot p] relates displacements to strains: 

C - S  C S {h.}=[; - c  -s c, 

where c = cos 8 and s = sin 0. The force transformation matrix is qua1 to the transpose of the 

displacement transfomation mat* pl, thus the stZhess of the link element can be obtained 

h m  



The impenttive quantities needed for this formulation are the spring stifkesses &, and Kv. The 

linear relationship between bond stress and slip assumed in this study is applicable in the h, or 

shear, direction, shce the epoxy layer is primady loaded in shear. In the normal, or v, 

direction, the spring stifhess may be related to the hi& tende strength of the epoxy. 

However, most debonding fiiilures with thin FRP plates or sheets are due to shear at the 

interfàce. Therefore, an artincially high value was assigned to Kv in order to focus on shear 

Mure at the concrete-FRP interface, thus limiting the iink element to having two degreesaf- 

M o m  dong the direction of the FRP tniss elernent. 

3.6.2 CONTACT ELEIMENT 

The one-dimensionai contact element, developed by Hoshino and Schafer, provides a 

continuous connecfion between two adjoinmg elements 1731. It is an isoparametric eiement 

which, m its undeformed state, has no dimensions m the transverse direction. The simpiest 

form has two double wdes, and is based on a hear displacement function The double nodes 

of the contact element are independent. In each pair of double nodes, one node is c o ~ e ~ t e d  

to a concrete element while the other node is comected to the FRP element. In the unloaded 
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stage, the coordinates of the nodes at each end of the contact element are identical. However, 

once loadllig begius, the nodes behave independentiy, resuiting in dative displacements 

between the two connected points, as illustrated in Figure 3.10. 

undefonned 
shape 

Figure 3.10: Representation of 1 -D contact element [adapted fkom 73 and 741 

The interpolation functions which reiate the displacements at each point of the element 

to the nodal displacements are &en as: 

Using appropriate relations between contact stresses and relative displacements [74], 

mtegration is carrieci out over the contact sitrface to obtain the element stifhess matrix. 

Assuming independent behaviour in the two coordinate directions, the relation between 

element forces and relative displacements is provided by 
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where i, k, i and ni are the nodes of the contact element, as shown in Figure 3.10, Gr and Gt 

are the bond moduii in the tangentid (r) and nomial (t) directions, respectively. &ik and 

are the force and relative displacement between nodes i and L in the r direction, d is the 

diameter of the truss bar and L is the length of the element. Values for the bond moduli Gr and 

G, can be derived corn experiments in which local bond-slip and material strains are 

measured. Sirnilar to the iink element, a large stfiess value is chosen for the normai 

direction. Thus, the contact element has four degrees-o f-kdom, each dong the direction of 

the FRP element. 

Comparing link and contact elements, the link element has k e n  found to be 

inadequate in modehg nomconstant siip curves [73]. Contact elements with a ünear 

displacement function, on the other hand, can mode1 hear s i ip  curves exactly, and give good 

approximations to mnlinear slip curves with a few elements. The superiority of the contact 

element over the ünk element has also k e n  demonstrated by Gan [71] in modehg the bond- 

slip between rebars and concrete. 



EXPERTMENTAL PROGRAM 

4.1 INTRODUCTION 

The RWOA beam series was fabricated and tested at the University of Toronto. The 

design of thae three large-scale beams was based on the series of OA beams tested by 

Bresler and Scordelis [75], while using locally available materials. The original OA beams 

were shear critical, with no i n t e d  shear reinforcement. The RWOA beams were modelled 

after the OA beams, but were subsequently shear strengthened by bonding CFRP strips ont0 

the side sufaces of the beams. Another student at the university tested specimens pattemed 

after the Bmler-Scordelis beams, including a set of control specimens (TOA series) and 

three sets of specirnens with interna1 steel s t h p s .  Arnong the series with stirrups, the 

dimensions of the TA series were identical to those of the TOA series, while two other series 

(TB and TC) were narrower in width. 

4.2 PREPARATION OF SPECIMENS 

Each RWOA beam was cast in conjunction with a control bearn fiom the TOA series, 

plus one beam h m  each of the T& TB, and TC series. Therefore, the formwork was 





Formwork was constructed with plywood and 2" x 1" timber. and the outer sides 

were reinforced with soldier piles. The plywood for the side surfaces of the beams was tixed 

to the base, while the planks for the ends of the beams were shifted aAer each cast to match 

the desired iengths of the bearns. Smooth plywood was used for the sides of the beams to 

mininiize the unevenness on the concrete s d a c e  which would be detrimental to the bond 

between concrete and FRP. The fle.wra1 steel reint'orcement was cut into the required 

lengths. and 25 mm thick plates were welded to the ends of the rebars (at locations 

correspondhg to the lrngth of the beams). This was done to enhance anchorage of the rebars 

as  flexural failure might ensue due to the presence of the CFRP strips. To prevent sagging of 

the rebars along the span, short pieces of 1 OM rebars were cut and tied to the flexural steel at 

300 mm intervais. Small pieces of 2" x 4" timber were also used as spacers between the 

flexural steel until the time of casting. The formwork for the casting O f concrete is depicted 

in Figure 4.3, while the newly-constructed bearns are shown in Figure 4.4. 

Figure 4.3: Formwork for casting of  RWOA bearn (along wth other test beams) 



Figure 4.4: Bearns cast in formwork 

4.2.2 APPLICA TION OF CFUP STRIPS 

instead of usine the cornmon U-wrap configuration the CFRP fabric was bonded 

only ont0 the sides of the beams. This method was preferred since exposing two Eee edges of 

the fabric would increase the probability of debonding. The roll of CFRP fabric was cut into 

strips of appropriate length (560 mm) and width (200 mm). The webs of the beams (spanning 

between the supports) were covered with the strips at 300 mm spacing (center-to-center), 

oriented perpendicularly to the axis of the beam, as shown in Figure 4.2. The exact locations 

of the FRP strips were chosen to avoid the rough edges that resulted fiom uneven joints in 

the Formwork. Although it is common to use a continuous sheet in field applications to 

minimize the amount of manual labour, the use of stnps would permit the observation of 

cracks in the laboratory. The strengthening with CFRP was performed without preloading the 

beams since it was desired to track the occurrences of debonding with the formation of 

cracks in the concrete. Also, the possibility of sudden shear failure prior to the bonding of 

CFRP was to be avoided. 
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Afier curing at room temperature for at least 28 days, the side surfàces of the bearns 

were sprayed with a water jet to remove al1 Ioox particles. Bonding of the CFRP stnps took 

place once the beams were air-dried. One mat of epoxy was applied. using paint-rollers. to 

the concrete surface to allow for some penetration into the concrete cover. Both sides of the 

CFRP strips were covered with epoxy to ensure saturation of the fibres. The beam and CFRP 

strips were lefi exposed to air for two hours until the epoxy thickened and becarne sticky. 

Epoxy was reapplied to parts of the concrete where the fust coat had been absorbed fiom the 

surface. Then the strips of CFRP fabric were attached ont0 the beam, taking care to 

straighten the fibres as the fabric tended to fold under the weight of the epoxy. The thickness 

of the epoxy was not measured. but any excess was squeezed out when the CFRP anps were 

smoothed with a wallpaper smoother. This was done to remove air bubbles and to ensure 

complete epoxy coverage. It was recommended to apply a fuai coat of epoxy over the CFRP 

strips, but the weight of the added epoxy caused the strips to slide down the sides of the 

beam: therefore, the thal coat was omitted. The photographs in Figure 4.5 show the aeps 

involved in the bonding process. 

Figure 4.5: Application of CFRI strips to the sides of RWOA beams 



Figure 4.5 (continued): Application of CFRP stnps to the sides of RWOA bearns 

4.3 MATERIAL PROPERTIES 

Concrete was ordered fiom a local ready-rnix plant. with f ,  of 20 MPa 25 MPa and 

30 MPa for RWOA-1, RWOA-2, and RWOA-3, respectively. Type 10 Portland cernent. 10 

mm maximum coarse aggregate size and 100 mm slump were specified. Prior to casting, the 

forrnwork was sprayed with forrn-ail to enable easy removal of the beams. The beam 

specimens were covered with wet burlap and polyethylene sheeting for at least 7 days afier 

casting. For each batch of concrete, 20 concrete cylinden were cast to test for mechanical 



properties. Cylinder compression tests and tensile splitting tests were performed, and 

compressive stress-strain curves were obtained (see Appendix A). Table 4.1 lists the 

measured material properties for the specimens. 

Table 4.1 : Measured Materid Properties for RWOA Bearn Specimens 

Material f~ ( M W  Eo fsp(MPa) E(GPa) 

Concrete (RWOA- 1 ) 22.6 0.00 16 2.3 7 26 

Concrete (RWOA-2) 25.9 0.002 1 3.3 7 28 

Concrete (RWOA-3) 43.5 0.00 19 3.13 36 

Material fy ( M W  f, (MPa) E (GPa) E ~ f t  

Steel (25M) (RWOA-2) 440 615 210 0.226 

Steel (30M) 436 700 200 O. 183 

Material f't (MW E (GPa) & lttt v 

* detRmined fiom tensile coupon tests (for fabric thickness of 0.84 mm) 

Standard steel- and CFRP-tensile tests were conducted to detennine their material 

properties. Steel rebar coupons were tested in tension to obtain their stress-strain curves, 

which have been included in Appendix A. CFRP coupons were fabricated according to 

ASTM D 3039/D 3039M [76], with adjustments made to suit the requirements of the testing 

machine. The geometry of the CFRP coupons is depicted in Figure 4.6. The length of the 

steel plate tabs was chosen to be longer tban the grip length of the machine (146 mm) to 

disburse the pressure h m  the end of the @p. CFRP tabs were added between the steel 

plates and the main coupon to provide a cushioning efect in order to p r e ~ n t  gripping 

fàilure. 



- 7 5 m  3 layers of 0.84 mm thick 
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Figure 4.6: Geometry of CFRP coupons tested for RWOA beams 

The type of CFRP used was SCH41, as  part of the TYFO SQ High Strength Graphite 

Fibrwrap@ system, with graphite fibres oriented in the longitudinal direction and Kevlar 49 

weft in the perpendicular direction (Figure 4.7). The thickmss of this $bric was specified by 

the manufàcturer as 1 .O4 mm (0.041 in) [77]. Measurements taken with a micrometer gave an 

average thickness value of 0.84 mm. This fàbric was chosen over thinner sheets for the 

strengthening scheme in order to promote debonding failure. The epoxy resin used for the 

bonding of CFRP was a two-part epoxy adhesive (TYFO SB), which consisted of 

components A (Shell epoxy) and B (Texaco Hardener). The mixing ratio was 100 parts of A 

to 42 parts of B (by volume), and I L of epoxy was mixed for each square metre of area to be 

covered. A mechanicd mixer was used to mi. the two components together for 5 minutes at 

a speed of 4OO6ûû RPM until uniform. The mechanical properties of the CFRP and epoxy, 

as given by the manufacturer? are presented in Table 4.2. 



Figure 4.7: TYFO SQ High Strength Graphite Fibnvrap@ SCH41 CFRP fabric 

Table 4.2: Mechanical Properties of CFRP and Epoxy for RWOA Beams 

Material f t  ( M W  E (GPa) & U I ~  

CFRP (SCH 41)* 1034 69 0.0 1 
Ma terial f t (MPri) E (GPa) Elongatioa at Break 

~poxy (TYFO NB)' 72.4 3.16 4.8% 
*values given by manufacturer FYFE Company (for fabric thickness of 1 .O4 mm) [77] 

'values obtained fiom material specifications supplied by Composite Retrofit International [78] 

The CFRP fabric was delivered as a roll of approximately 600 mm width. In 

fabricating the coupons, one piece of 460 mm x 600 mm CFRP fabric was cut for the 

coupons, and four strips of 180 mm x 600 mm Ezbnc were cut for the tabs. Both sides of the 

CFRP fabric were coated with epoxy, and the strips of tabs were bonded along both edges on 

each side, as shown in Figure 4.8. M e r  curing for five days. the hardened panel was cut into 

75 mm wide coupons. Steel plate tabs measuring 180 mm x 75 mm x 2 mm were glued ont0 

the ends of the coupons using contact cernent. Two strain gauges of type YL-60 (supplied by 

Tokyo Sokki Kenkyujo Co., Ltd.), oriented in the longitudinal direction. were glued ont0 

each side of the coupon to measure the average strain experienced by the CFRP fibres. 



Measurements were not recorded in the transverse direction since al1 carbon fibres were 

aligned in the longitudinal direction only. The cornpleted coupons can be seen in Figure 4.9. 

/ 

Figure 4.8: Fabrication of panel for CFRP coupons 

Figure 4.9: Completed CFRP coupons 



The coupons were subjected to tende tests approximately 30 days aRer the initial 

bonding. Alt hough eight coupons were made, three were not suitable io be teaed due to an 

uneven curing surface. Thus, the test results of five coupons were used to determine average 

values. It was observed that the response measured by one strain gauge was consistently 50% 

higher t h  the readings fiom the gauge on the opposite side of the coupon. This was 

attributed to the îàct that one side of the coupon did not have a smooth epoxy layer. but 

contained numerous voids caused by the plastic sheeting placed beneath the CFRP panel at 

the tirne of curing. The reduced amount of epoxy is thought to have lowered the stiffhess on 

one side of the coupon. However. consistent data were obtained by averaging the readings 

fkom both gauges on ail five coupons (Figure 4.10). The failure modes of the five coupons 

are summarized in Table 4.3. using the standard three-part code specified in ASTM 

D3039/D3039M [76]. While two coupons failed with the coupon separat h g  rieat ly into two 

pieces, the failure of the rernaining t h e  coupons involved splitting of  the CFRP. with 

several small pieces breaking off from the coupon. Photos depicting their failures and 

individual stress-strain c w e s  are included in Appendk A. 

1200 1 

O 0.002 0.004 0.006 0.008 0.01 0.01 2 
STRAlN (mmlmm) 

Figure 4.1 0: Stress-strain curves kom CFRP coupon tests 



CNMPlE" 4 EXPERliMENTAt PROGRAM 

Table 4.3: Failure Mode of CFRP Coupons 

Coupon Number FaiIure Mode Code 
RW- 1 AGM 
RW-2 LAB 
R W-3 SGR 
RW-4 SGL 
RW-5 XAE3 

Fust Letter Second Letter: ThYd letter: 

(fidure type) (fiiure area) ( fàilure Iocat ion) 

A = Angled A = At gripltab M = Middle 

L = Laterai G = Gage B = Bottom 

S = longitudinal L = Left 

Splitting R = Right 

X = explosive 

4.4 TESTING PROCEDURE 

The bearns were tested under monotonie three-point loading afler the epoxy had cured 

at room temperature for at least 10 days. All specimens were tested using a hydraulic jack 

connected to a servo-hydraulic MTS testing machine m e .  A load-celi connected to the data 

acquisition sy stem measured the applied load. Mid-span de flect ion was measured using two 

linea. variable differential transfomers (LVDTs), one at the north face and the other at the 

south face. Two LVDTs were also set up at oppsite &ces of  the two supports to detect any 

support settlements. Loading proceeded in increments of 20 IrN until yielding of the 

longitudinal reinforcement, at which tirne loading was specified in terms of mid-span 

displacement. Surface strains at the level of the longitudinal reinforcement were recorded 

through the horizontal displacements of 12 Zurich targets bonded on each side of the beam 

The set-up of the LVDTs and Zurich targets are depicted in Figure 4.1 1, and the measured 

displacements were directly recorded by the data acquisition systern Cracks noted on the 



side concrete surfaces were marked and their widths were measured at every load stage. 

Figure 4.12 shows beam RWOA-3 ready to be tested. 

C I 1OOmm 

: : : : : : : 2 @ 6 5 m m  . . . -  
. 1 -  . 

Zurich targets 5 @ 200mm 

Mid-span LVDT 
L/2 c (North & South) 

L 

Figure 4.1 1 : Typical test set-up for RWOA beams 

Figure 4.12: Beam RWOA-3 set up in the MTS testing machine hune 



4.5 EXPERIMENTAL OBSERVATIONS 

Due to the presence of the CFRP strips on the sides of  the the bottom surface 

had to be checked for the appearauce of initial flexural cracks. They were tint noted at 80 

W. The nurnber and average width of flexural cracks increased as loading proceeded, and 

shear cracks fkst appeared at a load of 300 kN. S o m  cracks formed at the vertical edge of 

certain CFRP strips, and as these cracks widened, the CFRP strip appeared to be on the verge 

of peeling off fiom the beam. At 460 kN, yielding of the flexural reinforcement began, and 

the load increased as the steel entered the strain-hardening stage. Signs of concrete cmhing 

under the loading plate were noted at 488 kN. Maximum load was reached at 493 kN, 

accompanied by a rnid-span deflection of 35 mm Prior to the peak load, the widest crack 

widths measured were 3.5 mm for flexural cracks and 0.20 mm for shear cracks. 

Afier the peak load was reached, concrete crushing proceeded until uhimate fàilure. 

As concrete m h e d  under the loading platen, portions of four CFRP strips (two on the north 

and two on the south side of the beam) peeled off Eom the b a r n  with a loud noise. These 

strips were closest to mid-span on the east half of the beam, where a large shear crack had 

formed, starting h m  the loading point. Figure 4.13(a) shows the debonding condition at 

failure. The section of the CFRWconcrete that peeled off fiom the bearn was dependent on its 

position relative to the shear cnick; the shorter length above or below the m c k  was critical. 

Under the strips that peeled above the cnick, a thin layer of concrete and some aggregates 

were still attached. Once the CFRP stnps had peeled away h m  the beam, the crushed 

concrete was exposai, the confinement effect was 10% and pieces of concrete spalled off. 

The strips that fàiied below the shear crack tore off with the concrete cover, causing the 

cover to split out fiom the beam. This behaviour was similarly observed on both sides (north 

and south) of the bearn. At uhimate, afler the stiff side surfaces were pulled outwards, the 

centrai section of the beam, mw unreinfiorceci in shear, punched out in shear. This fàilure 

mode is captured in Figure 4.1 3(b) (underside). The outwerd push of the concrete cover also 



led to the partial splitting of a few CFRP strips. The overall crack pattern is depicted in 

Figure 4.13(c). N and S represent the north and south sides of the beam, respectively. 

(b) 

Figure 4.13: Beam RWOA-I at fàilure: (a) debonding of CFRP strips, (b) concrete fàilure 

viewed fiom bdow 



(c ) 

Figure 4.13 (continued): Beam RWOA-1 at failure: (c) overall crack pattern 

Similar to beam RWOA-1. the fust flexural crack was observed at 80 IcN on the 

underside of the beam Shear cracks appeared at a load of 340 k . .  Flexural crack widths 

increased to 0.55 mm until a load of 448 kN, when the flexural reinforcement started to yield. 

The maximum load attained was 457 kN. with a maximum mid-span deflection of 32 mm. 

Just before cmshing, tlexural crack widths were up to 2.0 mm and the widest shear cracks 

were 0.2 mm. Again crushing of concrete at mid-span and a major shear crack on the West 

half of the beam led to ultimate failure. Sirnilar to beam RWOA-1. the top half of a strip 

crossing the upper portion of the shear crack peeied off wit h a thin layer of concrete. The 

adjacent svip intersecting the lower end of the shear crack ripped off with the concrete, 

causing a triangular section of concrete cover below the shear crack (the base of which 

crossed three CFRP strips) to pop out fiom the beam. The debonding failure is evident in 

Figure 4.14(a). A g a  the central section of the beam dropped down in shear afier the side 

covers spiit out. nie condit ion on the underside o f  the beam and the overall crack pattern are 

illustmted in Figures 4.14(b) and (c). respectiveiy. 



Figure 4.14: Beam RWOA-2 at failure: (a) debonding of CFRP strips, (b) concrete failure 

viewed fiom below. (c) overdl crack pattern 



Similar to the two previous beams, the first flexural crack was noted at 80 kN on the 

bottom surnice of the beam As the spans of the bûams Uicreased for RWOA-1 to RWOA-3, 

the load at fint cracking should have decreased. Although flexural cracks were tVn noted at 

approximately the same load level for ail three beams, the CFRP strips and the darkened, 

epoxy-coated concrete surface made the cracks obscure. Therefore, cracks may have formed 

prior to 80 W but rernained undetected. At 1 80 kN, shear cracks staried to f o m  At the onset 

of yielding of flexurai reinforcement at 420 k . ,  flexural crack widths increased to 0.6 mm 

Just before the peak load was reached, the maximum shear crack width was 0.1 5 mm, while 

the widest flexural crack was 1.6 mm. The maximum load sustained was 436 kN, with a mid- 

span deflection of 50 mm The maximum displacement prior to fài1u.e was 73 mm. Although 

failure was initiated by flexural steel yielding and cmshing of concrete under the load, final 

failure was caused by a shear crack starting fkom rnid-span extending to the east side of the 

beam. As concrete was crushed, it spalled and forced the top sections of two CFRP strips 

(closest to mid-span on the east side) to bdge out. Once the force exceeded the bond (shear) 

strength of the concrete, the CFRP strips, dong with a layer of concrete, debonded with a 

loud cracking sound. The top half of one of the strips split vertically into five pieces. The 

bottom sections of two CFRP strips crossing the lower end of the shear crack also debonded 

with a layer of concrete attacheci. Figure 4.15 shows the Mure condlion of this beam. 

Again, the peeling off of the CFRP strips allowed pieces of concrete to spall off fkom the 

beam. The punching out of  the central portion of the km, which was observeci in beams 

RWOA-1 and RWOA-2, was not as evident for beam RWOA-3. 

Photos depicting the progressive cracking of al1 three beams can be found in 

Appendk B. The debonding of the CFRP strips, dong with the rupture of the side concrete 

cover tbat was noticed in this experiment, is sirnilar to the test observations made by Khalifa 

and Nanni [38] regarding specimen BTS (as reported in section 2.3.1). Also, the longmidina1 

cracking dong the flexural steel on the bottom of the beam rnatched the results of ChaaIlal et 



al. [30]. The high normal (peeling) forces at the ends of  the strips Ied to the longitudinal 

cracking and subsequent separation o f  the concrete cover. 

Figure 4.15: Beam RWOA-3 at failure: (a) debonding of CFRP strips. (b) overait crack 

pattern 

4.6 TEST RIZSULTS 

The load-deflection curves for al1 three RWOA beams are depicted in Figure 4.16. 

Al1 three beams failed in shear-flexure whiie exhibithg ductile behaviour. Although no 

prernature debonding of the CFRP strips was noteâ, part of the strips crossing the major shear 



crack did peel off' at ultimate. The shear-flexufal dominated failures of the beams were 

accompanied by the rupture of the side concrete cover and the punching out of the bearns' 

central sections. The rnid-span deflections have been adjusted by subtracting 

settlement values fiom the disp lacements measured at mid-span. 

the end 
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Figure 4.16: Experimental load-deflection response for RWOA beams 

The mid-span surface strains at the level of the longitudinal reinforcement for al1 

three RWOA bearns are plotted in Figure 4.17. While the surtàce strains on RWOA-1 

reached a maximum value of 0.02, the iargest value measured for beams RWOA-2 and 

RWOA-3 was 0.0 1. Since the strains were determined fkom displacements between Zurich 

targets on the side surfaces of the beams, the measurements were afXected by cracks along the 

beam and the subsequent movement of the CFRP strips. More accurate strain values at the 

level of the reinforcement would require strain gauges to be attached directly ont0 the rebars. 

Plots of d a c e  strains measured dong the bearns have k e n  included in Appendiv B. 
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Figure 4.17: Mid-span surface strains at the level of longitudinal reinforcement: 

bearn (a) RWOA-1, (b) RWOA-2. ( c )  RWOA-3 



The ultirnate loads of the RWOA beams were estimateci using equations proposed by 

various researchers (previously presented in Chapter 2 of this report). These equations were 

formulated to calculate the shear contniution of FRP composites (Vf), appiied either as  strips 

or as continuous sheets. Expected Wure modes include the debonding or hcture of the FRP 

laminates. Since FRP k t u r e  is rarely observeci in shear-strengthened beams, except in some 

cases of complete wrapphg with the laminates, most of the equations focus on premture 

debonding fidures. The experimentd and predicted values for the shear contniution of the 

CFRP strips are listed in Table 4.4. The calculations are provided in Appendix C. 

Table 4.4: Actual and Predicted Values of FRP Shear Contribution 

Vf for Vf for Vf for 
Pmposed Equatioo RWOA-1 RWOA-2 RWOA-3 

(W (kN) (W 
Experimental Data* 81.5 69.5 25.5 
Triantafillou (Eqns. 2-22 and 2-23) 238 238 238 
Khaiifa (Eqns. 2-24 and 2-26) 1 14.7 125.6 177.4 
Triantafiilou and Antonopoulos 

(Eqn~. 2-22 and 2-29b) 106.1 111.7 135.5 
(Eqn. 2-3 1, cpf = 0.75 for debonding) 129.4 136.1 165.2 

Schnerch (Eqns. 2-32 and 2-24) 150.8 167.0 246 
*calcuiated by subtracting the shear capacity of the TOA beams fiom that of the RWOA 

Al1 of the predicted values were higher than the experimental data However, this is 

consistent since ail three beams were governed by shea r - f l ed  failure rather than by 

debonding of the CFRP strips Due to the high CFRP reiaforcement ratio used in the RWOA 

beam, the vaiidity of the proposed equations could not be adequateiy assessed. 



4.8 DISCUSSION 

The experimental m h s  of the R WOA series of beams were compared with the TOA 

and TA series, where each series consisted of three beams, numbered 1,2 and 3, respectively. 

The TOA series did not contain any stimps, while the TA series had 0.1% of steel 

reinforcernent in shear. Each beam number (1, 2 and 3) corresponded to a certain steel 

f l e d  reinforcement ratio (as given in Table 4 3 ,  and the reinforcement properties of the 

beam series are also liaed in the table. The purpose of the cornparison is to determine the 

effect of the CFRP strengthening. 

Table 4.5: Reinforcement Properties for the TOA, TA and RWOA Bearn Series 

Flexu rd  Flexural Steel Shear (Steel) CFRP 
Reinforcement Y ield Streogth* Reinforcement Rein forcement Series Number Ratio m a ,  Ratio Ratio . I 

1 1.72 % 440,436 - - 
TOA 2 2.23 % 445,436 - - 

3 2.73 % 440,436 - - 
1 1.72 % 440,465 0.1 % - 

TA 2 2.23 % 445,465 0.1 % - 
3 2.73 % 440,465 0.1 % - 
1 1.72 % 440,436 - 0.367 % 

RWOA 2 2.23 % 445,436 - 0.367 % 
3 2.73 % 440.436 - 0.367 % 

* yield strengths of 2SM and 30M rebars, respectively 

The load-deflect ion response for each series of beams is ploned in Figure 4.1 8. Some 

general trends can be observed h m  these graphs. The TOA series of beams failed in shear in 

a brittle manwr, while those sbear-reinforced with steel s t h p s  (TA senes) and CFRP strips 

(RWOA series) ehibited ductile behaviour and flexural failure. For the 1 and 2 series. after 

the shear capacity of concrete was reached, the response of the beams with CFRP strips was 

&er than those reinforceci with stimips. This can be attri'buted to the higher rigidity 

provideci by the CFRP strips, where rigidity is defined as the shear reuiforcement ratio 



multiplied by the Young's modulus of the material. [The values of Young's modulus for 

CFRP and steel were 100 GPa and 200 GPa, respectively.] For the RWOA series, the rigidity 

is calculaîed as 0.367 GPa, while for the TA series, this value is 0.200 GPa A h ,  the 

ultimate loads sustahed by the RWOA series were higher than those of the TA series beams. 

However, since the reinforcement ratio provided by the CFRP strips was 3.7 tirnes higher 

than that of the aimips, no direct cornparison can be made between their performance. In 

addition, the clamping force for the CFRP is 4.0 MPa while for the steel stimps it is 0.4 

MPa The ciamping force is determined as the shear reinforcement ratio multiplied by the 

yield strength of the material. m e  yield strengths of CFRP and steel were 1090 MPa and 

400 ma, respectively.] The maximum load and displacement values, and the ratios of 

strrngth enhancement are summarized in Table 4.6. 

Table 4.6: Maximum Load and Deflection for Beam Series TOA, TA and RWOA 

Ratio of Ratio of Beam 
Series TOA TA RWOA RWOA to RWOA to 

TOA TA 
A at A at A at 

Beam P,, Pma~ A at A at 
Number (W) Pm= P- pmax pmax P m  

(mm) Oùrl) (mm) (mm) 
hm pmax 

1 331 9.0 459 20.8 493 3 1.8 1.49 3.53 1.07 1.53 
2 320 13.2 441 28.5 459 31.3 1.43 2.37 1.04 1.10 
3 385 31.8 420 50.3 436 48.6 1.13 1-53 1.04 0.97 

As c m  be seen f?om the above graphs and table, the verticdly-oriented CFRP strips 

prevented the brittle shear fàilure of the beams by acting in the sarne manner as stimips. The 

strong fibres in the direction perpendicular to the beam axis provided resistance to tende 

forces in the vertical direction arising due to shear. The CFRP strips exerted a closing effect 

on the shear cracks, Iimited their propagation, and increased the concrete's shear resistance 

by permitting more aggregate interlock to occur. This dowed the beam to sustain higher 
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Figure 4.1 8: Load-deflection curves for bearn series: (a) 1. (b) 2 and (c) 3 

(cornparison between TOA. TA and RWOA beams) 



loads untii the flexurd steel bars yielded in tension, achieving loads up to 50% higher than 

the beams without sheat reinforcement, It aiso resuited in a more ductile behaviour, with 

rnid-span deflections up to 350% greater tban the TOA beams. The strength enhancement of 

the RWOA senes to the TA series beams was l e s  than IO%, even though the shear 

reinforcement ratio was 3.7 times higher, and the clamping force was ten times greater. The 

degree of strength increase provided by the CFRP was limited by the yield strength of the 

flexurai steel and the compressive capacity of the concrete. 

Aside &om the material properties, the main difTerence between the effect of the 

CFRP strips and steel stimips lie in k i r  configuration. Whereas the stimips were closed 

loops enclosing al1 four sUi.races of the beam, the CFRP s e s  were oniy bonded to the side 

surfks.  Thus, after concrete mshing occurred with shear failure at ultimate, the central 

section of the beam was unconfined, causing it to punch out in a downward direction as a 

mit of shear forces. Some confinement could be provided if the CFRP strips were 

cornpletely wrapped around the bearn. However, since moa beams are cast monolithically 

with a slab, forming a T-beam, it would be more practical to bond the CFRP strips or sheets 

in a U-shaped configuration. The top edges of the CFRP sheet shouid then be anchored into 

the concrete on both sides of the b a r n  with steel plates and bolts, as has been investigated by 

Sato 1631. 

O v d l  the presence of the CFRP strips was able to prevent brinle shear failure of 

the beams. Not or@ was the capacity of the beams increaseâ, but the response was aiso more 

ductile. The excessive defonnations at mid-span gave more warning as fidure became 

imminent, making these beams safer to use in the field. No premature debnding of the 

CFRP seips was noted, which implies that the surfàce preparation of the beams was 

adeqwite, and that the bond strength of the epoxy used was sufficiently high Debonding of 

the CFRP strips occurred only when concrete crushing had advanced and with the formation 

of a major shear crack near ultimate. It was observed that a thin layer of concrete was 

attacheci to the CFRP strips at the time of separation. This indicates that the lower shear 

strength of concrete had led to the debonding, rather than shear slippage within the epoxy 



layer or at the FRP-adhesive interface. This is in correlation with the h c t  that the shear 

strength of epoxy is much higher than that of  concrete. 

For aging beams in which the a h p s  have corroded or where the shear 

reinforcement ratio does not satisfy updated standards or is Uisuficient to meet current 

ioading requirements, CFRP laminates present a viable and convenient method for upgrading 

their shear capacities. Sudden shear Evlures can also be converted to ductile flexural failures 

with more noticeable mid-span deflections. 



CHAPTER 5 NUMERiCAL ANAL YSIS WITH FEM 

5.1 INTRODUCTION 

In order to verfi the performance of the bond elements in the nonlinear finite 

element program VecTor2, the response of five sets of experhental specimens has been 

simulateci, utiiizing link or contact elements to mode1 the concrete-FRP interface. These 

specimens are slabs or beams that have been strengthened in flexure or shear with FRP 

laminates. The extemal FRP reinforcement was successfùl in increasing the uhimate capacity 

of the specimens, while changing brittle shear fàilures to ductile flexural failures. In the 

currem research, ali of the specimens analyzed were subjected to monotonie loading 

conditions, hence, the bond-slip between rebars and concrete was not accounted for in the 

numerical modelling. The input mes for all the specimens studied in this chapter are located 

in Appendix D, while the deflected shapes and crack patterns for the spechens can be found 

in Appendix E. 

5.2 SPECIMENS STRENGTAENED IN FLEXURE WITT? FRP 

COMPOSITES 

Three sets of specimens strengthened in flexure with FRP laminates were analyzed. 

These flexural members had FRP plates or sheets bonded to their soffit for positive moment 

capacity or to the top surface to resist negative moments. 



-ER 5 AKMERICAL ANALYSIS WïH FEM 

The fïrst set of flexurai specirnens modeiied were the slab strips and beams tested at 

the University of Ljubljana, Slovenia, by MC et al. [ 1 1 1. Oniy the specimens repaired with 

CFRP plates have been analyzed in this study. 

The cross sections and load application points for the slab strip and beam are show 

in Figure 5.1. The slab strip specimens were 800 mm in width, 120 mm in depth, and 3250 

mm in length. The beams were of the same lengtb, but with cross sections 200 mm wide by 

300 mm deep. For each type of flexural member, one specimen was kept as the contd, while 

three were strengthened with CFRP plates. The CFRP plates were 50 mm wide and 1.2 mm 

thick, while the epoxy layer was 2 mm thick. External bonding was undertaken prior to the 

application of displacement-controUed, four-point loading on the beams. Table 5.1 üsts the 

material properties for the specimens. 

Table 5.1 : Material Properties for h r d  Slab S e s  and Bearns [Il]  

Material f,(MPa) ft(MPa) E(GPa) v 

Concrete 

E p o v  
CFRP 

Material f, (MPa) f. (MPa) E (GPa) v 

Steel (slab strip) 500 560 210 0.30 

S tee 1 (beam) 450 550 210 0.3 0 



lVLMWW ANALYS'S FT72Y FEM 

Mesh reinforcement: 
Q 196: 0 5  @ 100 
(A = 1% m m h )  
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(b) (al1 dimensions in mm) 

Figure 5.1 : Geometry of &unit specimens: (a) slab stnp and (b) beam [l I ] 

In the experiment, the slab strip control specimen failed at a total load of 36.5 IrN, 

while the CFRP piates increased its strength by 72.5% to 63 kN. For the control beam, the 

ult imate load was 86.5 kN, and the bomling of the CFRP plate raised this failure load by 35% 

to 116.8 kN. The presence of the CFRP plates delayed the development of cracks, resulthg 

in higher post-cracking &esses for the plated beams as cornpared to the control 

specimens. The hear elastic response of the CFRP plates dominated the behaviour of the 

specimens, culminating in the sudden fàilure due to deIrimination of the plates. In both the 

strengthened slab strip and beam specimens, the hilures were caused by debonding or 

delamination of the plates below the concentrated load, in the region of extensive flexural 

deformation and cracking. The debonding initiated in the middle third of the beams and 

propagated to the free ends by peeling off a thin layer of concrete. Unlike most steel-plated 



and some FRP-plated beams, these specimens were not sensitive to high n o d  and shear 

stresses at the plate ends. Similar to debonding Mlures observed by other researchea, the 

CFRP plates were under-utilized, as they were fàr from their ultimate tensile strength at 

Mure. 

5.2.1.2.1 Fînite Element Me& and Spcial Comiderations in Andysis 

Due to the symmetrical nature of the h m i t  specimens, only one haif of the beams 

was modeiled. The finite element rneshes used for both types of specimens are iilustrated in 

Figure 5.2. For the slab strip specimen, 847 rectanguiar elements were utilized for 

concrete, 154 tniss elements were used for flexural steel, and the CFRP plates were modelled 

by 65 rniss elements. For the bond interface, either 66 link elements or 65 contact elements 

were used. As for the &mit beam specimea, 588 rectangular concrete elements were 

defined, with the shear reinforcement smeared throughout them. 98 truss elements were 

employed for flexural steel, while 42 truss elements represented the CFRP plate. Either 43 

link elements or 42 contact elements were used to mudel bond behaviour. 

The tmss elements representing flexurd steel re inforcement were c o ~ e c t  ed direct ly 

to the concrete eiements since monotonie l d i n g  conditions were applied. Truss elements 

modelling the CFRP plates were joined to bond elements (eaher ünk or contact elements), 

which were in turn connected to the concrete elements. The diameter specified for tniss 

elernents is used in calculating tension stiffening effects. Thus, this value must be reduced to 

1 mm for compression steel in thin slabs or to 0.1 mm for FRP laminates such that extra 

capacity will not be erroneously generated in the tensile mne. 
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Figure 5.2: Finite element mesh for (a) &unit slab strip and (b) &UT& beam 

The most important parameter in capturing the debonding phenornenon observed in 

the tests is the characterization of the bond interface. The bond stress-slip law chosen for this 

analysis was linear elastic to fidure. Since the experimental Ioad-deflection curves exhibited 

sudden fàiiures represented by sudden drops in Ioad, and debonding faiures were obsewed in 

the tests, a corresponding relationship with an abrupt drop m bond stress was selected for the 

initial trial The stifbess Eb was based on the shear stifniess of the epoxy wd, and was 

caiculated according to @ased on Eqn 2-54): 

where 
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G is the shear modulus, E is the Young's modulus, v is the Poisson's ratio, t is the thickness 

of the hyer, and the subscript a refers to the adhesive (epoxy resin). 

Various values ranging fiom 1 to 5 MPa were used for the maximum shear stress 

(Ud ,  and the corresponding maximum slip values ( S d  were calculated using Eb = 2370 

MPa/mm (refer to Figure 3.8(b)). Numerous triais were conducted shce it was found that the 

values used for the constitutive relation of the bond elements greatly infiuenced the response 

of the members. Both the fàilure load and deflection at fidure were sensitive to the bond 

stress-slip law. If Eb was varied by modiQing the maximum bond stress or maximum slip, 

the analysis results would be inaccurate. For cornparison purposes, trials with perfect bond 

conditions and an elast ic-plastic bond stress-slip relat ionship were a h  perfonried. 

Since the CFRP plates were present fiom the onset of the tests, the elements 

representing the repair materials were activateci fiom the first load stage of the analysis. h i e  

to the low initial stifniess of both types of specimens, it was assurned that some t h e  had 

elapsed nom the tirne of casting to the tirne of testing. Thus, constant s h . e  strains of 

-0.4% w3 and - 0 . 2 ~  1 u3 were applied to the slab strip and beam, respectively, throughout the 

duraiion of the d y s e s .  With the inclusion of shnnkage strains, it was found that the bond 

elements and horizontal FRP eIements did not sbrink with the concrete. This resulted in 

initial slips, but the concrete and FRP nodes were later reattached as the bearn deflection 

increased. To resolve this problem, it was necessary to apply a prestressing strain (Asp) to the 

FRP tniss elernents. This strain value was slightly l e s  than the absolute vdue of the 

shrinkage s&rain used. To match the experimental conditions, displacement-contded 

loading was applied. 



5.2.1.2.2 Analys& Resdts and Discussion 

The load-deflection curves kom the numerical analyses for the slab strip is s h o w  in 

Figure 5.3. The perfect bond condition predicted a failure load 33% higher than the actual 

force sustained, at a mid-span deflection that was twice as large as the experimental value. 

For the cases including slip at the bond interface using the linear elastic bond law. it was 

found that a maximum shear stress of 3 MPa for the bond elements yielded the best results. 

The failure load of 58 kN and the correspondhg mid-span deflection were within 5% of the 

average experimental values. With the eiastic-plastic bond Iaw. the peak load and defiection 

were overestimated by 22% and 73%. respectively. The effects of varying the maximum 

bond stress and of lowering the slip modulus are plotted in Figure 5.4. while the analytical 

results are summarized in Table 5.2. 
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Figure 5.3: Load-deflection curves for h n i c  slab arip bonded with CFRP plate 
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Figure 5.4: Effects o f  varying maximum bond stresses for hmic slab strip 

Table 5.2: Predicted Results for Zarnic Slab Strip Bonded with CFRP Plate 

Mid-span Deviation 
Deflection at from Exp. Constitutive U,. Maximum fmm Exp. Element 

Rehtionship (MPa) L o d  (W) toed (%, Maximum Deflection 
TY pe Load (mm) (%) 

- .  

2.0 55.0 -10.3 38.3 -1 7.4 
2.5 5 7.8 -5.72 44.3 4 .58  

Linear elastic 3 .O 58.2 -5.07 45.5 - 1.99 
Contact 3.5 64.4 5.04 56.7 22.1 

4.0 65.2 6.3 5 57.6 24.1 
4.5 65.0 6.02 5 7.2 23.3 

Elastic-plastic 3 .O 75.8 23 -6 8 1.6 75.8 
Linear etastic 2.5 56.4 -8.0 1 44.3 -4.56 

Link 3.0 59.2 -3.44 49.0 5.57 
Elastic-plastic 3.0 73.2 19.4 78.6 69.3 

Perfect bond a0 8 1.6 33.1 92.4 99.0 



The mode of fàilure was by debonding of the CFRP plates, init iated under the loading 

point, as reported by et al. Figure 5.5 shows the distribution of bond stress in the bond 

elements along the beam soffi at peak load and in the load stage immediately thereafter (for 

the case of U, = 3 MPa). For the contact elements, the values are the average of the 

stresses cdculated at the two ends of the element, while for the link elements, the average of 

two adjacent elements are plotted. At maximum load, peaks in the bond stress distribution 

were noted at a p p r o h t e l y  100 mm nom the fk pIate end, and also near the loading point 

and towards the mid-span of the beam This is in agreement with the observations made by 

Aprile et al. [79] in theH analysis of this member, using a displacement-bsed fibre bearn 

modeL The high shear stresses near the plate end are due to the change in the cross-section 

geometry and the Iack of proper anchorage for the CFRP plate, and is sirnilar to the plate-end 

shear stresses cornmonly noted in RC beams bonded with steel plates. Shear stresses near the 

end of the FRP plate were not as evident in the experiment, since the debonding fidure 

initiated under the loading point. In the rniddle third of the beam span (to the right of the 

loading point in the analysis), the sign fluctuaiions of the bond stress c m  be attributed to the 

flexural cracks in this region. Irnmediately after the peak load, the bond stress in the link 

elements dropped to zen, along the whole specimen. However, with the contact elements, the 

FRP plate was debonded over a length of 600 mm, with approximately 300 mm on each side 

of the loading point. In the foilowing load stage, the plate became completely debonded. The 

prediction by the contact elements is closer to the actual failure mode of the specimens. 

For the hmit beam, the perfect bond condition overestimated the fidure load by 

19% and the correspondiog mid-span deflection was 66% larger than the experimental value. 

The mechanical properties of the bond elements in the beam were the same as those used for 

the slab stnp analyses, since the same type of FEW and epoxy was used for both sets of 

specimens. However, havhg gained a better estimate of the maximum shear stress 

sustainable by the bond interface, fewer triais were pexformed for this specimen As cm be 

observed fiom Figure 5.6 and Table 5.3, a maximum bond stress of 3 M'Pa in the hear 

elastic reiationship provided a reasonably accurate response. Applying the elart ic-plast ic 



bond law gave values of  ultimate load and deflection that were 17% and 59% higher than the 

test data respectively. 
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Figure 5.5 : Bond stress distribution for h i c  slab arip with bonded CFRP plate 
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Table 5.3: Predicted Resuhs for Bearn Bonded with CFRP Plate 

Deviation Mid-span Deviation 
Bond Constitutive U, Maximum Element from Exp. Deflection at from Exp. 

Type 
Rehtionship (MPa) Load (I<N) Maximum Deflection 

Load (mm) (%) 
3 .O 1 10.6 -4.3 8 19.9 -13.9 

contact Lhear elastic 3.25 1 12.4 -2.82 21 .O -8.70 
3 -5 1 18.8 2.7 1 25.1 8.99 

Elastic-plastic 3 .O 136.4 17.9 37.2 61.4 
3.0 1 16.8 0.98 24.0 4.14 

Linesrelastic 3.25 120.6 4.27 26.3 14.1 
3.5 123.4 6.69 28.0 21.5 

Elastic-plastic 3 .O 134.2 16.0 36.0 56.2 
Perfect bond m 138.0 19.3 38.3 66.1 

In the %mit beam, the bond stress is higher in the region near the loading point and 

towards nid-span, as s h o w  in Figure 5.7. The average bond stress progressively increased 

fiom the fke end of the plate, and fluctuations in sign were noted within the middle-third of 

the beam due to f l e d  cracks. The general trend O bserved is similar to that for the slab strip 

specimens, and the magnitude of the bond stresses are also comparable. However, 

immediately after the peak load, both types of bond elements predicted complete 

delamination of the CFPR plate. 'Ibis is in agreement with the behaviour obswved in the 

experimental and numerical load-de flection curves, where the load-carrying capacity O f the 

repaired specimens dropped to that of the control specimen irnrnediately d e r  debonding of 

the CFRP plate. 

After the d y s e s  had been performed using various values for the maximum bond 

stress, it was realized that the most appropriate value (3.0 MPa) corresponded to the modulus 

of rupture for the concrete used in the test. Modulus of rupture is defmed as f, = 0.6 (f JO.~, 

and f , of the concrete was 25 MPa This rationale is supporteci by a thin layer of concrete 

that was found on the CFRP plate, indicating that faim had occurred within the concrete 

adjacent to the bond interface, rather than in the epoxy layer. The temile properties of 

concrete must be considered since the stress transkr rnechanism between concrete and FRP 

depends on the shear and tende characteristics of the concrete. 
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Figure 5.7: Bond stress distribution for 2arnic beam wit h bonded C FRP plate 

5 2 2  EL-REFME SPECIMENS 

The second set of specimens analyzed with program VecTorZ was a series of five 

continuous RC beams tested at the University of Bradford, UK [80]. Of the five two-span 

beams. one was tested as a control specimen, while the remaining four were strengthened 

with CFRP plates or sheets on the top a d o r  bottom surfaces of the beams. 

The geometry of the beams were identical, each king 8500 mm long x 150 mm wide 

x 250 mm deep. Flexural steel was provided by four 16 mm diameter bars (two on the top 

and two on the bottom). Closed stirrups of 6 mm diameter were spaced at 100 mm along the 



beam for shear reinforcement. The geometry, loading and support conditions are shown in 

Figure 5.8. 

Figure 5.8: Details of El-Refaie specimens [80] 

The main variables studied in the experiment were the position and type of CFRP 

reinforcement. Beam CBI was kept as the control specimen, with no ex ted ly  bonded 

CFW. The strengthening scheme for beams CB2 to CB5, dong with the material properties 

of the CFRP, are outlined in Table 5.4. The CFRP plates or sheets that were applied to the 

top surface of the bearns were 2500 mm in length and were bonded symmetncaily about the 

central support. For each of the plates (1 00 mm wide x 1.2 mm thick) that was attached to the 

beam sofnt, the length was 3500 mm and its location was centered on each span of the beam. 

The strengthening scheme for beam CB2 was identical to that of beam CM, the only 

difference king CFRP sheets were used for CB5. The total thickness of these sheets of 0.7 

mm (1 1 O mm in width) was designeci to give the same strength and axial rïgidity (pf x Er) a s  

the CFRP plate wfiich was used for CB2. 

Table 5.5 Lists the properties of the concrete and the steel reinforcement used for the 

beams. Concrete cubes and prisms were tested to determine the concrete's cube strength and 

modulus of rupture. 



Table 5.4: Strengthening Scheme and Properties of CFRP for ECRefaie Specimens [80] 

Type of Position of ff* Er * Bonding fi * E, * 
Beam CFRP CFRP (MPa) (CPa) Adhesive Used (MPa) (GPa) 
CBI none none - - none - 
CB2 top face 

CB3 plates bottom face 2500 
top and 150 

CE34 bottom faces 

CB5 sheets epoxy and top fke  3900 240 bondin 17 5 

* subscripts f and a represent CFRP and adhesive, respectively 

Table 5.5: Properties of Concrete and Steel Reinforcement for El-Refaie Specimens [80] 

Concrete Flexu ral Steel Stirru ps 
Beam E, f, * fr 

f, Es f, Es 
(MPa) (MPa) (MPa) (MPa) (GPa) (MPa) (GPa) 

CBI 24.0 20.4 3 -0 
CB2 43.6 37.1 4.6 
CB3 47.8 40.6 4-4 520 20 1 308 200 
CB4 46.1 39.2 4.4 
CB5 44.7 38.0 4.8 
f, was calculated as 0.85xL 

Sand blasting was used to roughen the c o m t e  substrate, and the tensile strength was 

checked with pull-off bond tests prior to bonding of the CFRP laminates. Each span of 3830 

mm was loaded at iîs midpoint (refer to Figure 5.8). 

The load-deflection cuves for d five beams are plotted in Figure 5.9. Rior to 

cracking, the stiflhesses for beams CB2 to CB4 were similar. Thereafter, beam CM, which 

was reinforced with CFRP on both top and bottom surfaces, exhibited the highest stiffness 

and ultimate load, and beam CB3, whose sofM was strengthened, bad the next highest 

s t ~ e s s  and fdure load. Although the CFRP sheets used for beam CB5 had a higher 

Young's modulus tban the plates for beam C82, the respoase of CB5 was l e s  aiff than that 

of CB2. The researchers suggested that this was due to the lower stifhess of the epoxy 

adhesive used in CB5. 



Failure loads, ultimate load and ultirnate moment enhancement ratios for the CB 

bearns are surnmarized in Table 5.6. Ultirnate load enhancement ratios are the ratios of the 

strengthened bearns' failure loads to that of the control beam. The ultirnate moment 

enhancement ratios were catculated as the ult imate moment of the strengthened sections 

(sagging or hogging sections) divided by that of unstrengthened sections. Strengthening both 

top and bottom surfaces with CFRP laminates gave the bea performance. while bonding 

CFRP to the soffit (beam CB3) was more effective than bonding over the top of the central 

support (beams CF32 and CB5). Al1 of the strengthened beams saw an increase of about 50% 

in theu moment capacities. 

-+ CB2 - C83 
-CB4 
* CB5 

O 10 20 30 40 50 60 
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Figure 5.9: Experimental load-de flection curves for ECRe faie specimens [adapted Eom 801 

Table 5.6: Load and Moment Enhancernent Ratios for El-Refaie Specimens 1801 

Ultimate Load Ultimate Load Ultimate Momeo t Enhancement Ratio Beam (w En hancement Ratio Sagging Hogging 



The control beam CBI experienced a ductile failure, in which the tension steel 

yielded, accompanied by concrete crushing over the central support and at mid-span 

locations. The streagthened bearns ail fded  by peeling of the concrete cover adjacent to the 

CFRP laminates. Failure was brïttle and occurred suddenly with an explosively loud noise. 

5.22.2.1 Finite EIement Mesh und Speciài Consider~'0ns in Anuiysls 

The symmetry and identicai geometry of the beams allowed one mesh to be dehed 

for one span of al1 five beams. The mesh consisted of 1200 rectangular concrete elements 

with smeared shear reinforcement, while 240 tniss elements modeiled the flexural steeL The 

concrete elements adjacent to the loading plates were strengthened to prevent cnishing failure 

at these locations. To facilitate the numbering of nodes, the extreme top and bottom rows 

were double-noded, enabling the connection of CFRP tniss elements to the top or bottom 

surfaces as needed. When CFRP laminates were present, 35 tniss elements represented those 

on the top surface and 100 tniss elements were used for the CFRP bonded to the som. Nodes 

that were not joined to CFRP elements were connected by fictitious steel truss elements with 

minimal a m  and strength. AU extemal huss elements were attached to the concrete using 

either 240 contact or 242 Iink elements. The fmite element mesh defhed for the beams is 

shown in Figure 5.10. 

CFRP tmss elements 
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(for C82. CB4 and CB5) 
steel truss elements steel truss elernents 
,@tw ( fict itious) 

CFRP truss elements 
(on soffit) 

(for CB3 and CB4) 

Figure 5.10: Finite element mesh for El-Refàie specirnens 
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In modelling the concrete-CFRP bond interface, it was important to note that the 

mode of failure in the experiments was dominated by peeling of the concrete cover. Since 

this type of fàilure arises fiom shearing dong a horizontal plane, the modulus of rupture was 

defined as the tende strength for the concrete cover. This value is higher than f = 

0.33x(fd0-' which is usually used as the tende strength for diagonal tension due to shear. 

Also, the moduhis of rupture for the concrete was chosen as the aiaximum bond strength of 

the bond elements. This can be justified by fact that the higher tende strength of the epoxy 

kept the CFRP composites intact with the concrete, while the lower modulus of rupture led to 

the failure of the concrete cover. To determine Smax for the bond elements, the slip modulus 

was calculated for each beam using Eqn 5-1 (values of va = 0.35 and ta = 2 mm were 

assumed). Table 5.7 lists the defining values of the elastic-plastic bond stress-slip 

relationship for the four strengthened beams. The value for the ultimate slip had to be 

assumed since no information was provided regarding bond tests for the CFRP composites. 

Trials using a linear elastic constitutive bond relationship in which SuII was equal to Sm, 

(keeping the lower of the two values) were aiso conducted. 

Table 5.7: Bond Stress-S iip Values for El-Re f i e  Specimens 

Since the CFRP laminates were applied prior to loading, aii elements were activated 

f?om the fkst Ioad stage. Details of the loading method were not reported in the original 

paper; hence, displacement-coatrolled loading was assumed in the analyses. 



5.2.2.23 AnorySis Res& and Discusswn 

The load-displacement curves fiom the analyses of aii five beams are shown in Figure 

5.1 1. The stiflkess of the response, the ultimate loads and the mid-span deflections at 

maximum load were in good agreement with the experirnental data. Only the stiffhess for 

beam CB5 was slightly overestimated by the analysis. As can be seen fiom Figure 5.1 1, 

using contact or link elements to represent the bond intehce produced alrnost identical 

results. Table 5.8 compares the peak loads and correspondhg mid-span deflections recorded 

during the experirnents and those obtained corn the analyses (for elastic-plastic bond Law and 

contact elements only). Overail, the analyses using the elastic-plastic bond law 

conservatively underestimated the maximum loads by up to 7% and the rnid-span 

displacements by up to 19%. For beam CB 1, the mode of fàilure was by yielding of the 

tension reinforcement, dmg with crushing of the concrete near the central support and the 

point of loading application, as was observed in the experiment. For beams Cl32 to CB5, 

which were strengthened with CFRP laminates, the dominant hilure mode in the analyses 

was by shearing of the concrete cover adjacent to the CFRP. This led to the delamination of 

the composites as the bond interface fàiled in shear. The predicted fàilure mode was in good 

agreement with the experimental results. 

In the case of the elastic-plastic bond law, the slips at peak load were still in the 

elastic range, or just into the plastic range, for beams CB2 and CBS. The minimal slips can 

be ascribed to the s m a k  displacements experienced on the top surfàce of these bcams, 

where the CFRP laminates were located. On the other band, for bearns CB3 and CB4, whose 

so& were bonded with CFRP, the larger flexural deflections led to slips tbat were weU into 

the plastic range. The bond-slip values calcuiated for these beams at maximum load were at 

least 16 tirnes higher than the slip at peak load for beam CB2. 
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Figure 5.1 1 : Load-displacement c w e s  fiom numerical analyses of El-Refaie specimens 
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When the ünear eiastic bond law was appiieû, the response for beams CB2 and CB5 

was h s t  identical to the elastic-plastic bond law case. At peak load, the highest bond-slip 

values were still within the elastic range, so none of the bond elements had reached theù 

capacities yet. Thus, the fiiilure Ioads were not affected. However, for beams CB3 and CB4, 

setting the ultimate slip value equal to the maximum slip value led to an underestimation of 

the fàilure loads by 20%. Early on in the analyses, the highest bond-slips had already 

surpassed the ultimate slip values specified for the bond ebments. Since the linear elastic 

bond relationship was used, the load-transferring ability of bond elements with such high 

values of slip becarne negligible, hence reducing the load-carrying capacity of the beams. 

Table 5.8: Cornparison of Results fiom Experiments and Analyses of ECRefaie specimens 

Peak Load (W) Mid-spaa Deflection at Peak Load 
Beam (mm) 

Y0 Experimental Analysis* Difference Y0 Experimental Aaalysis* Difierence 

CB 1 149.7 142 5.14 > 60 47.3 2 1.2 
CB2 178.6 172 -3.72 39.4 32.2 -1 8.5 
CB3 207.1 197.4 -4.67 36.0 32.5 -9.8 1 
CI34 23 1.4 2 14.2 -7.44 30.9 31.7 269 
CBS 174.6 171 -2.05 36.9 32.3 - 12.5 

Average -2.6 -3.4 
*analyses results using contact elements and elastic-plastic bond law 

In the analyses, the maximum FRP strain at peak load was only 30% of the material's 

ultimate strain. Again, this shows that Mure of the concrete cover leading to delamination 

under-utilizes the CFRP laminates. As for the bond stress distribution, in the beams with 

CFRP bonded on the top surface, the bond stress tended to be higher towards the center and 

the fiee end of the piate. For beams CB2 and CM, the bond stress distn'butions predicted by 

the contact and link elements were in good agreement. Although the peak stresses in the Illik 

elements were slightly lower than those in the contact elements, the locations of the peaks 

w m  generally in the same region for both types of bond elements. The bond stress 

distn'bution for CB4 at 167 kN (near the peak load of beams CB2 and CB5) was plotted for 

cornparison. As expected, the bond stress experienced by beam CB4 was lower than that m 
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beams CB2 and CB5. since the CFRP laminate on the sofit of CB4 alleviated some of the 

stress transferred to the top plate. In the beams with CFRP bonded to the bonom surface. 

bond stress peaked at the plate end near the central support. and also in the region to the lefl 

of the Ioading point. The estimates fiom contact and link elements were almost identical. 

Even though beam CB3 did not have CFRP laminates bonded on the top surface. the bond 

stress distribution along the bottom plate for beams CB3 and CB4 at peak load were very 

sirnilar. This corresponds with the similarity in the average strains in the FRP plates on the 

soffit of these two bearns. The bond stress distributions (in contact elements) for the El- 

Refaie specirnens at peak load are plo tted in Figure 5.1 2. 

free end of FRP plate 

DISTANCE ALONG BEAM 
(FROM CENTRAL SUPPORT) (mm) 

load 
1 

Figure 5.1 2: Bond-stress distribution for El-Refaie specimens: 

(a) FRP on top surface (near 170 kN), (b) FRP on bonom surface (near 200 kN) 

5.2.3 DE ROSE SLAB SPECIMENS 

The third set of specimens rnodelled numerically was the De Rose shb series teaed at 

the University of Toronto [Ml. The specimens were constructed to simulate a wall panel in a 

reinforced concrete parking structure. The condition s w e y  indicated signs of distress. 

mostly exemplified by cracks. rendering the structure to be in need of repair. The objective of 



the experimental study was to evaluate the effectiveness of repairing and strengthening the 

w d  (hereafter referred to as the slab) with FRP. 

Three slab specimens were fàbricated and tested: one as a control specimea one 

repaired with CFRP, and another repaired with GFRP. Figure 5.1 3 shows the slab dimensions 

and the details of the reinforcement. Along the span of the specirnens, four 1 0M bars were 

used as tensile reinforcement, while three 1 0M bars were used as compression reinforcement. 

In the transverse direction, five 1OM bars were employed as top and bottom bars. The 

properties of the materials are listed in Table 5.9. Figure 5.14 illustrates the loading and 

support conditions. The control specimen was tested as built to failure, while the other two 

specimem were preloaded and then repaired with the composite materials before loading to 

cornplete failure. 

The carbon fabric used (SCH4 1) had fibres oriented in the longitudinal direction only. 

The glas fabric (SEHS 1) had glass fibres in the longitudinal direction and aramid fibres in 

the transverse direction. Transverse properties were not detennined since there were 

substamially more g l a s  fibres than ararnid fibres. The type of epoxy adhesive used was 

TYFO Sa, in accordance with the TYFO SQ Fibnvra@ systern 

The control specimen a d  in flexure at a total load of approximately 193 m. The 

specimen that was to be repaired with CFRP was loaded to 13 5 kN, at which tirne three strips 

of CFRP fabric, eac h 600 mm in width and about 1 mm in thickness, were applied to the slab 

as show in Figure 5.15. The two outer stnps were fo lded up and bonded to the sides of the 

spec- providing some anchorage to the fabric on the sofnt. Epoxy thickness was not 

contrded but exces epoxy was squeezed out. 



Figure 5.1 3: De Rose shb dimensions and reinforcement details [8 1 ] 

Table 5.9: Material Properties for De Rose Slab Specirnens [SI] 

Material f', ( M W  ft(MPa) E(GPa) v 

Concrete 53.9 2.42 40.4 0.15 

Material fy ( M W  fm (MPa) E (GPa) & att 

Steel (1 OM) 458 692 200 0.168 

Matenal Q (Fondunit width) E ( G P ~ )  E e h  v 
(N/mm/layer) 

CFRP 850 - 956 (94S) 80.3 0.0 1422 - 
GFRP 490 - 568 (5 18*) 27.2 0.0 1974 - 
Kevlar 49 2758 MPa 117 0.025 - 

values used in analyses (average vaIues fiom FRP coupon tests by De Rose) 

' valus obtained fiom [78] 



Figurr 5.14: Loading and support condt ions for De Rose slab [8 1 ] 

Cross-Section 
7 r225 mm 

East- West Elevation 

Figure 5.15: Application of FRP fabric to De Rose slab [8 11 

Mer ciiring for three &YS, loading on the skb continued until the specimen failed in 

shear at a total load of 478 1<N, accompanied by large inclined cracks and delamination of 

CFRP. The third specimen was repaired and tested in a similar manner, except that GFRP 

was used. This siab also faiied in shear, but at a lower load of 422 kN. Although the ultimate 

capacity of the slab was increased by 148% and 1 19% by the CFRP and GFRP, respectively, 

the full potential of the FRP WC was not reabd. The fàilure of the repaired slabs was 



governed by their shea. capacities, even though flexural strength was enhaaced. There was 

no occurrence of premature FRP bond fàilure or peeling of FRP îrom the concrete swface. 

The load-deflection c w e s  of ai i  thrre specimens are s h o w  in Figure 5.16. Immediately 

after the application of the FRP M c ,  the s t f i e s s  of the slabs was restored to a value 

similar to the pre-cracking aiffoess. 

O 2 4 6 8 1 0 1 2 1 4 1 6 1 8 2 0 ~ 2 4 ~ 2 8 3 0 ~ 3 J ~  

Vertical hfhcüon (mm) 

Figure 5.16: Experimental load-deflection curves for De Rose slab specimens [8 11 

5.23.2.1 Finite Elemenf M-h m d  Speciài Considecations in Anaiysk 

The symmetrid geometric and loading conditions of the De Rose slab permitted 

modelling of only one-haif of the specimen. The M e  element mesh useà for the analysis is 

iUustrated in Figure 5.17. Concrete was rnodeiled with 474 rectangular elements, with 378 

elements representing the original slab and 96 elements for the ww concrete &et repair. 84 
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truss elements were used to model steel reinforcement, while 320 horizontal and 297 vertical 

truss elements represnted the FRP material. Although the FRP fàbric is predominately 

unidirectional with a warp (O0 orientation) of graphite or giass fibres. it is weaved with a wefi 

(90° orientation) of Kevlar 49 hvisted with a minimal amount of thennoplastic yarn or of 

aramid fibres. The Kevlar 49 or aramid fibres c m  provide a small amount of strength and 

stf iess  for the sides of the siab where they are oriented perpendicularly to the longitudinal 

axis. As for the bond interface, 617 contact elements were used. From the two previous sets 

of analyses, it was noted that the overail member response predicted by contact and iink 

eiements was almost identicai. Thus, contact elements were primanly used in the remaining 

analyses to model the concrete-FRP bond interface. 

steel t w s  elernents 

, ,- 

FRP t u s  &ment~ new concrete elements 
at tirne of repair 

Figure 5.1 7: Finite element mesh for the De Rose slab specimen 

Due to the cumnt formulation of the Mc and contact elements, a horizontal and a 

vertical tniss bar cannot be comected to the same corner node. Therefore. wherever these 

truss element connections occur in the h i t e  element mesh, three nodes mut be defïned at 

the same location: one for the concrete element (and steel tniss element if present), one for 

the horizontal FRP truss eiement, and the third for the vertical FRP tniss element. Horizontal 

and vertical FRP tnss elements were connected to the concrete elements through separate 

bond elements, as shown xhernaticdy in Figure 5.18. 



spring representing 
. &  - 

bond element - , y 
q '  ', i' \ 

P 

. '  
I i  concrete element 

FRP tniss element 
.' 

a ' t d '  

Figure 5.1 8: Schematic diagram of the connection between concrete and FRP h i s s  elements 

One set of analyses was carried out for the CFRP-repaired slab, while another set was 

performed for the slab strengthened with GFRP. For the bond stress-slip relationships, the 

maximum bond stress values were specified by the modulus of rupture of the concrete, and 

the correspondhg maximum slips were calculated using the siip modulus Eb as defined in 

Eqn. 5.1. The properties of the epoxy were not measured in the experirnent, but the elastic 

modulus of the epoxy was given as 3.16 GPa by the manufacturer. The Poisson's ratio and 

thickness of the epoxy were assurned to be 0.35 and 2 mm, respectively. Hence, the shear 

modulus of the epoxy was detemllned to k 1.17 GPa The values for the ultimate slip were 

hased on the experimental results of Homam [62], who used the sarne type of epoxy and FRP 

fabnc in double-face shear tests. Table 5.10 lists the values used to define the bond stress-slip 

relationships for the two d y s e s .  For wmparison purposes, trials using the linear elastic 

bond law, in which the ultimate slip was reduced to the maximum slip value, were also 

conducted. Another dflerence between the two sets of analyses was the properties given to 

the horizontal FRP tniss elements (representing the CFRP or GFRP fibres), as obtained h m  

the coupon tests conducted by De Rose (refér to Table 5.9). For the vertical FRP tniss 

elements modelling the Kevlar 49 or aramid fibres, values for the mat& properties were 

the same as those employed in Bucci's analyses (approximately equai to 5% of the values 

given by the manufacturer for homogeneous fibres tested in tension) 181. 



Table 5.10: Elastic-Plastic Bond Law Values for De Rose Slab Analyses 

GFRP 4.4 0.0075 0.67 

Since the slabs were preloaded to a specific load stage prior to the application of the 

FRP WC, a two-stage anaiysis in which element strain histories are considered was 

required. In the &st part of the analysis, only the concrete and steel elements in the original 

structure (as in the control specimen) were activated. Analysis was camied out to the load 

stage conesponding to the load at which the slab was repaired. Then the elements 

representing the repair materials (new concrete, bond and FRP elements) were activated, and 

the analysis was continued using the last !oad stage in the first portion of the anaiysis as the 

seed file. In the experiment, none of the concrete was actuaiiy repaired. However, at the time 

of FRP application, cracks had progressed one-third of the way up in the slab. It is prenuned 

that the epoxy fiom the repair procedure would have penetrated and Nled the cracks, thus 

stiffening the rnember. Therefore, in the FRP-repaired area of the slab, three bottom rows of 

new concrete elements were added. These new uncracked elements (starting in a stress-fkee 

condition) provided full tensile strength as found in the original slab, while their contribution 

to compressive strength was negligible. 

Due to the thui nature of slabs, they are more prone to drying shrinkage, thus a 

shrinkage strain of - 0 . 4 ~  10'~ was applied to d the onginal concrete elements. Displacement- 

controiied mnotonic loading was applied in order to match the experimentai conditions. 

Since the slab specimens did not contain any shear reinforcement, the tension softening 

option of "linear with residual" was employed. The 10% residual tensile strength simulates 

the friction that exists dong the fktured concrete surfàce. This option prevents the concrete 

tensile strength ficm dropping to zero, which usually lads to predictions of prematwe shear 

failures in long, flat beams. The mick width check and slip distortion options were de- 

activated to avoid premature shear fidures. 



5.2.3.2.2 Anafysis Results and Dkcussion 

The load-deflection curves for the CFRP-repaired slab are given in Figure 5.19. along 

with the original experimental results. The ultimate load calculated by the analysis (using the 

elastic-plastic bond law) was 436 khi, while the actual failure load was 478 W. The mid- 

span deflection at peak load was overestimated by 8%. Although the stifirss of the member 

imrnediately afier repair was underestimated by the analysis, the post-cracking stifhess and 

maximum load achieved were in close agreement with the experimental results. 

As observed in the experiment, the numerical modelling predicted a shear failure for 

the CFRP-repaired slab. This was also exemplified by the similarity between the analysis 

with the perfect bond condition and the trial including bond-slip (using the elastic-plastic 

bond law). Since the failure of the slab was dominated by shear. the effect of the bond-slip 

behaviour at the interface did not affect the overall response of the slab. However, when the 

Iinear elastic bond relationship was applied. a premature debonding failure in which both the 

maximum load and the corresponding mid-span deflection were underestimated by 18% was 

predic ted. 

- experiment 
1 O0 - elastioplastic 

x Iinear elastic 

n 

MIOSPAN DEFLECTlON (mm) 

Figure 5.19: Predicted load-deflection curves for CFRP-repaired De Rose slab 



The predicted average FRP strains and bond stresses for the CFRP-repaired slab is 

shown in Figure 5.20. the plots of FRP strain, bond stress or bond-slip presented in the 

remainder of this chapter, each cuve represents the relative position of the elements in the 

member, as well as  the parameter labelled on the axes. To illusmite the location of the 

elements, each curve is offset by the amount specified on the axes. while the magnitude of 

deviation kom a horizontal line (for FRP oriented hohntafly) or a vertical line (for FRP 

oriented vertically) indicates the value of the parameter.] As expected the FRP strains are 

highest on the soffit of the slab (denoted by the bottommost curve) and near the mid-span. As 

for the bond stress distribution, the fluctuations in the central section of the slab are likely 

due to flexural cracking. 

Figure 5.21 presents the response of the GFRP-repaired slab whh the curve obtained 

from the test. Sirnilar to the slab with CFRP, the program underestimated the failure load of 

the member. The slab was expected to fail at 395 kN (when the elastic-plastic bond law was 

utilkd), whereas in the experiment, the ultimate load reached was 422 kN. Using the linear 

elastic bond relationship, the ultimate load was 15% lower than the test value, but the 

corresponding mid-span deflections were h s t  identical. Soon after repair, the predicted 

mernber stifhess was lower than expected, but the pst-cracking stf iess  increased to match 

that of the experimental response. Again, shear dominated the failure mode of this slab, so 

the resuhs for the perfect bond condition were similar to those for the elastic-plastic bond 

law. The experimental and predicted global results are summarized in Table 5.1 1. 
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Figure 5.20: Predicted FRP strains and bond stresses for CFRP-repaired De Rose slab 
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Figure 5.2 1 : Predicted load-deflection curves for GFRP-repaired De Rose slab 



Table 5.11 : Experhental and Predicted Results for De Rose Slab Specimens 

Mid-span Deviation 
Type of Constitutive Maximum Deviation Deflection at frorn Exp. 

fmmExpo Maximum Reitianrhip Load (WY) Load (%) used 
Deftec tion 

Load (mm) (Yi) 
Experiment 478 O 10.9 O 

Elastic-piastic 436 -8.8 11.8 8.3 
~inear elastic 391 - 18.2 8.92 -18.2 
Perfect bond 438 -8.4 11.6 6.4 
Experiment 422 O 17.8 O 

Elast ic-plastic 395 -6.4 20.0 12.4 
GFRP ~inear elastic 360 -14.7 18.0 1.1 

Perfect bond 403 -4.5 20.0 12.4 

The FRP strains and bond stress distribution predicted for the GFRP-repaired slab are 

plotted in Figure 5.22. The general trends obsewed are similar to those for the CFRP- 

repaired slab. However, the magnitude of the FRP strains, especially those on the soffit of the 

slab (represented by the b o t t o m s t  curve), are higher for the GFRP elements. This can be 

explained by the lower elastic modulus of GFRP as compared to CFRP (alrnost three times 

Io wer) . 

Previously, Bucci had analyzed the De Rose slab specimens with the former version 

of the FE program TRIX [8]. In those analyses, perfëct bond conditions were implied as bond 

elements had not been incorporated into the program. FRP reinforcement was smeared into 

rect811gular elements with minimal concrete strengths and stifniess. These FRP elements 

were comected directly to the actual concrete elements. Since bond-slip was not included in 

the numerical model the fàilure loads were overestimated by 1 5 to 30% for these specimens, 

as shown in Figure 5.23. As well, compared to the present research, the pst-repair 

stifbesses of the beams predicted in Bucci's analyses were higher. The dxerences between 

Bucci's resuhs and the perfect bond condition assumed in the current analyses c m  be 

attriiuted to the different method used in modelling the FRP composites (continuously 

distniuted tfiroughout rectangular elements as opposed to discrete tws elements) and to the 

modifications in the finite element program fkom its previous version ( T m  to the c m n t  

version (VecTor2). 
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Figure 5 22: Predicted FRP strains and bond stresses for GFRP-repaired De Rose siab 

Figure 5.23: Analytical results for De Rose slab specirnens (not accounting for bond-slip): 

(a) CFRP-repaired [8] 



Deîleaion (mm) 

Figure 5.23 (continued): Analytical results for De Rose slab specirnens 

(not accounting for bond-slip) : (b) GFRP-repaired [8] 

5 3  SPECIMENS STRENGTHENED IN SHEAR WTH FRP 

COMPOSITES 

Besides the modeliing of RC membea strengthened in flexure with FRP composites, 

the program VecToR was also corroborztted whh the test results of two sets of  RC beams 

externaily bonded with FRP laminates as shear reinforcement. 

5.3.1 DE ROSE BEAM SPECïMW 

The nst FRP-shear-reinforced specimen analyzed with program VecTor2 was the De 

Rose beam The specimen was designecl to simulate a beam in the sarne reinforced concrete 

parking structure as the De Rose slabs and was also tested at the University of Toronto [81]. 

The objective of the experiment was to evaiuate the effiiveness of repairing and shear 

streaguiening the beam with CFRP. 
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The specimen represented a beam found in the parlkg stniaure tbat was framed into 

a w d .  Thus, a haunched region was constnicted on one half of the specimen to simulate this 

condition. Ah, in this half of the beam, extra transverse reinforcement was added to 

promote the formation of shear cracks in the other M, as observed in the condition swey. 

Two beams were built: one was teaed as a control specimen, while the second beam was 

streqthened with CFRP fàbric. The specimen details are shown in Figure 5.24. The flexural 

reinforcement consisted of six 30M bars on the bottom and five 25M bars on the top. Shear 

reinforcement was provideci by deformed U.S. No. 3 bars. The arnount of shear 

reinforcement in Section B-B was Iess than that required by A23.3-94 [82]. The properties of 

the materiais are given in Table 5.12. Figure 5.25 shows the ioading and support locations. 

Table 5.1 2: Material Pro perties for De Rose Beam S pec irnens [8 1 ] 

-- 

Material f', ( M W  f WPa) E (GPa) v 

Concrete (beam) 45.7 2.23 37.2 O. 15 

Concrete (haunch) 41.2 2.12 35.3 0.15 

Material: fy ( M W  f, (MPa) E (GPa) E 

Steel (25M) 490 688 200 O. 147 

Steel (No. 3) 507 778 200 0,121 

Matenal Q (FoFCe/~it Width) E (GPa) 
E ntt v 

(N/mdlayer) 
CFRP 850 - 956 (9459 80.3 0.01422 - 

* value used in analyses (average of FRP coupon tests by De Rose) 
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Figure 5.24: De Rose beam details [81] 

6 No. 30 

Figure 5.25: Loading and support locations for De Rose beam 1811 



The contml specimen niiled suddenly in shear at a load of approximately 1700 kN. 

Similar to the slab specimens, the beam to be repaired with CFRP was preloaded prior to 

application of the FRP fabric. To ensure that the left side of the beam (with the haunched 

region) wodd not fail in shear after the repair, a beam-and-bar assembly was attached as a 

clamp prior to Ioading. The beam was loaded to 1 1 80 kN, and this load was maintained while 

the CFRP was applied. Three strips of CFRP fàbric (each approxirnately 610 mm wide) were 

wrapped around the specimen as indicated in Figure 5.26. A 200 mm overlap was provided 

on the top of the beam Epoxy thickness was not controlled but excess epoxy was squeezed 

out. 

Loading resumed after three days of curing, and continwd until 191 1 kN. At this 

the, a portion directly under the Ioading point experienced compression fidure. The 

damaged concrete was xmoved and replaced with a high-strength mortar m u n d e d  by a 

steel enclosure attached to the beam using threaded rods. Afier repairing this area, Ioading 

recommenced and reached 2528 kN. At this stage, the carbon fàbric failed at a top corner 

near the load application point, and a substantial amount of concrete niddenly spailed off. 

Although the edges of the beam were rounded slightly by grinding prior to repair, the rupture 

of the fabric occurred at the top edge of the beam. The failure of the Lbric m y  have been 

triggered by the large flexural de formations of the beam. 

The load-deflection c w e s  for the control and repaired beam specimens are depicted 

in Figure 5.27. The CFRP fàbric enhancd the ukimate capacity of the beam by 4996. The 

premature shear fidure observed in the control beam was changed to a ductile flexural failure 

in the repaireci beam This was demonseated by the rnid-span deflections at Failure: 14 mm 

for the control beam as opposed to 143 mm for the repaired beam. 



Figure 5.26: Layout for De Rose beam repaired with CFRP 1811 

Figure 5.27: Experimental load-deflection behaviour of De Rose beam specimens [8 1 ] 
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5.3.1.2.1 Finite Eiement M a k  und Speciol Comùîeraîiom in Anaijsis 

The asymmetrical geometry and loading conditions of the De Rose beam specimen 

made it necessary to mode1 the entire beam in the finite element analysis. The mesh for the 

beam aoalysis is drawn in Figure 5 .B. In total, 764 rectangular elements were use& with 

675 elements modelling the original beam, 80 elements for new concrete at the t h e  of 

repair, and 9 elements representing the plates of the steel enclosure. The internai shear 

reinforcement was smeared among the concrete elements. 630 truss elements were emplo yed, 

with 100 modelling the fiexural reinforcement, 15 for the steel bar used for ckmping the 

haunched region, and three for the side steel enclosure plate. As for the CFRP, 252 tniss 

elements represented the fabric in the vertical direction, while the bond interfàce was 

modelled by 252 contact elements. As the CFRP fabric was rnainly used for shear 

reidorcement, the horllûntally-oriented Kevlar 49 fibres were not modelled. 

beam and bar essembly 
high-strength rnortar CFRP tniss 

I ' and steel enclosure 
1 

elements 

ste& tniss smeared verticai new concrete elements 
elements reinforcement at tirne of repair 

Figure 5.28: Finite element mesh for the De Rose beam specirnen 
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For the De Rose beam. the type of epoxy and CFRP fabric used were the sarne as 

those emplo yed in the De Rose slabs. The maximum bond stress (modulus of rupture of the 

concrete) was 4.1 MPa, while the corresponding slip was 0.007 mm using the same slip 

modulus as in the De Rose slab analyses. The ultirnate slip was obtained from Hornarn's 

report to be 0.50 mm Again, trials utilizing a h e a r  elastic bond law and pertèct bond 

conditions were also conducted. 

As was done for the De Rose slab, the bearn analysis was divided Uito two parts. The 

fua portion consisted of loading the conml specirnen, with only the original concrete and 

internai steel reinforcement elements activated. At the load stage corresponding to the t h e  of 

repair. al1 remaining elements (representing the new concrete. CFRP. bond and the extemal 

steel reinforcement) were activated, afler which analysis was continued. 

5.3.1.2.2 Andysis Resuits and Discussion 

The predicted response of the CFRP-repaired beam is compared to the test data in 

Figure 5.29. 

- experiment 
-* elastic-plastic 
* Iinear elastic 

O 20 40 60 80 100 120 140 160 
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Figure 5.29: Predicted load-deflection response of C FRP-repaired De Rose beam 



The estimated mode of fàilure for the De Rose beam was a shear-flexural failure. 

Concrete cnishing occurred at mid-span near the base of the haunch, with wide cracks 

fanning out fiom this point to the quartet point of the beam on the side wrapped with CFRP. 

Sirnilar results were obtained whether perfect bond conditions, the linear elast ic bond law, or 

the elastic-plastic bond law was applied, aithough the latter produced the moa stable 

response. The predicted $ilure took place at a mid-span deflection of 97 mm under a losd of 

2465 W. Ahhough the actual fidure load of 2528 kN was reached when the beam deflected 

to 143 mm, the estimated response was in good agreement with the test results in terms of the 

post-cracking and pst-y ielding stifbesses. A previous analysis by Bucci (without the 

presence of bond elements and bond law, as described before) predicted a maximum load of 

approximately 2400 kN at 35 mm mid-span deflection, as shown in Figure 5.30. 

I Anal yticrl 

Figure 5.30: Gnalytical resuhs for De Rose beam specimen (not accounting for bond-siip)[8] 

The calculated FRP strains and bond stress distrtiution for the repaired De Rose 

beam are depicted in Figure 5.31. The excessive FRP strains are due to the major shear 

cracks that dictated the fGIure of the beam. In the CFRP elements near the top of the beam 

close to mid-span (on the top left side of the graph), the average strains in the CFRP reached 

values of 0.0085, which is 60% of the ultimate strain of the materiai. In the experirnent, this 
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is the location where the CFRP fabric ruptured. The lower end of the shear cracks is also 

marked by high estimates of  FRP strains. SUnilarly. the large fluctuations in the bond stress 

distribution are also the result o f  the diagonal shear cracks. 

- 1 1 3 5 7 9 11 13 
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W '  
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Figure 5.3 1 : Predicted FRP strains and bond stresses foi C FRP-repaired De Rose b a r n  

5.3.2 R WOA BEAM SPECIMENS 

The experirnental details for the RWOA beam series. in which CFRP strips were used 

as shear reinforcement. have ken presented in Chapter 4 of this report. in this section only 

the numerical modelling of the three bearns will be described. 



53.2.1 FINITE ELEMENT MESH AND SPECIAL CONSIDERATIONS CN ANALYSIS 

AU three beams were symmetricai, thus ody half of the beam was modelled. The 

CFRP strips were bonded prior to loading of the beams, so only one set of analysis was 

required starting fiom zero load. Longitudinal reinforcement was represented by tms 

elements, and each CFRP strip was divided into five columns of tniss elements in the finite 

element mesh. Similar to the De Rose beam specimen, the Keviar 49 fibres in the CFRP 

fabric were not modelled as the strîps were loaded primarily in the direction of the carbon 

fibres. The steel plate at the end of the beam was included in the mesh to provide anc horage 

for the rebars. However, the loading plate was not modelled since it implied a contribution to 

the beam stitniess f?om a fixed plate, whiie in reality slippage of the plate most Likely 

occured. The finite element mesh for the three beams are given in Figure 5.32. 

For the bond stress-slip relationships, the maximuni bond stress values were specified 

by the modulus of rupture of the concrete, and the correspondhg maximum slips were 

calculateci using the slip modulus Eb as defmed in Eqn 5.1. The elastic modulus of the epoxy 

was given by the manufacturer as 3.1 6 GPh while values of 0.35 and 2 mm were a~sumed 

for the Poisson's ratio and thickness of the epoxy, respectively. Thus, the shear modulus of 

the epoxy was detennined to be 1.17 GPa (values meamred by Binndavyi and Neale [59] for 

the same type of epoxy were: va = 0.4 and G = 1.18 GPa). The uitimate slip value was 

obtained h m  Homam's bond test as the same type of CFRP fabric was used. The bond law 

vaIues used for the RWOA beams are summarized in TabIe 5.1 3. 

Table 5.13: Bond Stress-Slip Values for RWOA Beams 

Beam U,,(MPa) S,,(mm) Snit(rnm) 
RWOA- I 2-85 0.005 0.50 
RWOA-2 3 .O5 0 .05  0.50 
R WOA-3 3.50 0.006 0.50 
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Figure 5.32: Finite element mesh for beams: (a) RWOA-1, (b) RWOA-2, (c) RWOA-3 
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uiitially, aiI three beams were predicted to fail abruptly prior to yielding of the 

longitudinal reinforcement, contradîcting the experimental observations of ductile fàilures. 

The discrepancy was traced to the cnishing of several concrete elements near the loading 

point. A fïrst attempt to remedy this situation was by strengthening the elements that suffered 

prematrire crushing. The compressive strength of those elements were doubled, while the 

strain at peak stress and the parabolic shape of the concrete stress-strain curve were 

maintained. However, this ody shifted the crushing zone further away fiom the point load, 

and did not enhance the ductility of the barn response. A second attempt, whic h proved to be 

successful was by adding out-of-plane reinforcement to the concrete elements near the load 

(up to three t h e s  the width of the loading plate and îsvo layers down). The addition of suc h 

reinforcement is based on the confinement eEects that the loading plate irnparts onto the 

concrete. These effects simulate triaxial compression, where the cnishing strength of 

concrete is increased and the ductility of the concrete response is augrnented. The out-of- 

plane reinforcernent was able to prevent early crushing fidure by c o n f i g  the lateral 

expansion of the concrete elements due to Poisson's effcct. M e r  the addition of the out-of- 

plane reinfiorcement, the analyses predicted more ductile behaviour for the beams. 

Although this series of beams did not contain any interna1 shear reinforcement, the 

CFRP strips acted as extemal shear reinforcement. Therefore, the linear tension sofiening 

mode1 with no residuai was used in these analyses. With the predominant crushing fidure, it 

wss found that a lower averaging factor of 0.2 gave a more stable response. 



53.2.2 ANALYSIS RESULTS AND DISCUSSION 

The analyt ical result s for the three RWO A beams are summarkd in Table 5.1 4, and 

will be discussed in the following sections. 

Table 5.14: Expetkenta1 and Analpical Results for RWOA Beams 

Mid-span Deviation 
Constitutive Maximum Deviation Defleetion at fmm Erp. 

Erp* Maximum Deflection Relationship Load (LN) 
Load (mm) (%) 

Experiment 493 O 31.8 O 
RWOA-I Elastic-plastic 55 1 11.9 34.5 8.6 

Linear elastic 437 -1 1.4 11.2 -64.7 
Pedéct bond 548 11.2 33.6 5.7 
Experiment 459 O 31.3 O 

RWOA-2 ~la&c-~last ic 526 14.7 36.4 16.2 
Linear eiastic 452 -1.5 17.8 -43 .O 
Perfect bond 525 14.4 45.5 45.4 
Experirnent 436 O 48.6 O 

R W O A ~  Elast ic-ph& 492 12.8 92.9 91 .O 
Linear elastic 426 -2.3 32.6 -33.0 
Perfect bond 487 11.7 79.5 63.6 

The predicted bad-deflection cuwe for beam RWOA-I is plotted against the 

experimentd results Ui Figure 5.33. The pre-cracking and initial pst-cracking stifiess of the 

response were well matched with those recorded in the test, but starting at about 700! of the 

maximm load, the predicted behaviour was smer  than tbat observed. With the elastic- 

plastic bond law, the estirnated yielding and ultimate loads were 7% and 12% higher than the 

test data, and the mid-span deflection at maximum load was overestimated by 9%. The linear 

elastic bond assumption led to a premature shear f5iilure. 
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Figure 5.33 : Analyt ical and experimental load-de flection curves for beam R WOA- 1 

The predicted mode of failure was marked by yielding of both iayers of Benml 

reinforcement near mid-span, along with concrete crushing in compression near the loading 

point. A major shear crack initiated fiom just below the loading point and extended to a 

distance approximately one-tenth of the beam span. This is in accordance with the 

experimental observation, as s h o w  in Figure 413(c) .  

The predicted FRP strains and average bond-slip values for beam RWOA-I are 

graphed in Figure 5.34. The formation of the shear crack in the barn at ultimate is reflected 

in the progressively increasing FRP strains toward the loading point. The distribution of the 

FRP strains matches the shape of the diagonal shear cracks in the bearn. Large bond-slip 

values are noted in the CFRP strip closest to mid-span, which correlates with the 

experimental location O f debonding at ultimate. 
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Figure 5.34: Predicted FRP strains and bond-slip distribution for beam R WOA- 1 at peak load 

5.3.2.1.2 Beam R WOA-2 

The analytical response for beam RWOA-2 is plotted against the test data in Figure 

5.35. The pre-cracking stifiess of the response was in agreement with that measured in the 

test. but the pst-cracking aifniess was slightly overestirnated. Again, the iinear elastic bond 

relationship produced an early shear failure, while the elastic-plastic assumption gave a more 

accurate response. The calculated yielding and ultimate loads were 10% and 15% higher than 

the test data, respectively. The mid-span deflection at peak load was overestimated by 16%. 



Y Y 

- experiment - elastic-plastic 
linear elastic 
perfec! bond 

O 1 O 20 30 40 50 

MIDSPAN DEFLECnON (mm) 

Figure 5.35: Analytical and experimental load-deflection curves for beam RWOA-2 

Similar to beam RWOA-1. the predicted failure of beam RWOA-2 was marked by 

yielding of al1 three layers of flexural reinforcement near rnid-spw accompanied by concrete 

crushing in compression near the loading point. A major shear crack a h  initiated Born just 

below the point of load application. This agrees with the experimental observation. as shown 

in Figure 4.14(c). 

The FRP strains and slips at the interîàce calculated by VecTorZ. for beam RWOA-2 

are plotted in Figure 5.36. Again, the distributions correspond to the location of shear cracks 

found in the beam. Sirnilar to beam RWOA-1. the maximum bond-slip is anticipated to be 

experienced by the CFRP stnp closest to rnid-span. 
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Figure 5.36: Predicted FRP strains and bond-slip distribution for beam RWOA-2 at peak load 

5,3.2,1.3 Beam RWOA-3 

The expected behaviour of beam RWOA-3 is plotted against the experimental data in 

Figure 5.37. The pre-cracking and post-cracking stiffhess of the response compared well with 

the test curve, but the strain-hardening effects were overestimated. Although the yield load 

was very close to the actual value, the predicted peak load and conesponding mid-span 

deflection both exceeded the test results. 

Again, the predicted fàilure of beam RWOA-3 was marked by concrete cnishing in 

compression near the loading point and by yielding of both iayers of flexural reinforcement 

near mid-span. A major shear crack initiating ffom just below the loading point extended 



across the width of two CFRP strips. This corresponds with the experimental observation, as 

depicted in Figure 4.15(b). 

O 20 40 60 80 100 
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Figure 5.37: Analyticai and experimental load-deflection curves for beam RWOA-3 

Figure 5.38 shows the predicted FRP strains and bond-slip distribution for beam 

R WOA-3. The general trends resemble those for the two previous beams. Average bond-slip 

values of up to -0.1 mm were predicted for the top of the CFRP strip near the point of load 

application. 

Overall, the general responses of al1 three RWOA beams were reasonably well 

predicted by the program VecTor2. The yielding loads were estimated to be higher than those 

recorded fiom the experiment since the program cannot recognize the downwards shearing of 

the beam's central portion containhg the flexural steel. Predictions with the elastic-plastic 

bond law and the perfiect bond conditions were similar since the failure of the bearns was 

governed by shear-flexural failure rather than by debonding of the CFRP strîps. The 

overestirnation of ductility in the d y t i c a l  results can be attributed to the fact that the 2-D 

program is not able to simulate the splitting out and downwards punching of the central 

concrete beam section. This mode of f ~ l u r e  led to the sudden drop in load-carrying capacity 
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and a loss ofductility in the experiment. Also. correct modelling of confinement around the 

loading plate is a Factor contributing to the excess ductility. 
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Figure 5.38: Predicted FRP strains and bond-slip distribution for beam RWOA-3 at peak load 

The maximum FRP strains in the RWOA beams predicted by program VecTorZ are 

compared to those estimated by the various proposed models in Table 5.15 (refer to section 

2.3.2 of this report and Appendix C). It can be seen that the strains kom the finite element 

analyses are simila. to those fiom the eariier modeIs for effective FRP strains. These values 

are higher than the results fiom the more recently proposed equations. which were calibrated 

with more experimental data, and thus, should be more accurate. However. since the actual 

FRP strains were not measured in the RWOA beam tests. the predicted saain values c m o t  

be verified. Therefore. it is not possible to ascertain the range of effective strains at which 

FRP composites can be expected to debond fkom the concrete surface. Nonetheless. the 



increase of FRP strain with an increase in concrete strength, as implied in the proposed 

models, is reflected in the values obtained fiom the numerical analyses. 

Table 5.1 5: Predicted and Calculated Effective FRP S trains 

Effective FRP Strain (mmlm) 
Proposed Equation Beam Beam Beam 

RWOA-1 RWOA-2 RWOA-3 
VecTor2 4.1 5 .O 5.1 
Chajes [4 1 ] 5 .O 5.0 5.0 
Triantafillou (Eqn. 2-23) 5.8 5.8 5.8 
Khalifa (&ce= Rxq,  R fiom Eqn. 2-26) 2.2 2.4 3.2 
Triantafiilou and Anotonopoulos (Eqn. 2-29b) 3.7 3.9 4.5 
Triantafillou - AC1 ( E E ~  = 0 . 9 ~ ~ ~ ~ )  3.3 3.5 4.0 
Schnerch (Eqn 2-32) 2.9 3.2 4.3 

At peak load, the magnitude of the predicted maximum bond-slip in the three RWOA 

beams was on the order of 0.05 mm, 0.06 mm, and 0.20 mm, respectively. These values are 

much lower than the ultirnate slip value (0.5 mm) specifed for the bond interface. Thus, 

debonding was w t  expected to occur in the analyses. Since debonding was observed in the 

experirnent at fàilure, this suggests that the dtimate slip in the bond law needs to be re- 

evaluated. However, it can be concluded that the elastic-plastic bond law was suitable for the 

concrete-FRP interface of these beams, as the linear elastic bond relat ionship produced 

After the analyses for the RWOA beams had ken completed, a double-shear bond 

test was cunducted by a pst-doctorate researcher at the university. The specirnen used is 

depicted in Figure 5.39, where the CFRP strips (50 mm wide) and epoxy tested were the 

same as those for the RWOA beams. The average concrete strength was 32 MPq while the 

CFRP bond lengths were varied as 100 mm, 200 mm, and 400 mm. The specirnen was 

subjected to tende forces applied to the embedded reban, and relative displacements 

between the pris- were m e a d  by a LVDT on each of the four faces. AU six specimens 

failed by peeling of the CFRP strips. Whereas larger pieces of concrete were attached to the 
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underside of the stnps near the centrai section of the specimen, only srnall amounts of  fine 

aggregates and cernent paste were found under the remahder of the peeled strip. 

A5 ' Strain gauges 

Figure 5.39: Bond test specimen utilized by Sato [83] 

The fkti ire energy of the bond interface (Gd, or the area under the bond stress-slip 

c w e ,  was estirnateci to be 0.34 Nlmm. The bond length for attaining the maximum bond 

capacity was determined to be at least 150 mm It was found that the bond stress-slip 

relationships could be Mted with Popovics' equation (Figure 5.40(a)), as reporteci by Nakaba 

et al. [SOI, but a triangular distribution (Figure 5.40(b)) was recommended for the FE 

aoalysis. However, the values fiom the bond test have not been adopted in the analyses as the 

concrete strength did not match those of the RWOA beams. 

- T2-2(l st) 

- Bilinear 

O O. 1 0.2 0.3 0.4 0.5 
Slip (mm) 

Figure 5.40: (a) Bond stress-slip curves [83] and (b) equivalent bilinear relationship 



DISCUSSION 

6.1 TRENDS IN EXPERIMENTAL BEHAWOUR 

Numerous behaviod trends have been noted in the tests of RC members 

strengthened with FRP composites. These wiU be grouped accordmg to the purpose of the 

strengthening scheme. 

In members that are strengthened for flexure, their stfiess and load-carrying capacity 

can be greatiy enhanced, but is usuaîly accompanied by a reduction in ductility. The brittle 

behavîour obserwd m these beams is usually anriiuteâ to the deLarriination of the FRP plate 

or to the nppmg-off of the concrete cover. The mechanid and geometricai properties of the 

FRP plate, epoxy resin and concrete deterxnine which mode of Mure dominates, and the 

amount of slip that can be SuSfained at the concrete-FRP interface. FRP plate dehhation, 

the principal hctor m lowering buun ductility, can be triggered by Mure within the concrete 

cover or by the separation of the concrete cover fiom the f l e d  reinforcement. Long and 

thm FRP kminates are prone to the first fidure mode, which is exempiified by peeling at shear 

cracks dong the beam. Short and thick FRP plates wili kely cause fàiiure of the second type, 

where hi& shear and normal stresses exkt at the plate ends. Thus, it is highly recommended 
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that FI@ Iaminates bonded onto the soffits of beams be weii anchored into the beam in order 

to impede debonding Mures. 

6 . 1  SHiUR S T W G T H E W G  M m  FRP COMPOSITES 

For beams strengthened Hi shear with FRP composites, their stifhesses are usually the 

same or just slighîly higher than the control specimens since the load-carrying fibres are 

usually oriented perpendicularly to the beam axis. The strength enhancement experienced by 

these beams is usualiy les  significant than that commoniy seen in rnembers strengthened m 

flexure. However, the main inprovernent noted in these beams is in the change of the faim 

mode fbm brittlc shear to ductile f l e d  Mure .  By acting as external shear reuiforcement, 

t h  FRP composites work to limit the propagation of cracks and to increase the shear capacity 

of the concrete. The member wiu be able to sustain higher shear forces until the flexufal steel 

remforcement yields and concrete cnishing occurs near the loading point. 

Ahhough premture debonding of FRP iaminates bas been reported by other 

researchers, this behaviour was not obse~ed in the two sets of tests canied out at the 

University of Toronto (by De Rose and the author). Whereas the De Rose bearn was 

completely wrapped with CFRP $bric, the series of RWOA bearns were bonded with CFRP 

strips on the sides ody. The absence of premature debonding may be due to the strong epoxy 

used in the bonding process. A h ,  the CFRP remforcement ratio used was nifnciently high to 

restrict the widening of the shear cracks, thus limiting the strains in the CFRP and preventing 

p~mature debonding fidure of the strips. 

For beams with FRP bonded to the sides ody, peeling of the FRP (afker shear-flexurai 

Mure) tended to occur below the main shear crack, pulling the stiff side cover outwards, 

which enabled the cenaal portion of the beam to punch down in shear. This behaviour can be 

avoided through the use of FRP in the shape of U-wraps, w h e ~  the FRP is likeiy to peel off 
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above the shear crack. The peeling-off can be M e r  mitigated by çome form of anchorage 

system dong the top edge of the FFW laminates. 

6.2 NEED FOR FUTURE EXPERIMENTAL WORK 

Since an extensive amount of pubiished research has k e n  related to flexural 

strengthening with FRP, more attention should be directeci to its application for shear 

strengthenhg . 

6.2.1 GLOBAL RES'PONSE 

The RWOA beam series should be viewed as a set of pilot tests. More tests should be 

conducted to develop a deeper understanding of the failure mechanimis involved. 

Nevertheles, the tests performed m this study showed that CFRP strips are capable of 

enhancing a beam's shear strength by 50% and can change a brittle shear Mure to a more 

ductile flexurai response. In order to study the premature debondhg phenornenon prior to 

s h e a r - f l e d  Mure, the percentage of CFRP shear reinforcement should be reduced so that 

shear cracks can propagate and widen. This can be achieved by bonding narrower CFRP sûips 

or ushg a d e r  spacing between the vertical *S. Achieving premature debondmg Mures 

in experiments will enable the verification of boml constitutive relationships assurned in FE 

analyses, and a h  of equations for predicting the u l t h t e  strengths of beams governed by 

debondmg Mure, as proposeci by several researchers. To gain a better understanding of the 

maximum slip that can be sustained at the bond nitefice, strain gauges shodd be bondeci ont0 

the CFRe strips and on the concrete surface near the edge of the strips. Measuring the strain 

distri'bution in the CFRP &bric wiIi also d o w  the detemination of the strips' contribution to 

the beam's shear capacity when stinvps are included. To study the behaviour of beams more 

kely to be encountered in the field, tests should be performed on bearns with internai steel 
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stirrups. It has b e n  reported that the shear force carried by FRP laminates is higher when the 

s h p  ratio is low, so these two components of shear reinforcement should be considered 

simultaneous~. 

Dinerent bearn geometries, çuch as various shear span-to-depth ratios, should also be 

analyzed. Full-scale specimens such as the RWOA bearns should be tested to eliminate 

problems associateci with size effects and to obseme the true faim modes of rd-üfe 

members. Althou& the capacity and ductility of the bearns were increased through the 

bonding of the CFRP strips ont0 the side surfaces, fûrther enhancement may be attained by 

using a U-wrap configuration. Some confinement can be provided to the concrete in the 

central section of the km, and anchorage of the strips to the concrete wili m e r  deky 

debonding. The influence of the strip spacmg on the inclination and location of the shear 

cracks should also be investigated. This can help detemine the optimal spacing that shouid be 

used, ahhough continuous sheets wouid be more convenient in field applications. Various 

orientations of the CFRP strips may also be studied to h d  an optimum angle, but at 90' to 

the beam axis seems to be the most practical. 

As for the local bond behaviour, bond tests should be conducted in which sinps of 

FRP &bric bonded to a concrete prism are nibjected to a tensile force (double-face shear 

test). Strain gauges shouid be rnounted on both the FRP and the concrete sin$ce to measure 

the slip thaî can be endured before debonding Mure. nie rnaxhum bond stress should also 

be determineci to CO* its dependence on the relative mechanical properties of the FRP, 

concrete and epoxy resia This type of test has been performed by many researchers, a s  

descrii m Chapter 2 of thir report. Rather than siniply ploning the strain distri'bution dong 

the bond length and hdhg  the effective bond length, a parametric study should be used to 

determiw the effects of various &tors on the bond s t r e s s - 6  relationship. More attempts 



ClUPïER 6 DISCUSSION 

should be made to establish the shape of the bond stress-strain curve, and equations should be 

developed to estimate the values needed to d e h e  this curve. Although general design 

equations mostiy rely on the mechanical properties and configuration of the FRP and the RC 

member, a constitutive relation&@ for the concrete-FRP bond interfàce is required for a 

detded FE a~Iysis .  An attempt has been made by Sato to measure the maximum bond stress 

and characteristic slip values for the CFRP and epoxy used in the current research [83]. 

However, the concrete strength of the bond test specmKns differed fiom those of the beam 

specimens Therefore, the values obtained by Sato are specific to the type of concrete, CFRP 

and epoxy resin used in the bond test. Nevertheles, the test conducted has produced 

p r e l i m .  results and has paved the way for friture bond tests. The epoxy resin used should 

be tested m tension accordmg to ASTM D638 [84] to deteminie its Poisson's ratio and shear 

modulus. Other variables that should be studied as related to FRP composites mclude their 

durabihy under aggressive environmentai conditions and cyclical loads. 

63 STRENGTHSNVEAKNESSES IN ANALYTICAL METHODS 

The incorporation of bond elements into the FE program enabled better predictions of 

the response of memben strengthened in flenire or shear with FRP. However, the accuracy of 

these estimations depended on the bond stress-slip relationship that was chosen for the 

analyses. So fàr, ody two types of bond law have been tested: linear elastic and elastic-piastic, 

although severai other forms have since been proposed by various researchers. From the 

cumnt research, it was found that the hear elastic bond Law was appropriate oniy when the 

Mure was dominated by sudden delammation of the FRP plate, accompanied by a thin layer 

of concrete (as in the &unit specimens). This situation is expected to occur when the shear 

strength of the epoxy is low. Since ali of the reported strengths for the epoxy were the tende 

strengths, these values wül be used for cornparison, as the shear and tensile properties are 

related. For the &unit specimens, the tensile strength of the epoxy was 4 MPa On the other 

hanci, the tensile strength for the epoxy used m the El-Refaie specimens was approrcinrately 18 



DISCUSSION 

MPa, while for the De Rose and RWOA specimens, the epoxy strength was given to be 72 

MPa. Therefore, in the specimens utilizing stronger epoxies, the Mure was predominantly 

through the peeling of the concrete cover, which was critical due to its lower shear strength 

(represented by the concrete's modulus of rupture). For these specimens, the analyses were 

more accurate when the elastic-placitic bond relationship was applied. This is due to the k t  

that peeling of the concrete cover progresses gradua& dong the member, whereas the 

debondhg of FRP laminates (as m the specimens) occurs suddenly, conesponding to 

the sudden drop of bond stress in the iinear elastic bond law once the ultmiate slip is reached. 

An in-depth review of pubüshed experiments should be conducted to determine the range of 

epoxy strengths that distinguishes sudden plate debonding Mures fkom those involving faine 

of the concrete cover. The shear strength (and indirectly, the tende strength) of the epoxy is 

thought to have a iarger role than its eiasîic modulus in determinhg the fàilure mode. This is 

supporteci by the observation that the elastic rnoduii of the epoxies used in the &mit 

specirnens (12.8 GPa) and in some of the El-Ref~e specimens (10 GPa) were simüar, but the 

f8ihire conditions were different, as discussed abve. 

Mer performing FE analyses of severai sets of specimens, it can be suggested that the 

miu<imum bond stress is a fùnction of the concrete strength (the modulus of rupture of 

concrete), the maximum süp Û a M i o n  of the shear modulus (and the elastic moduh) of 

the epoxy, and the existence of the plestic range in the bond kw depends on the shear (or 

tensüe) strength of epoxy. The maximum bond stress is usually iimited by the shear strength of 

the concrete, as it is typicaily lower than the strength of the epow min. As for the ultimate 

si@ that can be sutainecl, more work is needed to estimate its value. Since many intenelateci 

factors Suence the bond stress-slip relationship, fiirther studies are requnpd. Despite some 

minor uncertaintics regardmg the bond constitutive relaîionship, the program VecTor2 can 

give fàirly accurate predictions of the o v d  behaviour of RC members strengthened with 

extemaUy-bonded FRP composites. 
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ûne weakness noted in the anaiyses is associated with the simulation of precracked 

members repaired while loaded. Some discrepancies were noted in the response of such 

mernbers k d i a t e l y  d e r  repair (as observed for the De Rose siabs presented in section 

5.2.3.2.2). Another weakness m the FE program is related to the premature shear fàilures 

predicted for some slabs and shear-critical beams. Therefore, severai aials rnay be required to 

determine the mo st suitable khaviour rnodek and modelling assumpt ions in de finhg the finite 

e h n t  mesh. 

NEED FOR FUTURE ANALYTICAL WORK 

Currently, m the FE program VecTor2, FRP strips or sheets can only be represented 

by one-dknsional tmss elements if bond-slip is to be considered. Aisu, two FRP truss 

elements that meet at the same coordinates cannot be connected to a single node due to the 

formulation of the iink and contact elements. Thus, three nodes are required at the same 

location in order to account for both longitudinal and tramverse properties of the FRP 

hinates .  The properties of the bond interface can only be simulateci with dunensionless link 

elements or one-dimensional contact elements. This forces the bond stress distri'bution to be 

discrete at the nodes or dong the FRP truss elements. Oniy uni-directional slip at the FRP- 

concrete i n t d c e  is permissible, whik experimental observations suggest that debonding of 

FRP due to shear is a two-directional phenornenon. Therefore, it is recornmended that a two- 

dimensional isoparametric contact element, as presented by Mehhom and Keuser [74], k 

incurporated into the FE program. Such an element will permit slippage in the globai x- and y- 

direcîîons, and d o w  for a continuous bond stress distn'bution across the FRP-concrete 

interface. Comspondmgly, using rectangular elements rather than elements for side- 

bonded FRP sheets wilI give a more accurate response for the extemally-stnngthened 

member. In terms of the bond constitutive model, corroboration with more specimens is 

needed to codhn the determination of the values used m the bond law, and other 

formulations of the bond stress-slip relationship should be examineci. 
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Aside h m  the bond elements and associatecl bond models, more work is required in 

the a r a  of sequential anaiyses where repair or strengthening takes place after initial loadhg. 

The merence between the estimateci and actuai v u s e  reported in the current research may 

be related to the inchision of strain history considerations Previous loading must be 

accounted for in this type of anaiysis, but the accuracy of such considerations for bond 

elernents must be confïmed. 

As for analflical work related to design equations for shear strengthening, more 

independent test results are required to t d y  vaiidate the equations proposeci by various 

researchers. I f  these are found to be inadquate, then more test variables and their effects 

should be studied. Before the design of RC members shear strengthened with FRP cm be 

adopted in the design codes, the equations must be verified for a wider range o f  specimem 

and test conditions. 



CONCL USIONS 

Before FRP composites can k wideiy utilized in field applications, engineers must be 

confident about the performance of RC members extemaily reinforcd with this material. As 

weii, they must be able to predict the behaviour of such members using simple analytical 

equations for preliminary design, or with W e  element adysis for more detailed studies. 

Although the experimental database for RC rnernbers strengthened m flexure with FRP 

composites is extensive, fiuuier investigations are imperative in the domain of shear 

strengthening. The failure modes of fled-strengthened members have been analyzed 

thoroughly by numerous researchers, but the complexities involved with shear behaviour 

requks more attention. 

The experimental program conducted in the current research points the way to 

additional work m this area. The set of pilot test beam showed that CFRP stnps are capable 

of increasing the load-carryhg capacity of shear-critical members, while changing the Mure 

mode h m  brittle shear to ductile flexufal fidure. However, it did not meet the aim of 

producing premature debondmg failures due to the high FRP shear reinforcernent ratio use& 

Nevertheles, it provided a first-band observation into the Wute mode involving the peeling 

of the side concrete cover leadgig to the punching Mure of the beam's central section. The 

experiment also supplied vshiable mformation for the design of the next test series, in w k h  

the FRP reinforcement ratio should be Iowered to promote widening of shear cracks, strain 
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gauges sbould be appiied to detect slip, and steel stimips should be mcluded m sorne 

specimens to obtain more comprehensive results. Attabment of premature debondhg M u r e s  

wüi a h  enable the validation of proposed design equations, which have been primarily 

verified with data used to calibrate the models. As well, bond tests involving FRP-bonded 

prisns subjected to shear should be p e r f o d  to clarify the local behaviour at the interfiice. 

As for anaiyiical work, it can be concfuded from the current research that the 

khaviour of the bond interface must be considered for an accurate prediction of the member's 

response. Neglecting the bond-slip at the hterfafe would lead to overestirnated stifhess and 

uitimate loads. Modebg of the bond mterface for the critical force tramfer between the 

concrete and FRP is dependent on the characteriation of the bond zone. While experimental 

and anaiytical work has been undertaken in this regard, verification of the proposed bond 

stress-süp relationships is needed. A cfearly dehed constitutive reiationship m u t  be adopted 

for the bond elements representing the bond interfiace. In this k t  attempt of applying a linear 

elastic or elastic- plastic bond law, the analyt ical response of f i e d -  or shear-strengthened 

members were in good accord with the experimental redts. Not oniy were the Mure Ioads 

and correspondmg dektions accurate, but the stifniess of the response and the Mure modes 

were also weii mtched. In terms of the bond element types, the dimensionkss link element 

and the one-dimensional contact element have proved sufncient in rnodelhg the bond 

mterfàce. Nonetheles, improvements in the numerid predictions couid be achieved by 

miplernenting a higher order element, such as a two-dimensional contact element. This type of 

elment wouid permit siippage m two directions, while providing a contmuous stress 

distribution dong the interf'ace between the concrete and FRP laminates. 

Although FRP composites have show potential m enhancing the strength and stifl&ess 

of RC m e m b  reductions in ductility must be avoided through the use of proper anchorage 

systems. In addition, other properties of this advanced material must be examined, such as 

thcH long-tm dmbiIity in aggrPssive environments and their bebaviour in cyclical loading 

conditions* 
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APPENDIX A 



CONCRETE 

COMPRESSIVE STRESS-STRAIN CURVES 

CYLINDERS FOR BEAM RWOA-1 

CYLINDERS FOR BEAM RWOA-2 



CYLINDERS FOR BEAM RWOA-3 

RAW DATA FROM CONCRETE CYLINDER COMPRESSION TESTS 

Days After Peak Load Concrete 
Beam Casting (w Strength (MPa) 

RWOA- 1 

28 788 43.2 
800 43 -9 

*cross-sectional area of concrete cylinder = 18242mm' 



RAW DATA FROM CONCRETE CYLINDER TENSILE SPLITTING TESTS 

Peak Load Tensile Splitting Beam 
(kN) Strength (MPa) 

RWOA- 1 

207.9 2.94 
* length of cylinder (L) = 300 mm diameter o f  cylinder (D) = 150 mm 
* tcnsile splitting strength calculated as ZxP/(xxLxD) 



STEEL 

TENSILE STRESS-STRAIN CURVES 

25M REBAR FOR BEAMS RWOA-1 AND RWOA-3 

25M REBAR FOR BEAM RWOA-2 
800 1 

O 0.05 0.1 0.15 0.2 0.25 
STRAI N 



30M REBAR FOR ALL RWOA BEAMS 
- -- - 

O : 1 1 t 

O 0.05 0.1 0.15 0.2 

STRAIN 



CFRP 

TENSILE STRESS-STRAIN CURVES 

CFRP COUPON RW-lf 

CFRP 

1200 - 

1000 - 

800 - 

COUPON RW-2 



CFRP COUPON RW-3 

CFRP COUPON RW-4 



CFRP COUPON RW-5 

1200 1 . - 

RAW DATA FROM CFRP COUPON TENSILE TESTS 

Failu r e   orc ce^ nit Tensile Ultimate Elastic 
Coupon Load (kN) Widtb StreogthO Strnia* Modulust 

(Nlmrn) (MPa) (GPa) 

Average 68.8 91 1 1090 0.01 1091 99.5 
"baseci on average fabric thicknss of 0.84 mm 
*average of values measured by two strain gauges 
'based on best linear fit of average strain values 



PHOTOS FROM CFRP COUPON T'ENSILE TESTS 

Coupon tested in MTS machine 

Coupon RW-3 

Coupon RW-1 

Coupon RW-4 

Coupon RW-2 

Coupon RW-5 



APPENDIX B 



RWOA BEAMS: EXPERIMENTAL RESULTS 

PHOTOS OF RWOA BEAMS AS TESTING PROGRESSED 

B W  R WOA-1: 

Load = 340 kN ((maximum load of beam TOA- 1 ), mid-span displacernent = 9.0 mm 

Load = 478 kN Ûust after yielding of fiexural steel), mid-span displacement = 17.9 mm 



BEAM R WOA- I (continued): 

Load = 489 kN Üust prior to fàilure), mid-span deflection = 35.0 mm 

Concrete cwhing and debcmding near loading pomt, load = 489 kN Qust prior to failure) 



Load = 320 kN (maximum load of beam TOA-2), mid-span deflection = 13.6 mm 

Load = 448 kN (j(just after yielding of flexural steel), rnid-span displacement = 23.6 mm 



B E X M  R WOA-2 (continued): 

Load = 457 kN (maximum load), mid-span deflection = 33.6 mm 

Load = 4 19 kN (just pnor to fàilure). mid-span deflection = 34.3 mm 



Load = 400 kN (near maximum load of b a r n  TOA-3), Md-span deflection = 32.5 mm 

Load = 420 kN (just after yielding of flexural steel), mid-span displacement = 35.5 mm 



Load = 43 1 kN (approaching maximum load), mid-span deflection = 40.0 mm 

Concrete crushing and debonding of CFRP strips near loading point at failure 



CRACK PATTERNS OF BEAMS 

RWOA- I 
- - - - - - .I1_ - - - - - 



SURFACE STRAINS AT VARIOUS LOAD STAGES 

+ strains determined fiom displacements rneasured by 1 2 Zurich targets along the beam 
(6 at the top rebar level6 at the bonom rebar level) 

400 400 -200 O 200 400 600 

DISTANCE FROM CENTRELINE (mm) 

postcrack (top rebar level) -+ post-crack (bottom rebar level) - pst-yield (top rebar fevel) - post-yield (bottom rebar level) - peak load (top rebar Ievel) + peak load (bottom rebar level) 



DISTANCE FROM CENTRELINE (mm) 

pst-crack (top rebar level) +- post-crack (bottom rebar level) - pst-yield (top rebar level) - post-yield (bottorn rebar level) 
- peak load (top rebar level) +- peak load (bottorn rebar lever) 

O l 
I 

r I I i I 4 I ! 

-500 4 0 0  -300 -200 -100 O 100 200 300 400 500 

DISTANCE FROM CENTRELINE (mm) 
- pst-crack (top rebar level) - post-crack (bottom rebar level) 

-+ post-yield (top rebar level) + pst-yield (bottom rebat level) 
+- a e a k  load (ton rebar levell + beak load (bottom rebar level) 



APPENDM C 



PREDICTED VALUES OF SHEAR CONTRIBUTION 

BY CFRP STRIPS IN RWOA BEAMS 

Beam RWOA-1: f, = 22.6 MPa 
Beam RWOA-2: f , = 25.9 MPa 
Beam RWOA-2: f, = 43.5 MPa 
Beam width @) = 305 mm 

FRP ~ro~erties for al1 three bearns; 

df = 470 mm 
d, = 470 mm 
&= 2 x  tfx wf= 2 ~ 0 . 8 4 ~ 2 0 0  = 336 mm2 
pf= &/ (b x q) = 336/(305x300) = 0.00367 
pf x Er= 0.365 < 1.1 GPa 

Sample caiculations wiIi be given for beam RWOA-1: 

0.9 
=TE x 0.365 x 0.0058 x 305 x 470 x sin 90" = 238kN - (Eqn. 2-22) 



Effective stress method: 

R = 05622 x 0 3 6 5 ~  - 12188 x 0365 + 0.778 = 0.408 s 050 

Bond mechanism: 

(Eqn. 2-25) 

(Eqn. 2-27) 

0.0042 (22.q2I3 399 
R= = 0.199 (govems) (Eqn. 2-26) 

(995 x 0 . 8 4 ) ~ ~ ~  x 0.01 i x 470 

(Eqn 2-24) 

Tnantafillou and A ~ ~ O ~ O D O U ~ O S :  

22.6Y3 
056 

gl# = 0.64 0.00367 x 995 ) x IO-' = 0.00366 (governs) (Eqn. 2-29b) 



ACI format: 

Debonding : 

Vf = 0.75 x 0.00329 x 0365 x sin 90' x 305 x 470 = 129.4kN (Eqn. 2-3 1) - 
FRP fhcture: 

Vf = 0.80 x 0.00329 x 0365 x sin90° x 305 x 470 = 138kN (Eqn. 2-3 1) 

t ( 2 2 . 6 ) 0 * 7 5 / ~ x 1 0 - 1  
6fC = 0.0012- - 

0.0065 0.365 2 x 470 = 0.00288 (Eqn. 2-32) 

336 x 286 x sin 90" x 470 
Vf = 

300 x 1000 = 150.8W - 





INPUT FILES FOR NUMERICAL ANALYSES 

WITH PROGRAM VECTOR2 

The files provided herein are for analyses employing contact elements for the cuncrete-FRP 
interfâce. Notes for the .job, .sZr, and .Dr files are included with the files for the h m i e  slab 
strip only. 

- ~ S L I B  STRIP hamed as FLAT BEAM in the files); 

* * * * * * * * * * + *  
V E C T O R  

J O B  D A T A e  + * * + * * * + * + * *  

Job Titlt (30 char. max) : ZARNIC FLAT BEAM 
JobFikNamc (8cbar.max) :mw 
Date (30 c h .  max) : Feb 7,2001 

STRUCTURE DATA 

s-Type : 2 
Fic Naune ( 8 cbar. max) : ZFBC 

------ 

No. of Load Stages : 141 
Starting Load Stage No. : 1 
LaadSerieslD ( 5 c b a r . m )  : m c  

Load File Namt Factors 
Case (8 char. max) Initial Final LS-Inc Type Reps C-Inc 

I Z F B D  0.000 70.000 0.300 f 1 0.000 
2sEJRmc 1.000 1.000 0.000 1 1 0.000 
3 N U L L  0.000 40.000 0.500 1 1 0.000 

Seed Fit Name (8 char. max) :NULL 
Commgenœ Limit (faaor > 1.0) : 1.0000 10 
Avcraging Factor ( 0.0 to 1.0 ) : 0.30 
Maximum No. dterations : 100 
ConvugenœC~ïteria : 1 
lRcsults Fiics : 2 
Output Fonnat : 1 
MATENAL BEElAVIOUR MODELS 

Comctc Compricssion Base Curvc (0-3) : I 
Concrctc Compression Pm-Peak (0-3) : 1 



strucaat Typc: 
1. &am Section (2-D) 
2. Plant Mcmbraric (2-D) 
3, Solid (3-D) 
4. Shcll 
5. manC Framt (2-D) 
6. S m  F m  (3-D) 
7. h@mmctric Soiid 
8. hisymmctric Shcll 
9.MixedType 

Coacrttc ComprcssionPrc-Pcaic Responsc: 
O. Linclv 
1. Nonlintar - Hogncstad (Paraboh) 
2. Nonlincn+ - Popovics (High Strcngth) 
3. NO*- tioshikimia Et Al 

Conacte Compression Post-Peak Responst: 
O.Base Cirrvt 
1. Modified Park-Kent 
2. Popovics 
3. HoshihimaEtAi 

Concrett Compression Softening Model: 
O. No compression saAcning 
1. V&o 1992-A (tl/&Form) 
2. Vecchio 1992-B (elleû-Fom) 
3. VrrEhi&llins i982 
4. Vdd30l i ins  1986 

Collcicb Tauion Stiffening -1: 
O. No tension Mcning 
1. MixMed Bentz 
2. Vccchio 1982 
3. Collins-Mitchell 1987 
4. Bentz 1999 
S.-,MaekawaEtAl 

Conaetc Tension Softtning: 
o. Not Considered 
1. Linear - No Rtsiduai 
2.LhCar-w/Residual 



3. Rcsidd Onfy(m6) 
4. Y~lll~lmnto 1999 

Coll~ett  Tension Splitting: 
1. Not Considued 
2. DeRûû 1995 

C ~ I I C L ~ ~ ~  Connncmcm Strength: 
O. Smgth cnbammmt ntglected 
1.Kirpfir~FtïchaXtModel 
2. sdby ModcI 

Conchtt Lataai Expansion: 
O. Constant Poisson's ratio 
1. Variable Poisson's ratio 

Coacrctt Cracking mtcrion: 
0.uniaXîalcrackingsbicss 
1. Mohr4huiomb (Stress) 
2. Mohr-Cbuïomb (Strain) 
3. CEB-FIPModd 
4. Gupta 1998 Mode1 

Concretc Crack Slip Clhrck: 
O. Ciadr~dlcckomitttd 
1. Vmchio-Collins 1986 
2. Gupta 1998 Model 

ConChtt Crack Width Chcck: 
O. Stability check omitted 
1. Checkbasedon S mmmaxcrack width 
2. Check bascd on 2 mm max crack width 

Coll~htt Bond: 
O. Pcrfcct bond 
1. Eligchaustn Mode1 
2. Gan Modtl 
3.H@Modcl 

CoIlCrCtt Hyskretic Responsc: 
O. No piasîic offsets 
1. Plastic &sds; lineu lnadin@oading 
2. Plastic offsds; noniincnt loadin&/imloading 
3. Plastic of€"ts; nonlincar w/ eyclic decay 
4. Mander Model - V d o n  1 
5. Manda Mode1 - Version 2 

Rcinfonxmcnt Hysteretic Response: 
0. tiiimr 
1. Elastic-Plastic 
2. Elastic-Plastic w/ Hlardening 
3. Scclrin Model w/ Bauschinger En&& 

Elemcnt S û a h  Histories: 
O. M o u s  1aJidingnegiected 
1, ntvious loadingcongdtrcd 

a c m t  Slip Distortion: 
O. Not considatd 
1. Sthss ModCi (Walravcn) 
2, Strtss Model (mekawa) 
3. Szms M d  (VccchidLari 
4. Hydrid-I Model 
S. Hydrid-II Mode1 
6. Hybrid-III Model 
7. Rotation hg of 5 degrees 
8, Rotation hg o f  7.5 degrees 
9. Rotation bg of 10 degrees 



10. Rota&xt hg& 15 degreu 
co11~ttge~1~tcIitcria: 

1. Sccant Moddi - Weighted Average 
2. DispIactmuits - Weighted Average 
3. Displa#mtnts - lbhxhlm VaIue 
4. Readions - Weightcd Average 
5. Rtactions - Ibhxhm vatue 

Rtsults Filt Storagc: 
1. ASCII and binary mes 
2 . ~ s a f i l c s -  
3. Bi- files ody 
4. Last load stage only 

* * + * + * * * * + * * * *  
S T R U C T U R E  

D A T A  * * + * * * * * * * * * * +  

Stnrcturt TiUe (30 char. mx) 
Stnicbrt File Namc ( 8 char. max) 
No. af RC. Mataial 'ï)ps 
No. ofstecl Matcrial Types 
No. of Bond Matcrial Types 
No. of Rtctangular Elemcnts 
No. of T r i a n a  Elcmcnts 
No. of Tniss Bar Elexneas 
No. of Linkagc Elemclits 
No. af Contact Elcmcllts 
No. of Joints 
No. of Rtsbaints 

: ZARNIC FLAT BEAM 
: m c  
: 1 
: 3 
: 2 
: 847 
: O  
: 219 
: O 
: 65 
: 1002 
: 14 

(A) REINFORCED CONUETE 

<NOTE:> TO BE USED INRECI'ANGULAR AM) TRTANGULAR ELEMENTS ONLY 

CONCRETE - 
MAT Ns T Pc [Pt Ec d) Mu Cc Agg][ Sx Sy] 
TYP# m M P a  ME'aMPa mc IC mm mm mm 
1 1 800 25.0 1.65 25000 2 0  0.15 O 10 300 120 
/ 
REINFoRcEMENTCOMPONENI5 

MAT REF DIR As Db Fy Fu Es Esh esh Cs Dep 
TYPTYPdeg % mm MPaMPa MPa MPa me lC me 
1 1 90 0.05 6 400 550 210000 100 10.0 O O 
/ 

@) SEEL - 



~ : ~ T O R E f f S E D P O R T R U S S ~ r n O N L . Y  
MAT REF AREA Db Fy Fu Es Esh esh Cs Dep 
TYP TYP mm2 mm MPa MPa MPa MPa me IC me 
1 1 339.0 9.0 500 560 210000 IO00 10.0 O O 
2 1 157.0 1.0 500 560 210000 1000 10.0 O O 
3 3 120.0 0.1 2400 2400 150000 150000 16.0 O 0.385 
/ 

(C) BOND - 
<NOTE:> TO BE USED FOR EXTERIOWINTER1[OR BONDED ELEMENTS 
MAT REF [ A0 Uniax Sm Su ] [ CPF CmiD No. HOOK ) 
TYP TYP m A 2  MPa mm mm 0-1 mm LYFt W1 
1 3 2275.0 3.0 0.001266 0.001266 O O O O/ 
2 3 196û.O 3.0 0.001266 0.001266 O O O O/ 
1 

ELEMENT INCIDENCES *******+********** 

(A) RECTANGULAR EUMENTs 

<<<<< FORMAT >>>>> 
ELMï' INCl INC2 INC3 WC4 [#ELMT d o  d(INC)] [#ELMT d(NC)]/ 
1 1 13 14 2 11 11 12 11 1 l/ 
122 133 146 147 134 11 1 l/ 
133 146 159 160 147 65 il 13 11 1 11 
1 

(B) TRlANGULARELEMENTS 

<<<<< FORMAT »>>> 
~ I N C l L N C L I N C 3 I N C 4 [ ~ ~ d ~ C ) ]  [ m d O d W c ) ]  
1067 145 146 158 159 65 1 13/ 
1 

MATERIAL TYPE ASSIGNMENT ************************ 



aOTE:> CODE: 'O' FOR NOT NODES AND '1' FOR RESTfUiNED ONES 
<<<<< FORMAT >>>SB 
NODE X-RST Y-RST [ #NODE d(N0DE) ) I 
121 O l/ 
990 1 O 13 iJ 
1 

STRUCmTRE FILE NOTES » >  [As of Nov 14,2000] 

(1) DO NOT INSERT OR DELETE ANY LINE. EXCEPTION: INSERTION OF LINES IN 
TXE SPACE PROVIDED FOR INPUT OF DATA IN TnfS CASE, LEAVE LINE W ï ï H  
SLASH AFER LAST DATA LINE 

(2) TABS, BLANKS OR COMMAS CAN BE USED TO SEPARATE DATA DO NOT ENCLOSE 
AN' DATUM IN QUOTATION MARKS 

(3) NUMBER ELEMENTS IN THE STRUCI'üRE ACCORDING TO TYPE IN THE FOLLOWING 
ORDER: RECï'ANGULAR, TRIAN- TRUSS. LINKAGE, CONTACï 

(4) DIMENSIONED FOR 25 REINFORCED CON- MATERIAL TYPES WïïH 4 
POSSIBLE REINFORCEMENT COMPONENTS EACH, 25 STEEL MATEEUAL TYPES, 
2000 m.EMENTS AND 2400 JOINTS 

(5) PEINFORCEMENT/STEEL REFERENCE TYPES: 
'1' FOR DUcmLE SEEL PETNFOR- 
2' FOR PRESTRESSING SlEEL 
'3' FOR TENSION ONLY REINFORCEMENT 
'4' FOR CûMPRESSION ONLY REINFORCEMENT 

(6) BOND MATERLAC-CE=: 
- .  

'1' FOR EMBEDDED DEFORMED REBARS 



'3' FOR EXIERNALLY BONDED PLATES OR SHEETS 
(7) PJrmT DATA FOR BOND MA-: 

FOR EMBEDDED BARS: 
CPF -ConfincmcntRessureFacbr(O.O <CPF < 1.0) 

A confincmcnt pnssurt of 7.5 MPa produces CPF of I .O 
('min - hdimmum of clear cover or spacing between bars 
LYR - Numk af iayers of' reidorcement through depth 
H W K  - '0' fhr no hoolr; '1' if bar has hoolr 

FOR SURFACE BONDED PLATES/SHEETS: 
A0 -8ondtd!su&îcearca 
Umax- h h x b m  bond stress 
Sm - Slip at maximum bond stress 
Su -Sripatuitimate 

(8) EEMENT ACTIVATION 
Y)' FOR DEACTNATED ELEMENT 
'1' FOR ACllVATED EIEMENT 

* * * * * * * * * * * * *  
L O A D  C A S E  

D A T A  * * * * * * * * * * * * *  

LûAD CASE PARAMETERS 
I+*****************+ 

StnicÉurt Titlc (30 char. max) 
rrwd Case TiUt (30 char. max) 
toad Case File Name (8 char. max) 
No. afloadcd Joints 
No. ufPrrscribed Support Dispiacements 
No, ofElemcnts with Temperature L a d s  
No. afEIcments with Concntt Prestrain 
No. afEïcments with Ingress Pnssurt 

:ZARNIC 
: VERT DISP 
: ZFBD 
: O 
: 1 
: O 
: O 
: O 

SUPPORT DISPLACEMENTS *+*******+*********** 
<NOTE:> UNITS: MM OR IN 
«(« FO-T >>>>> 
MT DOF DISPL [ #JNT ] / 
677 2 -1.001 
/ 

TEMPERATURE LOADS +**************** 
am:> m s :  FOR C 
<<<<< FORMAT »>>>> = - [ - ~ ~ d m ) l [ - d ~ ~ ) l /  
/ 



(1) DO NOT INSERT OR DELETE AE3Y LINE. EXCEPTION: INSERTION OF LINES IN 
THE SPACE PROVIDED FOR INPUT OF DATA IN ' M I S  CASE, LEAVE LINE WITH 
SLASH AFiER LAST DATA LINE 

(2) TABS, BLANKS OR COMMAS CAN BE USED TO SEPARATE DATA DO NOT ENCLOSE 
ANY DATUM IN QUOTATION MARKS 

* * * * * * * * * * * * *  
L O A D  C A S E  

D A T A  * * * * * * * * * * * * *  

Structure Tltle (30 char. marc) 
Laad Chse Ti* (30 char. max) 
Load Case Fik Namt (8 char. max) 
No. dloadtd Joints 
No. of Rcscri'bed Support Dispbaements 
No. of Elemcnts with T e m m  Loads 
No. of Etcments with Conchtc Rcsüain 
No. afEi-ts with hgres Pressure 

JOINT LOADS *********** 
aOTE:> WNITS: KIPS OR KN 
«CS«< FORMAT >»> 
NODE Fx Fy [ #NODE d(N0DE) d(Fx) dvy) ] / 
/ 

SUPPORT DISPLACEMENTS 



* * * * * * * * * * * *  
VECTOR * 

J O B  DATA * * * * * * * * * * * *  

Job Titk (30 char. max) 
JobFiltNamt ( 8 c h a r . m ~ )  
Date (30 char. max) 

STRUCI'URE DATA 

Stniaurt  Type : 2 
Fi Name ( 8 char. max) : ZBC 

LOADING DATA 

: ZARNIC BEAM 
: ZBCD 
: Feb 19,2001 

No. ad- Stages : 121 
Starting L a d  Stage No. : 1 
~ S t r i e s f D  (Schar.ma%) : ZBC 

L~ad FileName Factors 
Case (8 char. max) Initial F i  LS-Inc Type Reps C-Inc 

1 ZBD 0.000 60.000 0.500 1 1 0.000 
2SHRINK 1.000 1.000 0.000 1 1 0.000 
3 NULL 0.000 0.000 0.000 1 1 0.000 

ANALYSIS P- 

SccdFïïNamt (8char.xuax.) :NULL 
Convergen# Limit (fkctor > 1.0) : 1,000010 
Avaaging Fador ( 0.0 to 1.0 ) : 0.50 
Maximum No. af Itwations : 75 
C011ycfge~lct criteria : 1 
ResPlts Files : 2 
ûutput Format : 1 



MATERIAt BEüAViOUR MODELS 

Concrctc Compression Base Curvt (0-3) : 1 
Co- Comprtssion Post-Peak (0-3) : 1 
Concrc!~ Comprtssioa SoAcning (0-8) : 1 
Conctttt Tension Stiffcning (0-3) : 1 
CollCICtt Tension Softtning (0-3) : 1 
Coacrdc Tension Splitîîng (0-1) : 1 
ConaEte Connned Strcngth (0-2) : 1 
C o l l ~ m ~ w m  (0-1) : 1 
Concrctc ûacking Critelion (0-4) : 1 
ConcretcC~ackSlipChecit (0-2) : 1 
Connrtc chck Width check (0-2) : 1 
Concrcte Bond or Adhesion (0-3) : 1 
ConcrcttEm (0-2) : 1 
ReinforcementHysteresis (0-3) : 1 
Rcidorccincnt Dowd Action (0-1) : 1 
Reinforcanent Buckling (0-1) : 1 
Elemcnt Straia Histories (04) : O 
Elemtnt Slip Distortions (0-4) : 1 
Gtometric Noalincaxity (0-1) : 1 

S T R U C T U R E  
+ D A T A  8 * * * * * * * * * * * * *  

Stnictutc Tiîk (30 char. max.) 
Stnictilrt File Namc ( 8 char. max.) 
No. of RC. hhterhi Types 
No. ofStcclMatcriaf Types 
No. of Bond Matuial Types 
No. of Rcctangular Elements 
No. a€TxianguiarElements 
No. a € T m  Bar Elancnts 
No. dlinkagc Elemcnts 
No. of Contact Elements 
No. of Joints 
No. of Rcssaints 

(A) REINFORCED CONCRETE 

<NOTE:> TO BE USED IN RECTANGULAR AND TRIANGULAR ELEMENTS ONLY 

CONcREm - 
MAT Ns T fc [ft Ec eû Mu Cc Agg][ Sx Sy] 



- - - - - - 

MAT REF DXR As Db Fy Fu Es Esh csh Cs Dcp 
TYP TYP &g % mm MPa MPa MPa MPa me /C me 
1 1 90 0,283 6.0 450 500 210000 1000 10.0 O O 
2 1 90 0.188 6.0 430 500 210000 1000 10.0 O O 
/ 

(BI STEEL - 
.<NOTE:> TO BE USED FOR TRüSS ELEMENTS ONLY 
MAT REF AREA Db Fy Fu Es Esh csh Cs Dcp 
TYP TYP mm2 mm MPa MPa MPa MPa me IC mc 
1 1 339.0 12.0 450 550 210000 1OOO 10.0 O O 
2 1 226.0 12.0 450 550 210000 1OOO 10.0 O O 
3 3 60.0 0.1 2400 2400 150000 150000 16.0 O 0.193 
/ 

(Cl BOND - 
.<NOTE:> TO BE USED FOR EXTERIORANTERIOR BONDED EKEMENTS 
MATREF [Ao Umax Sm SuJ[CPF Qiin No. HOOK] 
TYPTYP mm"2 MPa mm mm 0-1 mm LYR Wl 
1 3 1750,O 3.0 0.001266 0.001266 O O O/ 
2 3 2000.0 3.0 0.001266 0.001266 O O W 
3 3 1500,O 3.0 0.001266 0.001266 O O W 
1 

ELEMENT INCIDENCES 
*+************+C** 

(A) RECTANGULAR ELEMENTS 

<<<<< FORMAT >>>>> 
ELMT ml INCÎ INC3 I N 0  [mLMT 0 d(INC)] [#mm 4EUm d(INc)]I 
1 1 14 15 2 6 12 13 12 1 11 

73 79 93 94 80 12 1 V 
85 93 107 108 9442 12 14 12 1 If 

1 
(B) TRfANGULAR ELEMENTS 



1 
(E) CONTACi" EEMENTS 

- - - - - - - - -- 

<<<<c FORMAT >,» 
EiMîINClINC2iNC3INC4[#ELMTd(ELMT)d~C) ][#ELMTd(ELMT)d(INC)] 
729 92 93 106 107 42 1 141 
/ 

MATERIAL TYPE ASSIGNMENT ************************ 
<<<<< FORMAT >>>>> 
ELMT MAT ACT [ #EL.MT d o ]  [ ELMî d(ELMT) ] 1 

1 1  1408ll 
409 2 1 180 l/ 
589 1 1 49 11 
638 2 1 49 11 
687 3 1 42 U 
729 1 1 26 11 
75s 2 1/ 
756 3 1 15 11 
1 

COORDXNATES 
+++++++r+** 

<NOTE:> m s :  in OR mm 
««< FORMAT »»> 
NûDE X Y [ MODES d(N0DES) d(X) d o  ] [ #NODES d(N0DES) dm d(Y) ] / 

1 O O 6 1 3 3 5  W 
2 O 30 6 13 35 O 11 1 O 241 
13 O 300 6 13 35 O/ 
79 200 w 
80 200 30 11 1 O 241 
91 200 300/ 
92 225 O 27 14 35 O 2 1 O O/ 
94 225 30 27 14 35 O 11 1, O 241 
105 225 300 27 14 35 O/ 
4701175 O161430 O 2 1 0  01 
472 Il75 30 16 14 30 O 11 1 O 241 
483 1175 300 f 6 14 30 O/ 
/ 

SUPPORT RESTRAINTS ****************** 
<NOTE:> CODE: 'O' FOR NOT RESTRANED NODES AND '1' FOR RESTRAINED ONES 
<<<<< FORMAT >>>>> 
NODE X-RST YIRST [ #NODE ÇYNODE) ] / 
66 O l/ 

680 1 0 14 1/ 
/ 

* * * * * * * * * * * * *  
L O A D  C A S E  
D A T A  * * * * * * * * * * * * +  

rnAD CASEPAlbwmmu **********+********* 

(30 char. max) : ZARNIC BEAM 

247 



~ ~ ~ t k  (30b .man)  : VERT' D m  . 
Laci Case File Namc (8 char. max) :ZBD 
No. af Ladcd Joinl :O 
No. of R c s d x ü  Support Dispfaccments : 1 
No. af EIcmmts with Tcxnpexaîm lLoads : O 
No. ofElmaUs with Conattc : O 
No. of Elcmcnts with Ingres ntssun : O 

JOINT LOADS *********** 
<NOTE:> m s :  Km OR KN 
< < <  FORMAT >>>>> 
NODE Fx Fy [ #NODE d(N0DE) d(Fx) d(Fy) ] 1 
1 

SUPPORT DISPLACEMENTS ****+*******+**+***++ 

INGRESS PRESSURES ***************** 

* * * * * + * * * * * * *  
e L O A D  C A S E  

D A T A  e * * * * * * * * * * * * *  

LOAD CASE P A L U E E S  
******************L+ 

Stnicbrrc Titic (30 char. marc) 
Triad Case Titlt (30 char. max) 
ImdCgScFileNamt (8char.max) 
No, of Loaded Joints 
No. ofRescxibed Support Dispiaœments 
No, of Elements with Temperature Loads 
No. afEicments wiîh Cancretc Restrah 
No. afEhaïts with hgress Pressrat 



CONCREI'E PRESTRAINS 

INGRESS PRESSURES 

<NOTE:> UNITS: MPa 
<<<<< FORMAT >>>>> 
ELMTPRESSURE [ ~ d ~ d ( P R S ) l [ # E L M ' I ' d ~ ( Y P R S ) l  
/ 

EGREFAIE S P E C M N S :  (The structure file is provided for beam CB3 only.) 

VECTOR 
J O B  D A T A  

I + t l + + + * * * * *  

Job Titic (30 char. mx) : CB3 
Job File Nam ( 8 char. max) : CB3 
Date (30 cbar.  ma^^.) : Nov OS, 2000 

STR.UCïURE DATA 

LOADING DATA 

No. af Load Stages : 51 
Starting Load Stage No. : 1 
Luaâ Series ID ( 5 char. max) : CB3 



lad FkNamc Factors 
Chse (8 chat. max) Initial Final LS-Inc Type Reps C-Inc 
1 CBD 0.000 60.000 1.000 1 2 1.000 
2 NULL 0.000 0.000 1.000 1 1 0.000 
3 NUWI 0.000 0.000 0.000 1 1 0.000 

Seed File Name (8 char. max) : NULL 
Convugcnct Limit (factor > 1.0) : 1.000010 
Anraging Factor ( 0.0 to 1.0 ) : 0.25 
Maximum No. o f  Itcrations : 100 
C o ~ ~ ~ ~ r g ~ ~ ~ # C r i f c r i a  : 2 
Rcsults Files : 2 
Output Format : 1 

MATERIAL BEHAVIOUR MODELS 

Co~lcfcte Compression Base C m  (0-3) : 1 
Coll~hte Compression Post-Pcak (0-3) : 1 
Concrcte Compression Safttning (0-8) : 1 
CoIICrttt Tension Stiffening (0-3) : 1 
CoIICfetC Tension Softening (0-3) : 1 
Cuncrctt Tension Splitting (0-1) : 1 
CollQCtC Contined Strength (0-2) : 1 
Cuncrcîc Dilatation (0-1) : 1 
Conactt ûacking Criîaion (0-4) : 1 
Concrcte aack Slip Check (0-2) : 1 
Conchtt Càack Width Check (0-2) : 1 
Concrctc Bond or Amiesion (0-4) : 1 
ConcrctcHystcnsis (0-2) : 1 
Rtiaforccm~nt Hystcizsi~ (0-3) : 1 
Rcinfotccmcnt l)owtl Action (0-1) : 1 
Reinforcemcnt Buctling (0-1) : 1 
Elcmmt Strain Histories (0-1) : 1 
EIcmait Slip Distortions (0-4) : 1 
Gcomctric Nodiwuity (0-1) : 1 

* * * * + * * * * * * * *  
* S T R U C T U R E  

DATA O 

* * * * + 8 * * * * * * *  

Structure Titlt (30 char. max.) 
Stnichnc FiIe Name ( 8 char. max) 
No. af RC. Mamiai Types 
No- of Sttel Matnial Types 
No, &Bond Materiai Types 
No, of Rectangular Elements 
No. af Triaaguiar Eîements 
No, & T u  Elements 
No. af Unkage Elements 



m. of ~~ 
No. af Joints 
No. af Rtstraints 

(A) REINFORCED CONCRETE 

CON- - 
MAT Ns T fc [ft Ec cû Mu Cc Agg][ Sx Sy] 
TYP# mm MPa MPaMPa mt /C mm mm mm 

1 O 150. 40.6 4.40 35000 2-00 0.15 O 12 0.0 0.0 
2 1150. 40.6 2.10 35000 2.00 0.15 O 12 0.0 0.0 
3 2 150. 80.0 80.0 40000 4.00 0.15 O 12 0.0 0.0 

/ 
REINFORCEMENT COMPONENTS 

MAT SRF DR As Db Fy Fu Es Esh esh Cs Dep 
TYPTYP&g% mmMPaMPa MPa MPa me /C me 

2 190.0.377 6.0 308 600 200000 2000 5 O O 
3 1 0.10.0 6.0 400 600 200000 2000 5 O O 
3 1 90.10.0 6.0 400 600 200000 2000 5 O O 

/ 
@) STEn. - 

<NOTE:> TO BE USED FOR TRUSS ELEMENTS ONLY 
MAT REF AREA Db Fy Fu Es Esh esh Cs Dcp 
TYPTYP mm2 mm MPa MPa MPa MPa mt IC me 
1 1 400. 16. 520 650 201000 5000 2.6 O O 
2 1 120. 1.2 2500 2501 150000 1500 16.7 0 O 
3 1 77.2 0.7 3900 3901 240000 2400 16.3 O O 
4 1 0.01 1 10 10 200000 2000 5 O O 
/ 

(Cl BOND - 
TO BE USED FOR E X T E R I O ~ O R  BONDED ELEMENTS 

MAT REF [Ao Umax Sm Su][CPF Qiin No. HOOK] 
TYP TYP mmA2 MPa mm mm 0-1 mm LYR 011 
1 3 3545 4.4 0.0024 0.0024 O O. 1 O 
/ 

ELEMENT INCIDENCES *++**~***+******** 

(A) RECïANûULAR ELEMENTS 



1 
(C) TRUSS ELEMENTS 

<<<<< FORMAT >»> 
ELMT INCl INC2 INQ INC4 [ #Ef,W d(EUKQ d(INc) ] [ E L M ï  d o  d(INC) j 
1681 1 2 14 15 120 1 1 3 /  
1801 12 13 25 26 120 1 13/ 
/ 

MATERIAL TYPE ASSIGNMEEir ++*~*********+********** 
<<<<< FORMAT >>>>> 
EiMï MAT ACT [ ~ ~ l [ ~ d ~ ] /  
4 1 1 11911 
121 2 1 120 1 8 120/ 
1081 1 1 52 1 /  
1137 1 1 64 11 
1 3 1  31/ 

1133 3 1 41/ 

1681 1 1 120 1 2 120  / 
/ 

COORDINATES 
********+*+ 

<NOTE:> UWîS: in OR mm 
<<<<< FORMAT >>>>> 
NODE X Y [ MODES d(N0DES) dm d(Y) ] [ #NODES d(NODES) dm d(Y) ] 1 
1 0. O. 121 13 35.45 O. / 
2 0. O. U1 13 35.45 O, 2 1 0.0 20.00 / 
4 O. 40. 121 13 35-45 O. 6 1 0.0 28.33 1 
10 0.210. 121 13 35.45 0. 3 1 0.0 20.0 / 
13 0.250. 121 13 35.45 0. / 

/ 
SUPPORT RESTRAINTS 



* * * * * * * * * * * * *  
L O A D  C A S E  

D A T A  a * * * * * * * * * * * * *  

Stnicbn Titre (30 char. max.) 
LoadCaçt?rtlt (3Ochar.ma%) 
Load Case Fide Namt (8 char. max) 
No. af Loaâcû Joints 
No. ofRcscri'bed Support Displacements 
No. afElcmcnts with Temperahirt Loads 
No, af Elemcnts with Concrete Pr#train 
No. ofElcments with Ingress Pnssure 

JOINT LOADS *********** 



DE ROSE S U  B: (The structure file is provided for the CFRP-repaired sIab ody; CFRP 
pro perties are replaced with GFRP pro perties for the GFRP-repaired slab.) 

Conml slab: 

+ * * * * * * * + * * *  
VECTOR l 

+ JOB D A T A  
8 * + + + + * 1 1 & + 1  

Job Ti& (30 char, ma%) : DEROSE SLAB 
Job Fit Namt ( 8 char. m) : DRS 
Date (30 char. max) : MAR 7,200 1 

STRUCTURE DATA 

S-crLpc : 2 
FiName ( 8  char. max) : DRS 

LOADING DATA 

No. of Laad Stages : 61 
Statting Laad Stagc No. : 1 
LuadSeriesID (5char.ma.x) :DRS 

Load File Namc Factors 
Cast (8 cbair. max) Initial F i  LS-Inc Type Reps C-Inc 
1 DRS 0.000 6.000 0.100 1 1 0.000 
2SHRINK 1.000 1.000 0.000 1 1 0.000 
3 NULL 0.000 0.000 0.500 1 1 0.000 

Secd File Name (8 chat. max) :NULL 
Co- r.imit (mer > 1.0) : 1,00001 
Averaging Factor ( 0.0 to 1.0 ) : 0.30 
Maximum No. of Iteraîions : 100 
Convergence Criteria : 1 
Rtsulîs Files : 1 
Output Format : 1 

MATERIAL BEHAVIOUR MODELS 

Concrett Compression Base C m  (0-3) : 1 
Concrdt Compression Post-Peak (0-3) : 1 
Cuxmcte Compression S a f M q  ( 0 4 )  : 1 
Concrett Tension StiiBTening (0-3) : 1 
Comxetc Tension Mknhg  (0-3) : 1 
ConCriEft Tension Splitting (0-1) : 1 
Co- Canfined Strength (0-2) : 1 
ConchttDilatati~n (0-1) : 1 
Conctctc Cracking Criterion (0-4) : 1 
CoacrettcfackstipChedt (0-2) : 1 
ConChtC Càadc Width Check (0-2) : 1 
CoIlCLett Bond or Adhesion (0-3) : 1 



-- (012): 1 
Reinfôr~~m~ntHysterwS (0-3) : 1 
Rghûbrcaiicnt Dowtl Action (0-1) : 1 
RQPfOICUllEntBuckiing (0-1) : 1 
Eiemait Strain Histories (0-1) : O 
Elmiait Slip Distortions (04) : O 
Georneûic Nonkarity (0-1) : 1 

Stnicturt Tiîie (30 char. max) 
StnicbireFileNamc (8char.max) 
No. a£ RC. Mattrial Typa 
No. of S teei Matcrial Types 
No. of Bond Matcriat Typcs 
No. af Rtaaagubr Elements 
No. afTriaagulatRcmcntS 
No. Q€ Tniss Bar Eïcmcnts 
No. af linbige Elcmcnts 
No. of Contaci E1cmc11ts 
No. of Joints 
No. afRcstraints 

: DEROSE SLAB 
: DRS 
: 2 
: 8 
: 6 
: 474 
: O  
: 701 
: O 
: 617 
: 1090 
: 3 1  

(A) REWORCED CON- 

aOTE:> TO BE USED INRECTANGüLAR AND TRIANGULAR ELEMENTS ONLY 

CONCRETE 

MAT Ns T Pc [fi Ec CO Mu Cc Agg ][ Sx Sy 1 
TYP # mm MPa MPa MPa me /C mm mm mm 
i O 1200 53.9 2.42 40400 2.67 0.15 O 20 250 250 
2 O 1200 0.1 242 2000 0.1 0.15 O 20 250 250 
/ 

--.- - - 

MAT REF DXR As Db Fy Fu Es Esh esh Cs Dep 
TYPTYPdcg % mm MPaMPa MPa MPa mt /C me 
/ 

m Sl'EEL - 
<NOTE:> TO BE USED FOR TRUSS EEMENTS ONLY 
MAT REF AREA Db Fy Fu Es Esh esh Cs Dep 
TYP TYP mm2 mm MPa MPa MPa MPa me /C me 
1 1 400 11.3 458 692 200000 2000 15.0 O W 
2 1 300 1.0 458 692200000 2000 15.0 O O/ 
3 3 1200 0.1 945 945 80300 80300 11.8 O OI 



4 3 83.3 O. E 943 943 80300 80300 11.8 O Of 
5 3 55 0.1 945 945 80300 80300 11.8 O O/ 
6 3 27.5 0.1 945 945 80300 80300 11.8 O O/ 
7 3 25 0.1 90 90 5500 5500 16.4 O O/ 
8 3 50 0.1 90 90 5500 5500 16.4 O O/ 
/ 

(Cl BOND - 
<NOTE:> TO BE USED FOR EXERIOR/INTERIOR BONDED ELEMENTS 
MAT REF [ A0 Umax Sm Su ] [ CPF Cmin No. HOOK ] 
TYP TYP mm"2 MPa mm mm 0-1 mm LYR 011 
1 3 30000 4.4 0.0075 0.50 O O O O 
2 3 2187.5 4.4 0.0075 0.50 O O O O 
3 3 1375 4.4 0.0075 0.50 O O O O 
4 3 687.5 4.4 0.0075 0.50 O O O O 
S 3 750 4.4 0.0075 0.50 O O O O 
6 3 l500 4.4 0.0075 0.50 O O O O 
/ 

ELEhdENT INCIDENCES ****************** 

(A) RECTANGULAR ELEMENTS 

<a<< FORMAT »»> 
ELMï INCI INC2 INC3 INC4 [ELMI' d o  d(iNC)I [ELMI' d(ELMT) d(lNC)]l 

1 1 11 12 2 9 9 1 0 9  1 1 /  
82 91 101 104 92/ 
83 92 104 107 93/ 
84 93 107 110 94/ 
85 94 110 113 95/ 
86 95 113 116 %/ 
87 % 116 119 97/ 
88 97 119 122 98/ 
89 98 122 125 99/ 
90 99 125 128 100/ 
91 101 131 134 104 32 9 30 9 1 3/ 

379 101 131 134 104 32 1 30 3 32 3/ 
/ 

(B) TRIANGüLAR EZEMENTS 

<<ex FORMAT »»> 
ELAmINCI INa [ #ELMT d(ELMT) d(mJC)] [m d o  d(INC) ]/ 
475 2 12 9 1 10 2 42 61 
484 92 1W 
526 98 1 W  
485 104 134 32 1 30 2 42 18/ 
559 102 132 32 1 30 10 32 3/ 
879 103 106 9 1 3 33 9 30/ 
/ 

@) LmKAGE - 



<<<<< FORMAT >>>> 
ELMTINCl INC2 INC3 XNC4 [ELMïd@iMI)d(INC)] [ i E L M ï d o d ( I N C ) ]  
1176 101 102 131 132 32 1 30 10 32 3/ 
14% 101 103 104 106 9 1 3 33 9 30/ 
/ 

MATERIAL TYPE ASSIGNMENT 
*8********************** 

<<<c FORMAT >>>» 
~ M A T A C T [ ~ d ~ ]  [ E L M ï d o  11 
1 1 1  ml/ 
91 1 1  3 132 91 
94 1 1 6 1 32 9/ 
379 2 0 % l/ 
475 1 1 42 l/ 
517 2 1 42 U 
559 3 O 32 l/ 
591 4 O 32 l/ 
623 5 O 32 1 8 321 
847 6 0 32 1/ 
879 7 O 9 i 2 288/ 
888 8 0  9 131 9/ 
1176 1 0 32 1/ 
1208 2 O 32 1/ 
1240 3 O 32 1 7 32/ 
1464 4 O 32 1/ 
14% 5 O 2 288/ 
1497 4 O 8 1 2 288/ 
150s 6 O 31 9/ 
150630 8 131 9/ 
/ 

COORDINATES *********** 
WOTE:> m S :  in OR mm 
<ce<  FORMAT >>>>a 
NODE X Y [ MODES d(N0DES) dOC) d(Y) ] [ #NODES d(N0DES) dm d o  ] 1 

1 O O 10 10 25 W 
2 O 30 10 10 25 O 9 1 O 273 
101 250 O 33 30 25 O/ 
102 230 O 33 30 25 O/ 
103 250 O 33 30 25 O/ 
104 250 30 33 30 25 O 9 3 O 2 7 3  
103 250 30 33 30 25 O 9 3 O 27.9 
106 250 30 33 30 25 O 9 3 O 2 7 3  
/ 

SUPPORT RESTRAINTS 

<NOTE:> CODE: 'O' FOR NûT RE- NODES AND '1' FOR RESTRAINED ONES 
<<<<< FORMAT >>>>> 
NODE X-RST YIRST [ #NODE @IODE) ] / 
61 O Y 
1061 1 O 30 ll 
/ 



LOAD CASE PARAMETERS ******************** 

Structirrent& (30 W. max) 
L a d  Case Tiîk (30 char. max) 
LuadCastFiltNamc (8char.max.) 
No. afLuadui Joints 
No. ofprtscn'bcd Support Displacements 
No. of Elcm~ts with Temperatun Loa& 
No. a f E h m n î s  with CoLlCfttt Pnstraia 
No. ofElamts with ingres Prrssurt 

: DeRose Slab 
: Disp (1.00mm) 
: DRS 
: O 
: 1 
: O 
: O  
: O 

JOINT LOADS *********** 

INGRESS PRESSURES 

L O A D  C A S E  
D A T A  * 

* * + * * * * * C * * * *  

LOAD CASE P L U M E E R S  ******************** 
Shnrchirt Titlt (30 char. mx) : DeRose Slab 



~ € ! a s c ~  (3Ochat.iripl) rsEûUNK 
L~adCascFilcNamt ( 8 c h a r . u ~ ~ )  :sHRINK 
No. aâloadcd Joints : O 
No. af Rsuii'bed Support Displacements : O 
No. of- with Tempcrature Ixiads : O 
No. of Elunen& with Chnaetc Resüain : 378 
No. of Eiemcnts with Ingtess Pressurt : O 

INGRESS PRESSURES 

CFRP-n~aired slab: (The load and shrinkage files are the same as those for the control 
slab.) 

* * * * * * * + * * * *  
V E C T O R  
JOB D A T A  * * * * * * * * * * * *  

Job TiUe (30 char. max) : DEROSE SLAB 
Job Fik Namt ( 8 char. max) : DRSC 
Date (30 char. max) : MAR 7,200 1 

STRUCïüRE DATA 

s-Typt : 2 



F i N a m e  (%-.mis) : DRSC 
LOADING DATA 

No. dLoaâ Stages : 90 
Starting Load Stagt No. : I 
M S c r i c s I D  ( 5 c h a r . n ~ ~ )  :DRSC 

Load FilcNamc Factors 
Case (8 char. max) Initial Final LS-lnc Type Reps C h  

1 D M  2.900 20.000 0.100 1 1 0.000 
2 sKRlNK 1.000 1.000 0.000 1 1 0.000 
3 NUL;L 0,000 0.000 0 . m  1 1 0.000 

ANALYSIS PAMMEERS 

Sœü Fie Name (8 char. m a )  : DRS-30 
Co- Limit (factor > 1.0) : 1.00001 
A ~ ~ ~ i l g i n g  Factor ( 0.0 to 1 .O ) : 0.30 
Maximum No. af Itemions : 100 
ConvtrgcnctCntaia : 1 
Rcsults Fies : 2 
Output Format : 1 

MATERIAL BEHAWOUR MODELS 

Concrctt Compression Base Cwvt (0-3) : 1 
CULLCI~C~C Compression Post-Peak (0-3) : 1 
Conc~ctt Compression Softening (0-8) : 1 
Concretc Tension Stifkning (0-3) : 1 
Concrcîe Tmsion SoAcning (0-3) : 2 
Conchtt Tauion Splitting (0-1) : 1 
Concrctt Confincd Stmgth (0-2) : 1 
ConcrtttDiltuation (0-1) : 1 
Concrrtt Cxacking Critaion (0-4) : 1 
Concntc Cradr Slip Cheût (0-2) : 1 
C o ~ l ~ n t t  cIa& Wldth uleck (0-2) : O 
Concreîc Bond or Adhesion (0-3) : 1 
CollCntCHystcresis (0-2) : 1 
R ~ M ~ r c c m ~ n t  Hysteresis (0-3) : 1 
Reinfot#mcnt Doml Action (0-1) : 1 
RCXORXXUCXI~ Buckhg (0-1) : 1 
Elcmcnt Sixain Histories (el) : i 
Elcmcnt SIip Disbrtion~ (0-4) : O 
Ga~mctric Nodkarity (0-1) : 1 

* * * * * * + * * + * * *  
STRUCTURE + 

D A T A  * * * * * * + * * * * * *  

Strucrurt Titlt (30 char. mx) : DEROSE SLAB 
StrucbneFilcNamc (8cbar.=) : DRSC 
No. of RC, hhmiaï Types : 2 



No. QfStedMafaiai- 
No. afBond Mataial Types 
No. af Rtctangular Elancnts 
No. af Thguiar Rcmaits 
No. af T m  Bar Eîemcnts 
No. of Lhkagc Elcments 
No. of Contact EIements 
No. of Joints 
No. of Rcstraints 

(A) REINFORCED CONCRETE 

am:> TO BE üSED Di RECTANGüLAR AND TRIANGULAR ELEMENTS ONLY 

CON- - 
MAT Ns T fc [Pt Ec d) Mu Cc AggJ[ Sx Sy] 
TYP # mm MPa MPa MPa me /C mm mm mm 
1 O 1200 53.9 2.42 40400 2.67 0.15 O 20 250 250 
2 O 1200 0.1 2.42 2000 0.1 0.15 O 20 250 250 
/ 
REINFORCEMENT COMPONENTS 

MAT REF DIR As Db Fy Fu Es Esh csh Cs Dep 
TYP TYP dcg % mm MPa MPa MPa MPa mt /C me 
/ 

(BI sI"rEL - 
<NOTE:> Tû BE USED FOR TRUSS ELEMENTS ONLY 
MAT REF AREA Db Fy Fu Es Esh a h  Cs Dep 
TYP 'IYP mm2 mm MPa MPa MPa MPa me /C me 
1 1 400 11.3 458 692 200000 2000 15.0 O O/ 
2 1 300 1.0 458692200000 ZOO0 15.00 01 
3 3 1200 0.1 945 945 80300 80300 11.8 O w 
4 3 û7.5 0.1 945 945 80300 80300 11.8 O O/ 
5 3 55 0.1 945 945 80300 80300 11.8 O O/ 
6 3 27.5 0.1 945 945 80300 80300 11.8 O O/ 
7 3 25 0.1 90 90 5500 550016.40 Of 
8 3 Sû 0.1 90 90 5SOO 550016.40 O/ 
/ 

(Cl BOND - 
<NOTE:> TO BE USED FOR EXXERIOWINTERIOR BONDE' ELEMENTS 
MAT REF [ Ao Umax Sm Su ] ( CPF (3nin No. HûûK ] 
TYP TYP m e 2  MPa mm mm O11 mm LYR W1 
1 3 30000 4.4 0.0075 0.50 O O O O 
2 3 2187.5 4.4 0.0075 0.50 O O O O 
3 3 1375 4.4 0.0075 0.50 O O O O 
4 3 687.5 4.4 0.0075 0.50 O O O O 
5 3 750 4.4 0.0075 0.50 O O O O 
6 3 1500 4.4 0.0075 0.50 O O O O 
/ 



379 101 131 134 104 32 1 30 3 32 31 
1 

(B) TRIANGUUR ELEMENTS 

<<<<< FORMAT >>>>> 
ELMT INCl INCL [ #ELMî d@Mï") d o ]  [ R L M ï  d o  d(INC) ]/ 
475 2 12 9 1 10 2 42 6/ 
484 92 1041 
526 98 1 W  
485 104 134 32 1 30 2 42 18/ 
559 102 132 32 1 30 10 32 3/ 
879 103 106 9 1 3 33 9 301 
1 

(D) LINKAGE ELEMENTS 

<<<<<FORMAT >>>> 
EtMT INCl INC2 INQ INCO [ #ELMT 1 [ #ELMT d o  dWC) 1 
1176 101 102 131 132 32 1 30 10 32 3/ 
14% 101 103 104 106 9 1 3 33 9 30/ 
/ 

MATERIAL TYPE ASSIGNMENT 
****+8****************** 

<<<<< FORMAT >>>>> 
EIMï MAT ACT [ #ELMT d o ]  [ #ELMT d o  ] 1 

1 1 1  9011 
91 1 1 3 1 32 91 
94 1 1 6 1 32 91 

379 2 1 % l/ 
475 1 1 42 Y 
517 2 1 42 Y 
559 3 1 32 l/ 
591 4 1 32 IJ 



4UOTE:> m: in OR mm 
« < <  FORMAT >>>>> 
NODE X Y [ #NODES d(N0DES) d(X) d(Y) ] [ #NODES à(N0DES) d(X) d01) ] / 

1 O O 10 10 25 01 
2 O 30 10 10 25 O 9 1 O 27.9 

101 250 O 33 30 25 01 
102 250 O 33 30 25 01 
103 250 O 33 30 25 01 
104 230 30 33 30 25 O 9 3 O 27.51 
10s 250 30 33 30 25 O 9 3 O 27.51 
106 250 30 33 30 25 O 9 3 O 27.51 
1 

SUPPORT RESTRAINTS **+****+********** 
<NOTE:> CODE: 'O' FOR NOT REsïWUED NODES AND '1' FOR RESTRAINED ONES 
<<<<< FORMAT >>>>> 
NODE X-RST Y-RST [ #NODE ÇYNODE) ] / 
61 O Y 
1061 1 O 30 1/ 
1 

Control beam: 

* + * * * * * * * * * *  
VECTOR 

JOB DATA * * * * * * * * * * * * +  

Job Title (30 char. max) : DEROSE BEAM (CONTROL) 
JobFilcNamc (%char.-) :DRB 
Date (30 char. max.) : APR2.2001 

STRUCTURE DATA 



S m T y p c  : 2 
File Name ( 8 char. max) : DRB 

LOADING DATA 

No. of Luad Stages : 41 
Starting toad Stage No. : 1 
L a d  Sui- ID ( 5 char. mx) : DRB 

Load FileName Factors 
Case (8 cbar, max) Initial F i  LS-hc Type Reps C-Inc 

1 DRB 0.000 20.000 0.500 1 1 0.000 
2SHRINK 1.000 1.000 0.000 1 1 0.000 
3 NULL 0.000 40.000 0.500 1 1 0.000 

ANALYSXS PARAMETERS 

ScedFilcName (8 char. mx) : NULL 
Co- Limit (factor > 1.0) : 1.00001 
AvcragingFactor (0.Otol.O) :0.40 
MAxhnum No. af Iterations : 90 
Convcrg~critcria : 1 
Rcsults Files : 1 
Output Format : 1 

MATERLAL BEHAVIOUR MODELS 

conacte ~ m p s i o n  Base Curvt (0-3) : 1 
Concrctc Compression Post-Peak (0-3) : 1 
Coacrcte Compression Saftening (03) : 1 
Conacte Tension Stifféning (0-3) : 1 
Conchtc Tension Softening (0-3) : 1 
Comxcîc Tasion Splitting (0-1) : 1 
Concrcte Conhx i  Strtngth (0-2) : 1 
Comte Dilatation (0-1) : 1 
Concrete Cracking Criterion (04) : 1 
ConCretc Crack Siip Check (0-2) : 1 

Ciack W i  Check (0-2) : 1 
Concrete Bond or Adhesion (0-3) : 1 
C o I l C t t t t H m  (0-2) : 1 
Rcinf~rcantotHysteresis (0-3) : 1 
Reinforcancnt Dowel Action (0-1) : 1 
Reinforcement Buckiing (04) : 1 
Elcmcnt Shain Histories (0-1) : 1 
Eluncnt Siip Distortions (04) : 1 
Gccrmctnc Nonlincarity (04) : 1 

STRUCTURE 
DATA a * * * * * * * * * + * * *  

Stnictipe Titlt (30 char. ri.iax) : DEROSE BEAM 
Structiae File Namt ( 8 char. max) : DRB 



No. of RC. Mamial "Qpcs 
No. a f S t e t l ~ T y p c s  
No. &Bond M&xîai Qpcs 
No. af Rectanguhr Elancnts 
No. of Triangular Elcmcnts 
No. Tnrss Bar Eicmuitc 
No. af Linkage Elunam 
No. of Contact Elcments 
No. of Joints 
No. OdRtstraints 

(A) REINFORCED CONCRETE 

-OTE:> TO BE USED IN RECTANGULAR AND TRlANGüLAR ELEMEWS ONLY 

I 

MAT Ns T Pc [fi Ec eO Mu Cc Agg][ Sx Sy j  
TYP # mm MPa MPa MPa me /C mm mm nim 

1 1 550 45.7 2.23 37200 2.46 0.15 O 20 O 0 
2 1 300 412 2.12 35300 233 0.15 O 20 0 0 
3 1 550 45.7 2.23 37200 2.46 0.15 O 20 0 O 
4 1 300 41.2 2.12 35300 2.33 0.15 O 20 O O 
5 1 550 45.7 2.23 37200 2.46 0.15 O 20 O 0 
6 1 300 41.2 2.12 35300 2.33 0.15 O 20 O 0 
7 1 530 45.7 2.23 37200 246 0.15 O 20 0 0 
8 O 550 0.1 2.23 2000 0.1 0.15 O 20 O O 
9 2 30 41.2 2.12 35300 2.33 0.15 O 20 O O 
/ 

MAT REF DIR As Db Fy Fu Es Esh esh Cs Dep 
TYP TYP deg % mm MPa MPa MPa MPa me IC me 

<NOTE:> TO BE USED FOR TRUSS ELEMENTS ONLY 
MAT REF AREA Db Fy Fu Es Esh esh Cs Dep 
TYP TYP mm2 mm MPa MPa MPa MPa me /C me 
1 1 4200 29.9 492 650 200000 2000 15.0 O W 
2 1 2500 253 490 68% 200000 3500 13.0 O W 
3 1 1400 30.0 492 650 200000 2000 15.0 O W 
4 1 4500 3.0 492 650 200000 2000 15.0 O O/ 
5 3 91.5 0.1 945 945 80300 80300 11.8 O W 
6 3 183 0.1 945 945 80300 80300 11.8 O W 



7 3 350 0.1 90 90 55ûû 3300 16.4 O O/ 
8 3 108.63 0.1 90 90 5500 5500 16.4 O O/ 
9 3 87.25 0.1 90 90 5500 5500 16.4 O O/ 
10 3 106.13 0.1 90 90 5300 5300 16.4 O O/ 
1 

(C) BOND - 
<NOTE:> TO BE USED FOR EXTERIOWINTERIOR BONDED .ET.EMENTS 
MAT REF [ Ao Urriax Sm Su ] [ CPF Cmia No. HOOK ] 
ïYP TYP mm"2 MPa mm mm 0-1 mm LYR 0/1 
1 3 5947.5 4.1 0.007 0.50 O O O 0 
2 3 7983.4 4.1 0.007 0.50 O O O 0 
3 3 5718.8 4.1 0.007 0.50 O O 0 0 
4 3 11895 4.1 0.007 0.50 O O O O 
5 3 15966.8 4.1 0.007 0.50 O O O 0 
6 3 11437.6 4.1 0.007 0.50 O O O 0 
7 3 50325 4.1 0.007 0.50 O O O 0 
8 3 19878.4 4.1 0.007 0.50 O O O 0 
9 3 19420.9 4.1 0.007 0.50 O O O 0 
/ 

EI.EMENT INCIDENCES 
+++*++81++1***+++8 

(A) REcrANGULAR ELEMEms 



676 401 443 446 004 4 i 31 
680 443 482 485 446 4 1 3 19 4 391 
7% 365 381 382 366 3 1 1 2 3 16/ 
762 397 437 440 3981 
763 398 44Q 441 399 2 1 1/ 
/ 

(B) TRIANGULAR ELEMENTS 

<<Ce< FORMAT >>>>> 
ELMTINC1 INQ [ ~ ~ d ( T N C ) ]  [ ~ d ~ d ~ C ) I /  
765 2 18 24 1 16 2 50 101 
789 386 404/ 
839 3% 434/ 
790 404 446 2 50 301 
791 446 485 2 50 301 
792 485 524 18 1 39 2 50 301 
810 1187 12241 
86û 1217 12341 
811 1224 1237 4 1 13 2 50 101 
865 289 290 15 1 l/ 
880 437 440/ 
881 440 441 2 1 II 
883 402 405 12 1 3 2 12 42/ 
907 483 486 12 1 3 19 12 391 
1135 403 445 13 20 31 
1136 445 484 13 20 3 19 1 391 
1 

@) LINKAGE ELEMENTS 

(E) CONTACï ELEMENTS 

««< FORMAT >>>w 
ELMTiNCIINC2INU INC4 [ELMïd(ELMT)d~C)] [ E L M T d ~ d ~ C )  1 
1395 401 402 404 405 12 1 3 2 I2 4U 
1419 482 483 485 486 12 1 3 19 12 39/ 
1647 401 403 443 4-43 13 20 3/ 
1648 443 445 482 4û4 19 139 13 20 3/ 
/ 

MATERIAL TYPE ASSIGNMENT 
*+++++8++1*11*+*++++++***1* 



676 8 O 4 1 20 4f 
756 9 O 3 1 3 31 
765 1 1 50 l/ 
815 2 1 50 l/ 
865 3 O 1s Y 
880 4 O 3 11 
883 5 O 12 1 2 2 W  
895 6 O 12 1 19 1Y 
1135 7 O 20 1 224û/ 
1155 8 O 20 11 
1175 9 O 20 1 9 201 
1355 10 O 20 ll 
1395 1 O 2 24û/ 
13% 2 O 10 1 2 2401 
1406 3 O 2 2401 
1407 4 O 19 12l 
1408 5 O 10 1 19 1W 
1418 6 O 19 l2l 
1647 7 O 20 1 2 2401 
1667 8 O 20 11 
1687 5 O 20 1 9 2W 
1867 9 O 20 1/ 
/ 

COORDINATES *********** 
aOTE:> UNïïS: in OR mm 
< < <  FORMAT >>>>> 
NODE X Y [ #NODES d(NODES) d(X) d(Y) ] [ #NODES d(NODES) d(X) d(Y) ] 1 
1 O O 4 16 118.75 W 
2 O 65 4 16 118.75 O 11 1 O 87.25/ 
13 O 1Oûû 4 16 118.75 O 4 1 O 1001 
65 475 O 21 16 91.25 O/ 
66 475 65 21 16 91.23 O 11 1 O 87.251 
77 475 1OOO 21 16 91.25 O 4 1 O 1001 
401 2400 O/ 
402 2400 O/ 
403 2400 01 
404 2400 65 11 3 O 87.251 
405 2400 65 11 3 O 87.251 
4û6 2400 65 11 3 O 87251 
437 2400 10001 
438 2400 10001 
439 2400 Io00 4 1 O 1001 
443 249L5 O 20 39 91.5 01 
444 2491.5 O 20 39 91.5 01 
445 2491.5 O 20 39 91.5 01 
446 2491.5 65 20 39 91.5 O 11 3 O 87.251 
447 2491.5 65 20 39 91.5 O 11 3 O 8731 
448 2491.5 65 20 39 915 O 11 3 O 87.25/ 
479 2491.5 1000 20 39 91.5 01 
480 2491.5 1000 20 39 91.5 01 
481 2491.5 10ûû 20 39 91.5 01 
1223 4325 O 5 13 118.75 01 
1î244325 65 5 13 118.75 O 11 1 O 87.29 
1235 4325 1OOO 5 13 118.75 01 



****************** 
<NOTEP CODE: 'O' FOR NOT R E ~ ~ U I N E D  NODES AND '1' FOR RESTRAINED ONES 
<Ce<< FORMAT >>>>> 
NODE X-RST Y-RST [ #NODE d(NODE) ] / 
65 O Y 
1223 1 l/ 
/ 

* * * * * * * * * * * * *  
L O A D  C A S E  * 

D A T A  a * * * * * * * * * * * * *  

LOAD CASE P- 
*******************C 

Structurt Titîe (30 char. max.) 
LoadCascTitle (30chat.max.) 
LoadCascFilcNamt (8char.max) 
No. ofloadad Joiats 
No. of Pmaibd Support Dispbccments 
No. of Eiemenîs with Twnperahae Loads 
No. of Elcmcnts with Concretc Remah 
No. of Elemu~ts with Inghss Pressurt 

: DeRose Beam 
: Disp (1.00mm) 
: DRB 
:O 
: 1 
:O 
: O 
: O 

JOINT LOADS 
C*********+ 

<NOTE:> UNITS: KIPS OR KN 
<<<« FORMAT >>>>> 

SUPPORT DISPLACEMENTS 
8*****+*i************ 

am:> UNiTS: MM OR IN 
<<cc< FORMAT >>w>> 
JNT DOF DISPL [ #MT d o  ) / 
400 2 -1.001 
1 

TEMPERATURE LOADS 
~*+****+********** 

<NOTE:> IJNiTS: FOR C 
<<CC< FORMAT >>>>> 
E L ~ T  'l"- r - d m M " n  d W ) I  r - d(ELMT) w='m 1 
/ 

INûRESS PRESSURES 



* L O A D  CASE 
* DATA * * * * * * * * * * * * *  

LOAD CASE PARAMETERS ******************** 

Stnicture Ti* (30 char. max) 
rlwa Ose Titk (30 char. EUX) 
~ C a s t F i e N a m t  ( 8 c h a r . 1 ~ ~ )  
No. of Loaded Joints 
No. ofPr+scri i  Support Displaccrncnts 
No. of Elemcnîs with Temperature Loads 
No. ofE1emc.n~ with Concrctc Prcstrain 
No. of Elcmcnts with Ingrtss Rtsmm 

JOINT LOADS *********** 

SUPFORT DISPLACEMENTS 
*********4*********+$ 

CONCREIE PRESTRAINS 

<NOTE:> UNrrs: rnt 
«<c<< FORMAT >»> 
ELMI" - r - WLM'n 1 [ - d(ELMT) 1 
1 4.4 675 I O/ 
/ 

INGRESS PRESSURES 



-remirecî berm: (The load and shrinkage fites are the same as those for the control 
bearn.) 

* * * + * * + * + * * +  
V E C T O R  * 

J O B  D A T A  * * * * * * + * * * * *  

Job Titk (30 char. max) : DEROSE BEAM (CFRP) 
Job File Name ( 8 char. mu) : DRBC 
Date (30 char. max) : APR 2,2001 

s-Typc : 2 
Fi Name ( 8 char. max.) : DRBC 

LOADING DATA 

No. afM Stages : 269 
Starting Lad Stage No. : 1 
trwA Series ID ( 5 char. max) : DRBC 

L a d  File Namc Factors 
Case (8 char. maxJ Initial Finai LS-Inc Type Reps C-hc 

1 DRB 6.000 140.000 0.500 1 1 0.000 
2SHRINK 1.000 1.000 0.000 1 1 0.000 
3 NULL 0.000 40.000 0.500 1 1 0.000 

Seed File Name (8 char. max) : D R . 1 3  
Comwgemc Limit (factor > 1.0) : 1.00001 
AvwagingFactor (0.0to 1.0) : 0.40 
Maximum No. of Itcrations : 100 
Canvcrgcnct Criteria : 1 
w t s  Fies : 2 
Output Format : 1 

MATERIAL BEHAVIOUR MODELS 

Conacte Compression Base Curve (0-3) : 1 
Concrett Compression Post-Peak (0-3) : 1 
Collcrcte Compression Softening (0-8) : 1 
Conacte Tension Stinening (0-3) : 1 
Conacte Tauion SoAening (0-3) : 1 
Co~lclcte Tcasion Spiiüing (0-1) : 1 
Conchté Confined Smgth (0-2) : 1 
ConntteDibmion (0-1) : 1 
Concrttt aadgngcrikzion (0-4) : 1 
Conatte Cradr Slip Check (0-2) : 1 
ConCretc CACk Widlh Ch& (0-2) : O 
Concnte Bond or Adheion (0-3) : 1 
CoIlcreteHysteresis (0-2) : 1 
Reinforcancnt Hysteresis (0-3) : I 
RUnforcerncnî Dowel Action (0-1) : 1 



* * * * * * * * * * * * +  
S T R U C T U R E  
DATA O * * * + * + * * * + + + *  

S t n x û m  TiUe (30 char. max) : DEROSE BEAM 
S t .  File Name ( 8 char. mam) : DRBC 
No. ofRC. hhmiai Types : 9 
No. o f S t b C i ~ T y p t s  : 10 
No. af Bond Mamiai Types : 9 
No. of Rtaaagular Elanents : 764 
No- of Triangular Elements : O 
No. of T m  Bar Elcmcnts : 630 
No. of Linkage Elcmcnts : O 
No. of Contact Elements : 512 
No. of Joints : 1287 
No. ofRsûah& : 3 

MATERIAL SPECIFICATIONS *********************** 

(A) REiNFORCED CONCRETE 

+IOTE:> TO BE USED IN RECï'ANGüLAR AND TRIANGULAR EïEMENTS ONLY 

CONCRETE - 
MAT Ns T Pc [fi Ec cû Mu Cc Aggj[ Sx Sy] 
'fYP # mm MPa MPa MPa me /C mm mm mm 
1 1 550 45.7 2.23 37200 2.46 0.15 O 20 O O 
2 1 300 41.2 2-12 35300 2 3 3  0.15 O 20 O O 
3 1 550 45.7 2.23 37200 2 4 6  0.15 O 20 O O 
4 1 300 41.2 2.12 35300 2.33 0.15 O 20 O O 
5 1 550 45.7 2.23 37200 2.46 0.15 O 20 O O 
6 1 300 41.2 2.12 35300 2.33 0.15 O 20 O O 
7 1 550 45.7 2.23 37200 2.46 0.15 O 20 O O 
8 O 550 0.1 2.23 2000 0.1 0.15 O 20 O O 
9 2 30 41.2 2.12 35300 2.33 0.15 O 20 O O 
/ 

MAT REF DIR As Db Fy Fu Es Esh esh Cs Dep 
TYPTYPdeg % mm MPaMPa MPa MPa me /C me 
1 1 90 0.1836 9.5 507 778 200000 6000 10.0 O O 
2 1 90 0.118% 9.5 507 778 200000 6 0 0  10.0 O O 
3  1 90 0.2ûl 9.5 507 778 200000 6000 10.0 O O 
4 1 90 0. US8 9.5 507 778 200000 6000 10.0 O O 
5 1 90 0.223 9.5 507 778 200000 6000 10.0 O O 



- 
<NOTE:> TO BE USED FOR TRUSS ELEMENTS ONLY 
MAT REF AREA Db Fy Fu Es Esh esh Cs Dep 
TYP TYP mm2 mm MPa MPa MPa MPa me /C me 
1 1 4200 29.9 492 650 200000 2000 15.0 O O/ 
2 1 2500 25.2 490 688 200000 3500 13.0 O 01 
3 1 1400 30.0 492 650 200000 2000 15.0 O 01 
4 1 4500 3.0 492 650 200000 2000 15.0 O O/ 
5 3 91.5 0.1 945 945 80300 8 0 3 0 0  11.8 O O/ 
6 3 183 0.1 945 945 80300 80300 11.8 O O/ 
7 3 550 0.1 90 90 5HN) 5500 16.4 O O1 
8 3 108.63 0.1 90 90 5500 5500 16.4 O 01 
9 3 87.25 0.1 90 90 5500 5500 16.4 O O/ 
10 3 106.13 0.1 90 90 5500 5500 16.4 O 01 
1 

(0 m N D  - 
WOTE:> TO BE USED FOR EXTERIOWINTERIOR BONDED ELEMENTS 
MAT REF [ A0 Umax Sm SU J [ CPF Cmin No. HOOK ] 
TYP TYP m e 2  MPa mm mm 0-1 mm LYR 011 
1 3 5947.5 4.1 0.007 0.50 O O O 0 
2 3 7983.4 4.1 0.007 0.50 O O 0 0 
3 3 5718.8 4.1 0.007 0.50 O O 0 0 
4 3 11895 4.1 0.007 0.50 O O O 0 
5 3 15966.8 4.1 0.007 0.50 O O O O 
6 3 11437.6 4.1 0.007 0.50 O O 0 0 
7 3 50325 4.1 0.007 0.50 O O 0 0 
8 3 19878.4 4.1 0.007 0.50 O O O O 
9 3 19420.9 4.1 0.007 0.50 O O O O 
/ 

ELEMENT INCIDENCES 
1***************** 

(A) RECTANGULAR ELEMENTS 



334 398 440 441 399 2 1 11 
376 401 443 446 404 12 1 31 
3W 443 482 485 446 12 1 3 19 12 39/ 
616 Ilû4 1223 1224 Ilal/ 
617 1187 1224 1225 119W 
618 1190 1225 1226 11931 
619 1193 1226 1227 Il%/ 
620 11% 1227 1228 1 l99/ 
621 1199 1228 1229 1202f 
622 1202 1229 1230 12051 
623 1205 1230 123 1 120W 
624 1208 123 1 1232 1211/ 
625 121 1 1232 1233 12 141 
626 1214 1233 1234 12171 
627 1217 1234 1235 1220/ 
628 1223 1236 1237 1224 12 1 1 4 12 13/ 
676 4û1 443 446 404 4 1 3/ 
680 443 482 485 446 4 1 3 19 4 391 
7% 365 381 382 366 3 1 1 2 3 16/ 
762 397 437 440 39W 
763 398 440 441 399 2 1 1/ 
/ 

(B) TRIANGULAR ELEMENTS 

<<<<< FORMAT >>>>> 
ELMTINClINCZIN(3 [ E L M T d ~ d ( I N C ) ] [ ~ d ~ d ( I N C ) ] /  
1 

(C) TRUSS ELEMENTS 



1393 401 402 404 105 12 L 3 2 12 42! 
1419 482 483 485 486 12 1 3 19 12 39/ 
1647 401 433 443 445 13 20 3/ 
164% 443 445 482 484 19 1 39 13 20 3/ 
/ 

MATEEUAL TYPE ASSIGNMENT *+********************** 

13 2 1 3 1 17 15/ 
256 3 1 12 1 4 15/ 
268 4 1 3 1 4 15/ 
3165 1 12 1 4 151 
328 6 1 3 1 4 15/ 
376 7 1 12 1 25 121 
676 8 1 4 1 20 4/ 
756 9 1 3 1 3 3/ 
765 1 1 50 l/ 
815 2 1 50 l/ 
865 3 1 15 l/ 
W 4 1  31/ 
883 5 1 12 1 2 2401 
895 6 1 12 1 19 12/ 
1135 7 O 20 1 2 240/ 
1155 8 O 20 1/ 
1175 9 O 20 1 9 20/ 
1355 10 O 20 U 
1395 1 1 2 24W 
13% 2 1 10 1 2 240/ 
1406 3 1 2 240/ 
1407 4 1 19 lu 
1408 5 1 10 1 19 lu 
1418 6 1 19 12/ 
1647 7 O 20 1 2 240/ 
1667 8 O 20 11 
1687 5 O 20 1 9 20/ 
1867 9 O 20 If 
1 

COORDINATES *+********* 
<NOTE:> UNITS: in OR mm 
<<<<< FORMAT >>>>> 
NODE X Y [ UNODES d(N0DES) d(X) d(Y) ] [ #NODES d(N0DES) d o  d(Y) ] / 
1 O O 4 16 118.75 W 
2 O 65 4 16 118.75 O 11 1 O 87.251 
13 O 1ûûO 4 16 118.75 O 4 1 O 100/ 
65 475 O 21 16 91.25 O/ 
66 475 65 21 16 91.25 O 11 1 O 87.23/ 
77 475 1OOO 21 16 91.23 O 4 1 O 100/ 
401 2400 O/ 
402 2400 O/ 
403 2400 O/ 
404 2400 65 11 3 O 87.25/ 
405 2400 65 11 3 O 87Z/ 
406 2400 65 11 3 O 87î9 
437 2400 1000/ 



SUPPORT RESTRAINTS ***+************** 
<NOTE:> CODE: 'O' FOR NûT RESTRAïED NODES AND '1' FOR RES- ONES 
<<<<< FORMAT >>>>> 
NODE XIRST Y-RST [ #NODE d(N0DE) J / 
65 O Y 
1223 1 il 
/ 

* $ * 8 1 + + 0 1 * 1 *  

+  VECTOR 
JOB D A T A *  * * * * * * * * + * * *  

Job TiUc (30 char. max) : RWOA1 
Job Fik Name ( 8 char. max) : RWOA1 
Dak (30 char. max) : Apr 25,2001 

STRUCïWRE DATA 

s-?LPt : 2 
File Namc ( 8 char. max) : RWOA1 

LOADING DATA 

No. afload Stages : 201 
Starting Laxi Stagc No. : 1 
IAiadSerie~ID(5char~ma~) :COAI 

b a d  FikNamt Facto= 
Case (8 char- max) initiai Finat LS-Inc Type Reps C-Inc 

1 RWOAl 0.000 40.000 0.200 1 1 1,000 
2NUllL 0.000 0.000 1.000 2 1 0.000 
3 m  0.000 40.000 0300 1 1 0.000 



SeedFiltNamt ( 8 c h a r . 1 ~ ~ ~ )  :NULL 
Convcrgcrr# timit (fhctor > 1.0) : 1 . 0 1 0  
Avttaging Faaor ( 0.0 to 1.0 ) : 0.20 
h4aximum No. af Itcraiions : 150 
ComrgcnœCnteria : 1 
Resuits Files : 2 
Output Format : 1 

MATERIAL BEHAVIOUR MODELS 

Concrdt Compression Base Curve (0-3) : 1 
Concrttt Compression Post-Peak (0-3) : 1 
Concrctt Compression Sofkning (0-8) : 1 
Comte T ' o n  Stiffeaing (0-3) : 1 
Conme& T d o n  SoAcning (0-3) : 1 
Comctc Tension Splitting (0-1) : 1 
Concrcte Confined Sbrngth (0-2) : 1 
Conmete Dilatation (0-1) : 1 
Coacrttt CractQng Crikrion (0-4) : 1 
CollCrCfE ûack slip Check (0-2) : 1 
Concnte Crack Width Check (0-2) : 1 
C~ILC~C~C Bond or Adhesion (04) : 1 
CO~HystcZESiS (0-2) : 1 
Rtiaforœmtnt Kyste& (03) : 1 
Rcinforccmcnt Dowel Action (0-1) : 1 
Rcinforccmcnt Buckling (0-1) : 1 
Elcmcnt Sûain Histories (0-1) : 1 
Elemcnt Slip Distortions (0-4) : 1 
Geomctric Nonlinearity (0-1) : 1 

STRUCTURE 
D A T A  * * * * * * * * * * * * *  

Stmctm TEtlt (30 char. max) 
Süucturc Fïk Name ( 8 char. max) 
No. of RC. Maîcrial Types 
No. of Steel Miwid Types 
No. af Bond Maîeriai Types 
No. af Rectanguiar Elements 
No. af Trianguiar Elements 
No. of T~ISS Elements 
No. ofLinkageElements 
No. a€Contact Ziements 
No. of Joints 
No. of Restraints 

: RWOAl beam 
: RWOAI 
: 4 
: 5 
: 4 
: 518 
: O 
: 506 
: O 
: 420 
: 1030 
: 15 



aOTE:> TO BE USED IN RECYANGULAR AND TRLWGULAR ELEMENTS ONLY 

CON- 

MATNs T fc [Pt Ec cû M u  Cc Agg][Sx Sy] 
TYP# mm MPa MPaMPa mc IC mm mm mm 

1 O 305 22.6 1.57 26000 2.00 0.15 O 10 0.0 0.0 
2 1 305 22.6 1.57 26000 2.00 0.15 O 10 0.0 0.0 
3 1 303 22.6 1.57 26000 200 0.15 O 10 0.0 0.0 
4 1 305 1.0 1.0 500 4.00 0.15 O 10 0.0 0.0 

/ 
REINFORCEMENT COMPONENTS 

MAT SRF DR As Db Fy Fu Es Esh esh Cs Dep 
TYPTYPdcg% mmMPaMPa MPa MPa mt /C mt 
2 1400. 2.3 6.0 400 600 200000 2000 5 O O 
3 1400. 5.0 6.0 400 600 200000 2000 5 O O 
4 1400. 10.0 6.0 400 600 200000 2000 5 O O 
/ 

@) STEEL - 
<NOTE:> TO BE USED FOR TRUSS ET.EMENTS ONLY 
MAT REF AREA Db Fy Fu Es Esh csh Cs Dep 
TYP ?"YP mm2 mni MPa MPa MPa MPa me lC me 
1 1 1400 29.9 436 700 200000 5000 8.0 O O 
2 1 Io00 25.2 440 680 200000 7300 7.0 O O 

a m > m  BE 
MAT REF [ Ao 

: 1 
Umax Sm Su ( CFF hnin No. HOOK ] 

TYP TYP k ~ 2  MPa mm mm 0-1 mm LYR 011 
1 3 1517 2.85 0.005 0.50 O O 1 O 
2 3 2612.7 285 0.005 0.50 O O 1 O 
3 3 3034 2.85 0.005 0.50 O O 1 O 
4 3 5225.4 2-85 0.005 0.50 O O 1 O 
1 

ELEMENT INCIDENCES +***+******+***+** 

(A) RECTANGULAR ELEMENTS 



965 197 199 12 1 2 5 12 156/ 
/ 

@) LINKAGE ELEMENTS 



1037 92 93 94 95 12 1 2 6 60 136( 
1049 118 119 120 121 12 1 2 6 60 156/ 
1061 144 145 146 147 12 1 2 6 60 156/ 
1073 170 171 172 173 12 1 2 6 60 156/ 
1385 1% 197 198 199 12 1 2 5 12 156/ 
/ 

MATERIAL TYPE ASSIGNMENT ******+***************** 
< < <  FORMAT >>>>> 
ELMï MAT ACï [ ~ ~ ] [ # E L P U î T d ~ ] I  

2 1 1 42 1 5 431 
1 2  1 543/ 

216 1 1 43 t S 431 
431 1 1 39 1 2 431 
468 2 1 6 1/  
511 2 1 2 1/ 
513 3 1 4 1/  
517 4 1 2 1/ 



****************** 
<NOTE:> CODE: 'O' FOR NOT RESilWBED NODES AND '1' FOR RESTRAINED ONES 
««< FORMAT »»> 
NODE =RST Y-RST [ #NODE (YNODE) 1 
66 O 1/ 

1015 10 13 11 
1030 1 W 
/ 

* * * * * * * * * * * * *  
L O A D  CASE 

D A T A  * * * * * * * + * * * * * *  

LOAD CASE PARAMETERS ******************** 

StnictuIt Ti& (30 char. mm) 
rrwd Case T'ide (30 char. max) 
Load Casc Fik Namt (8 char. max) 
No. of Loaded Joints 
No. of Pracmîed Support Displaaments 
No. of EIcmmt-c with Tcmperahirt Lods 
No. of EIemcnîs with Concrete nestrain 
No. of Elcmt~lts with Ingres Pressure 

JOINT LOADS *****+***** 
<NOTE:> UNITS: KTPS ORKN 
<<<<< FORMAT >>>>> 
NODE Fx Fy [ M D E  d(N0DE) d(Fx) d(Fy) ] / 
/ 

SUPPORT DISPLACEMENTS ******************+++ 
<NOTE:> UNITS: MM OR IN 
<«< FORMAT >>>>> 
JNT DOF DISPL [ #MT d(JNI*) ] / 
1014 2 -1.0 1 
1 

TEMPERATURE LOADS 
*******C********* 

<NOTE:> m: FOR C 
<<<<< FORMAT >>>>> 
ELMT TEMP ( #fEDfï' d m  d m )  1 [ EïMi' d m  d m )  1 
1 

******************* 
<NOTE:> UNIcrS: me 
<<<<< FORMAT >>>>> 
ELM'ï' sTRAIN [ #ELhfT d m  d ( S m  1 [ #ELbfï' d 0  d ( S m  1 1 
/ 

INûRESS PRESSURES ***************** 
am:> m: MPa 
<<<<< FORMAT >>>>> 



* * * * * * * * * * * *  
V E C T O R  

J O B  D A T A  * * * * * * * * * * * *  

Job Titlt (30 char. ma;rc) : RWOA2 
Job Fik Namt ( 8 char. max) : RWOA2 
Date (30 char. max) : Apr 25,200 I 

STRUCiWRE DATA 

s-Typc : 2 
Fite Name ( 8 char. max.) : RWOA2 

LOADING DATA 

No. uf Load Stages : 226 
Starhg Load Stage No. : 1 
L d S c r i c s I D ( 5 c f i a r . ~ )  :COA2 

Load File Name Factors 
Case (8 char. max) Initiai Finai LS-Icic Type Reps C-Inc 

1 RWOA2 0.000 45.000 0.200 1 1 1.000 
2NULL 0.000 0.000 1.000 2 1 0.000 
3 N U L  0.000 40.000 0.500 1 1 0.000 

Setd FiIt Name (8 char. max) :NULL 
Cornmgencc Lirnit (fictor > 1.0) : 1.000010 
Averaging Factor ( 0.0 to 1.0 ) : 0.20 
Margmum No. of Iterations : 150 
Comnrgenœ Cxiteria : 1 
Rcsutts Fies : 2 
Output Fonnak : 1 

MATERIAL BEHAVIOUR MODELS 
--  - - - -  

Concret~ Compression Base C m  (013) : 1 
Conaat Compression Post-Peak (0-3) : 1 
Co- Compression SoAening (0-8) : 1 
Con~rett Tension Stinening (0-3) : 1 
Co- Tension SaAening (0-3) : 1 
Concreîc Tension SpMng (0-1) : 1 
Conmk Contined Strength (0-2) : i 
c o n c r c t t ~ o n  (0-1) : 1 
Concrete Cracking Criterion (04) : 1 
CoIlQCtt(IrackSIipcheck (0-2) : 1 



* * * * * * * * * * * * *  
STRUCTURE 

D A T A  
* * * * * i * + * + C * +  

STRUCTURAL PARAMETERS ******************+** 

S~nichirt Title (30 cbar. max) 
Sûucturc File Namt ( 8 char. xnax.) 
No. of RC. Mataial Qpes 
No. a f S W  Mataial Types 
No. afRondMatcrial'C)pes 
No. of Redanph  Elanents 
No. of Trianguiar Elements 
No. a€Tnrss Elcmcnts 
No. af Linkagc Eltmeats 
No. of Contact Elements 
No. of Joints 
No. af Rcstra& 

(A) REINFORCED CON- 

CON- - 
MAT Ns T fc [h Ec eO Mu Cc A g ] [  Sx Sy] 
TYP # mm MPa MPa MPa me /C mm mm mm 
1 O 305 25.9 1-68 28000 2.00 0.15 O 10 0.0 0.0 
2 1 305 25.9 1.68 28000 2.00 0.15 O 10 0.0 0.0 
3 1 305 25.9 1.68 28000 2.00 0.15 O 10 0.0 0.0 
4 1 305 1.0 1.0 500 4.00 0.15 O 10 0.0 0.0 

/ 
FtEINFORCIEMENT COMPONENTS 

MAT SRF DR As Db Fy Fu Es Esh esh Cs Dep 
TYPTYP deg % mm MPa MPa MPa MFâ me /C me 
2 1 400. 2.5 6.0 400 600 200000 2000 5 O O 
3 1 400.5.0 6.0 400 600 200000 2000 5 O O 
4 1 400.10.0 6.0 400 600 2- 2000 S O O 
/ 

( ' 1  STEEL 



<NOTE:> TO BE USED FOR TRUSS ELEMENTS ONLY 
MAT REF AREA Db Fy Fu Es Esh esh Cs Dep 
TYPTYP m m 2 m m M P a M P a M P a M P a m t / C m c  
1 1 1400 29.9 436 700 200000 5000 8.0 O O 
2 1 700 29.9 436 700 200000 5000 8.0 O O 
3 1 1OOO 25.2 445 615 200000 5000 12.5 O O 
4 3 47.6 0.1 1090 1090 99520 99520 11.0 O O 
5 3 952 0.1 1090 1090 99520 99520 11.0 O O 
6 1 0.01 1 10 10200000 2000 5 O 0  
/ 

(Cl BOND 

am:> TO BE USED FOR EXïEFüOWINTERfOR BONDED ELEMENTS 
MAT REF [ Ao Umax Sm Su [ CPF Cmin No. HOOK ) 
W P  TYP mmA2 MPa mm mm 0-1 mm LYR 0/1 
1 3 1500 3.05 0.005 0.50 O O 1 O 
2 3 382.3 3.05 0.005 0.50 O O 1 O 
3 3 3000 3.05 0.005 0.50 O O 1 O 
4 3 5164.6 3.05 0.005 0.50 O O 1 O 
/ 

ELEMENT INCIDENCES ***++*****+******* 

(A) RECTANGULAR ELEMENTS 



1 
(B) TRIANGüLAR EEMENTS 

1278 171 173 12 1 2 7 12 156/ 
/ 

@) LINKAGE ELEMENTS 

< < <  FORMAT >>>> 
ELMTINClINCÎINQiNC4 [ E I M ï d @ L M T ) d ~ C ) ]  [ ~ d ~ d ( I N C ) ]  
1362 40 41 42 43 12 1 2 8 60 1561 
1374 66 67 68 69 12 1 2 8 60 1561 
13%6 92 93 94 95 12 1 2 8 60 156/ 
1398 118 II9 120 121 12 1 2 8 60 1561 
1410 144 145 146 147 12 1 2 8 60 156/ 
1842 170 171 I f 2  173 12 1 2 7 12 IS6/ 
/ 

MATERrAL TYPE AS SI^ 
***+****++**+4+*1+*****4 

< « <  FORMAT >>>>> 
ELBAT MAT ACT [ #ELMT d(ELMT)] [ #ELMI' d(ELMT) ] / 

1 2 1 5 531 
2 1 1 52 1 5 531 

266 1 1 53 1 5 531 
531 1 1 47 1 2 53/ 
578 2 1 6 1/ 
631 2 1 2 lf 
633 3 1 4 if 
637 4 1 2 if 



1842 4 1 12 1 7 lu 
1 

COORDINATES ***+******* 

5 O 126 3 13 56 O 9 1 O 54.25/ 
40 168 O 2 26 56 O 4 2 O 31.51 
41 168 O 2 26 56 O 4 2 O 31.51 
48 168 126 2 26 Sb O 9 2 O 54.251 
49 168 126 2 26 56 O 9 2 O 54.251 
92 280 O 45 26 47.6 O 4 2 O 3 1 3  
93 28û O 45 26 47.6 O 4 2 O 31.9 
100 280 126 45 26 47.6 O 9 2 O 54.251 
101 280 126 45 26 47.6 O 9 2 O 54.251 
1262 2422 O 4 13 47.6 O 4 I O 3 1 .SI 
1266 2422 126 4 13 47.6 O 9 1 O 54.251 
1314 2469.6 585 3 1 47.6 W 
1 

SUPPORT RESTRAINTS +*******+*****+*** 
<NOTE:> CODE: 'O' FOR NOT RESTiWNED NODES A 
< < <  FORMAT >»» 
NODE X-RST YIRST [ #NODE d(N0DE) j / 

92 O Y 
1301 1 O 13 l/ 
1316 1 W 
/ 

rND '1' FOR RESTRAINED (S 



L O A D  C A S E  
D A T A  a * * * * * * * * * * * * *  

LOAD CASE PARAMETERS .................... 

Stnicturt Ti& (30 char. max) 
Load Case Titlc (30 char. m) 
Lad Case File Namc (8 char. max) 
No. a -  Loaded Joints 
No. dPmmibcd Support Displaccrncnts 
No. a€ Elcmcnts with Temperature Loads 
No. afEluacnts with Concretc h s b a h  
No. ofElcmcnîs with Ingres Fressure 

JOINT LOADS *********** 
-OTE:> UNITS: KIPS ORKN 
<<<<< FORMAT >>>>> 
NoDE Fx Fy [ #NODE d(NOIDE) d(Fx) d(Fy) ] 1  
/ 

SUPPORT DISPLACEMENTS ********+**********$+ 
<NOTE:> UNITS: MM OR IN 
<<<<< FORMAT >>>>> 
MT DOF DISPL [ #MT d(MT) J 1  
1300 2 -1.0 1  
/ 

TEMPERATURE LOADS ***************** 
<NOTE:> W S :  FOR C 
<«< FORMAT >>>>> 
ELJm' T"MP [ # E . = L M T d m d m w l I - d ~ d ~ ) l /  
1  

CONCRETE PRESTRAINS 

INGRESS PRESSURES 



* * * * * ~ * * * * * *  
VECTOR 

J O B  D A T A  * * * * + * * * * * * *  

Job TiUc (30 char. =) : RWOA3 
Job File Namt ( 8 char. m) : RWOA3 
Date (30 char. max) : Apr 25,2001 

STRUCTURE DATA 

s-crLpe : 2 
Filc Namt ( 8 char. max.) : RWOA3 

LOADING DATA 

No. afLoad Stagcs : 171 
Starting Load Stage No. : 1 
Lad Series ID ( 5 char. max) : COA3 

Load File Name Factors 
Case (8 char. max) Initial F i  LS-Inc Type Reps C-Inc 

1 RWOA3 0.000 85.000 0.500 1 1 1,000 
Z N U L L  0.000 0.000 1.000 2 1 0,000 
3 NULL 0.000 40.000 0.500 1 1 0.000 

ANALYSIS PARAMETERS 

Seed File Namc (8 char. mx) :NULL 
Cornmgencc Limit (factor > 1 .O) : 1.000010 
Avcraging Factor ( 0.0 to 1.0 ) : 0.20 
Maximum No. o f  Iterations : 150 
Convergcncc Citeria : 1 
Rcsuits Files : 2 
Output Format : 1 

MATERlAL BEHAVIOUR MODELS 

Co- Compression Base C m  (0-3) : 1 
Concrcte Camprcssion Post-Peak (0-3) : 1 
Concrete Compression Softening (0-8) : 1 
Concrete Tension StiEening (0-3) : 1 
Concretc Tension SoAening (0-3) : 1 
Concrctt Tension Spiitting (04)  : 1 
Concrete Can6ned Strength (0-2) : 1 
Concrete Dilatation (0-1) : 1 
Concrcte ûadring Critericm (0-4) : 1 
C o ~ C r a c k S l i p C h e c i r  (0-2) : 1 
CoacrdeCrackwidth- (012):l 
Conaac Bond or Adhcsion (04) : 1 
ConcretcHysteresis (0-2) : 1 
Reintorcammt HysteresS (0-3) : 1 
W o r c m i m t  Dowel Action (0-1) : 1 



-tBBudcling (04): 1 
Elaunt Strain Histories (0-1) : 1 
Elcmlnt Slip Distortions (0-4) : 1 
Geomctric Noniincrrrity (0-1) : 1 

* * * * * * * * * * * * *  
S T R U C T U R E  * 

D A T A  * * * * + * * * * * * * *  

Saucbae Title (30 char. max) 
Stnicturit File Name ( 8 char. max) 
No. of RC. Matcriaf Typcs 
No. of Sttcl Mattrjaf Types 
No. of Bond Mattrial Types 
No. of Rcaangular Elements 
No. of Trianguiar EIcmtllts 
No, of Tniss Elemenb 
No. of linkagc Elements 
No. ct€ Contact Elements 
No. of Joints 
No. OfRestraints 

(A) REINFORCED CONCRETE 

TO BE USED N RECTANGLJLAR AND TRIANGüLAR ELEMENTS ONLY 

- 
MAT Ns T fc [ f t  Ec CO Mu Cc Am][ Sx Sy) 
TYP # mm MPa MPa MPa me /C mm mm mm 

1 O 305 43.5 2.18 36000 2.00 0.15 O 10 0.0 0.0 
2 1 305 43.5 2.18 36000 2.00 0.15 O IO 0.0 0.0 
3 1 305 43.5 2.18 36000 2.00 0.15 O 10 0.0 0.0 
4 1 305 1.0 1.0 500 4.00 0.15 O 10 0.0 0.0 

/ 
REINFORCIEMENT COMPONENTS 

MAT SRF DIR As Db Fy Fu Es Esh csh Cs Dep 
TYPTYP deg % mm MPa MPa MPa MPa me IC me 
2 1 400 2.5 6 400 600 200000 2000 5 O O 
3 1 400 5.0 6 400 600 200000 2000 5 O O 
4 1 400 10. 6 400 600 200000 2000 5 O O 
/ 

@) S m  

<NOTE:> TO BE USED FOR TRUSS ELEMENTS ONLY 
MAT REF AREA Db Fy Fu Es Esh esh Cs Dep 
'lYP TYP mm2 mm MPa MPa MFa MPa me IC me 



f 1 2100 29.9 436 700 200000 5000 %.O O O 
2 I 1OOO 252 440 680 200000 7500 7.0 O O 
3 1 700 29.9 436 700 200000 5000 8.0 O O 
4 3 50 0.1 1090 1090 99520 99520 11.0 O O 
5 3 100 0.1 1090 1090 99520 99520 11.0 O O 
1 

(Cl BOND - 
<NOTE:> TO BE USED FOR EXTERIOWINTERIOR BONDED J X E M E N T S  
MAT REF [ Ao Umax Sm Su ] [ B F  Cmin No. HOOK ] 
'WP TYP mm"2 MPa mm & 0-1 mm LYR 0/1 
1 3 3250 3.5 0.006 0.50 O O 1 O 
2 3 2715 3.50.0060.50 O O 1 O 
3 3 6500 3.5 0.006 0.50 O O 1 O 
4 3 5430 3.5 0.006 0.50 O O 1 O 
/ 

ELEMENT INCIDENCES 
**********+*L***** 

(A) REcrANGULAR ET,EMENTS 

««< FORMAT >>>>> 
E L ~ I N C ~ ~ ~ ~ ~ I N C ~  [ ~ M T ~ O ~ ( L P  

1 1 5 6 2 3 1 Y  
4 5 16 17 6 3 1 1 1  1068 11 
7 38 60 61 39 4 1 22 10 68 Y 
11 126 137 138 127 10 68 11 
12 137 159 160 138 5 1 22 10 68 U 
17 247 258 259 248 10 68 11 
18 25û 280 281 259 5 1 22 10 68 ll 
23 368 379 380 369 10 68 1/ 
24 379 401 402 380 5 1 22 10 68 l/ 
29 489 500 501 490 10 68 11 
30 500 522 523 501 5 1 22 10 68 ll 
35 610 621 622 611 IO 68 11 
36 621 643 644 622 5 1 22 10 68 1/ 
41 731 742 743 732 10 68 11 
42 742 764 765 743 5 1 22 10 68 U 
47 852 863 864 853 10 68 11 
48 863 885 886 864 5 1 22 10 68 U 
53 973 984 985 974 10 68 1/ 
54 984 1006 1007 !B5 5 1 22 10 68 11 
59 1094 1105 1106 1095 10 68 11 
60 1105 1127 1128 1106 5 1 22 10 68 11 
65 1215 1226 1227 1216 10 68 11 
66 1226 1248 1249 1227 5 1 22 10 68 11 
71 1336 1347 1348 1337 10 68 11 

1 
(B)TLUANGULAR-S 

<<<<< FORMAT >>>>> 
ELMT INCl INC2 NC3 [ E L l W  d o  d(INC)] [ #ELMI' d@LMT) d o  ) / 
1 

(C) TRUSS ELEFInENTS 



684 2 6 2 6 9 V  
822 3 71 
685 6 17 3 111 2 69 ll 
823 7 18 3 1 lli 
688 39 61 4 122 2 69 l/ 
826 40 62 4 1 W 
692 127 138 2 69 1/ 
830 128 1391 
693 138 160 5 122 2 69 V 
831 U9 161 5 1 W 
698 248 259 2 69 11 
836 249 2601 
699 Z928l  5 122 2 69 l/ 
837 260 282 5 122/ 
704 369 380 2 69 1/ 
û42 370 381/ 
705 380402 5 122 2 69 l/ 
843 381403 5 1 W 
710 490 501 2 69 1/ 
848 491 SOU 
711 501523 5 122 2 69 l/ 
849 502 524 5 1 W 
716 611 622 2 69 11 
854 612 623/ 
717 622644 5 122 2 69 ll 
855 623 645 5 1 W 
722 732 743 2 69 1/ 
860 733 7441 
723 743 765 5 1 22 2 69 1/ 
861 744 766 5 1 22/ 
728 853 864 2 69 11 
866 854 8651 
729 864 886 5 1 22 2 69 l l  
867 865 887 5 122/ 
734 974 985 2 69 1/ 
872 975 986/ 
735 9%SlOO75 122 2 69 11 
873 986 IO08 5 1 W 
740 1095 1106 2 69 11 
878 1096 1107/ 
741 1106 11285 122 2 69 1/ 
879 1107 1129 5 1 221 
746 1216 1227 2 69 l/ 
884 1217 12281 
747 1227 1249 5 1 22 2 69 V 
885 1228 1250 5 1 W 
752 1337 1348 2 69 ll 
890 1338 13491 



- -  - - -  

<<<<< FORMAT >>>> 
ELMï INCl INC2 INC3 INCL) [ ELMï d@bfT) d(INC) ] [ #ELMT d o  d m )  ] 
1431 38 49 39 50 10 1 1 4  10 221 
1471 137 148 138 149 10 1 1 10 50 1211 
1481 159 170 160 171 10 1 1 10 50 12V 
1491 181 192 182 193 10 1 1 10 50 121/ 
1501 203 214 204 215 10 1 1 10 50 12U 
151 1 225 236 226 237 10 1 1 10 50 12Y 
/ 

MATERIAL TYPE ASSf GNMENT 
Il********************** 

<<<<< F O M T  >»» 
EiMï MAT ACT [ELMT-] [ E L M ï d o ] l  

1 2 1  3 l l  
4 1 1 68 1 8 68/ 

548 1 1 62 1 2 68/ 
610 2 1 6 l/ 
678 2 1 2 U 
680 3 1 4 il 
684 4 1 2 li 

1431 1 1  2 1 2 3 0 1  
1433 2 1 8 1 2 301 
1441 3 1 2 1 2 10/ 
1443 4 1 8 1 2 101 
1471 1 1 2 1 10 501 
1473 2 1 8 110 50/ 
1481 3 1 2 110 50/ 
1483 4 1 8 1 10 5W 
1491 3 1 2 1 10 501 
1493 4 1 8 1 10 501 
1501 3 1 2 110 501 
1503 4 1 8 1 10 501 
1511 1 1 2 110 501 
1513 2 1 8 110 501 
/ 

COORDINATES **+*******+ 
<NOTE:> UMTS: in OR mm 



SUPPORT RESTRAINTS +*********+*****+* 



* * * * * * * * * * * * *  
L O A D  C A S E  

D A T A  a + * * * * * * * * * * * *  

LOAD CASE PA&UEEEU 
*I*****************~ 

SbnicturiE Tiîic (30 char. marc) 
Lad Case Titie (30 char. m x )  
Load Case Fiit Namc (8 char. max) 
No. dloaded Joints 
No. ofprtscrii Support Displacements 
No. af Eiemcnts with Tcmperaturit Loads 
No. of Elenmis with Canctetc Prtsbrain 
No. af ETcmcnts with Ingres Pressurt 



APPENDM E 



DEFLECTED SHAPES AND CRACK PATTERNS 

FOR SPECIMENS ANALYZED WITH PROGRAM VECTOR2 

Al1 plots presented are taken at the stage of peak load. for half of the member except for the 
De Rose beam. 

Magni fication: 3x Crack widths: thin < 1 mm. thick > 2 mm 

Magnification: 6 x  Crack widths: thin < 1 m m  thick > 2 mm 



Magnification: 5 x  Crack widths: thin < k mm thick > S mm 

DE ROSE S M :  

Magnification: 6x Crack widths: thin < \ mm. thick > 2 mm 

DE ROSE B W :  

Magnification: 2x Crack widths: thin < 1 mm, thick > 2 mm 






