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Abstract 
fiber-reinforced plastics (FRP) to 

infrastructure has become an attractive choice of structural 
·and retrofit methods worldwide. load capacity 
concrete girders can be enhanced by the application of 

face of the element, but of these systems 
and can generally 'V'...., • .., ...... _...._ .... ;;:;.... 

concrete substrate. debonding mechanism is a local 
by stress intensities associated with stress transfer 

concrete and the laminate. This study examines 
design and existing damage parameters on debonding 
composite system and investigates a quantitative criterion governing these 
failures. Physical models of reinforced concrete beams are 
high-strength carbon fiber reinforced plastic sheets 
experimental The addition FRP is shown to increase 
~i~iiii·-...~~ failure load of the beams, but specimens are to 
through of the retrofitted sheets the concrete substrate. 
Influences on debonding are investigated, and a 
quantitative criterion delamination is explored through a 
fracture-energy 
Key Words: Retrofit, Cracking, 
Concrete. 
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Local stress intensities 

Fig. 1. Local stress intensities 

1992). reasons, interest 
processes, criteria, and characterization methodologies has ... A .... ~ ... ~~~-~~· 

,._,~,.._ ... u ...... JL .......... ,.V' .... can be caused by a of reasons, ........ ~, ... ~·~ ............. 
displacements concrete vicinity of existing cracks, 
bonding between the composite concrete, cyclic loading ................... ,...,...., 
debonding, environmental degradation, and other 
specific flaws. Among these causes, delamination initiating 

or the has been concluded to 

processes are caused by 
adhesive-laminate ,...,..-""....,,."'"'''" 

(Meier, 1992). 
stress intensities 

...... """.._'"',_... as illustrated 
1997; Taljsten, 1997). These ............. ~ .. <.AUA ............. u 

at early load levels. Microcracks can 
r-r..·n°1"•1"11 '"'r>t' materials or their interfaces, such as 

the adhesive/concrete interface, or the concrete/flexural 
shown in Fig. 1 (b ). further loading these 

coalesce, ultimately macrocracks 
system failure. 

A variety of simplified models have been used to isolate 
and study the interaction between 

external reinforcement. Studies have included 
(Hankers, 1997), 
specimens 

<:irnl'l'.ln 1997) where local 
was studied through 
...._IJ~.'1Ll . ...,U. ... .L'-'1L1. of knowledge to .1.U.J.J..J.J.J.J.U.\.'-'~ 

is the conditions concrete 
may not have developed the complete microcrack .......... ,_. __ ........... 'U' ... ... 

propagation process found components 
reinforcement subjected to flexure and shear 

exists a need for isolated study local UvJlU. . .UL.U.J..lU.l.JLVii rnaf"n'll 

~ . ..., ........ ...., ... ..., ..... ,~members under loading. 
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specimens were developed and tested an 
.....,,,,,.1-'..., ........ _,_,,...,_ .... _,,, ... u program to study local processes. 

""" ............... _ .... ,_..._ ... , ..... .__,,,JH mechanisms from other failure processes, a 
was designed with over-reinforced 

2. To reduce of shear cracks on 
the .beams were over-reinforced with 

increased the shear strength to 17 5 % of the 
system. was studied 

of laminate towards the center of 

a sheet of plastic placed between the adhesive 
beam was retrofitted. 

Concrete 

Adhesive 
laminate 

strength 
[MP a] 

2.8 
8.0 

24.8 
2700.0 
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in the experimental program 

Compressive Elastic 
strength modulus 
[MPa] [GPa] 

20.5 25.4 
210.0 

2.7 
155.0 



Table 2. Results of the experimental program 

Laminated Delamination Ultimate Calculated energy Failure 
Length intiation Load release rate Mode 

[m] [kN] [kN] [J/m2] 

Un laminated - 48.2 - Steel yield 
0.6 27.8 52.3 62.3 Debonding 
0.8 35.2 53.8 39.8 Debonding 
1.0 31.1 62.1 36.3 Debonding 
1.2 39.6 63.2 34.4 De bonding 
1.4 60.0 90.6 35.9 Debonding 
1.6 97.3 100.4 24.2 Debonding 

Materials dure 
internal reinforcement in the beam specimens ...,'V,, ...... ,,.._, ... ..., ...... two #3 

( ¢ =9 .5 bars for both tensile and '-'VJ.LJ.l-J."·""'',,_ 

external reinforcement consisted of CFRP laminate sheets 1 mm x 50 mm 
containing a fiber volume fraction of 70% with an epoxy ......... '"' ......... _,,,._ 
adhesive used was a high-strength high-modulus epoxy paste "'1-''"'""' ............. u,_u. 

designed for to concrete surfaces applied 
thickness of 1 mm. of the materials used are 

" .... ..., ........................... were ..... ..,.J.._ ...... , ...... 

for at least 24 hours. Ten strain gauges (five on each 
selected specimens at the anchorage zone, also illustrated 
specimens were loaded in four point bending in load steps 
system Midspan deflections strain gauge 
monitored continuously. The anchorage zones 
'-'-'"',''-'-.1J..UJ.H ............ , ............ u ...... ,. ..... " ....... at each load level using a ..... u~•J-,U ....... 
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Fig. 3. 
program 
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beams were tested. The midspan deflection 
nonlinearities at cracking the concrete 

Fig. 3(a). Typical cracking BJ .... , ... '"'·'-'"..., 

it is shown concrete cracking was 
cracks in the constant moment span. 

midspan deflection curves are also shown 
patterns are illustrated Fig. 3(b ). 

testing program are presented in Table 2. The 
...,L'>. ........... , ......... ,.._. concrete cracking at levels higher than the unlaminated 

confined to the constant moment 
with the 

..1.u.1 . ..1...1...1.JllUl.v stresses 
.... u . ..1..1.\..-.L\..-.UL loads in Fig. 4(a). 

1..J.liVU.>;;.J.J. U.vJl<.U.JcU.J..lU.l.JLV.U in the concrete, 
delaminated 

stiffness were 
strain gauge 

peaks at 
loading, as the beam 

This indicates the initiation 
kN for the beam shown), even though 

'-''--''"·'"'"' .......... ~ ..... to resist more load. Upon additional _.'V .... ~""- ...... ,::;.. 

...,...,,Ull .. .l!.JCA'-"'"'""' to load of the 

60 

"' a.. 
6 
cu 
~40 
E 
.!!! 
c 

"' "' P=35kN cu 
t;20 

~ 
~ .g> 
.Q 0 

20 40 0 20 40 60 80 
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Lauu11a.1l'-' stresses with load 
history 

4. Results from the strain gauges on the beam with 1.4 m bonded 
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5. process zone 
Figures 4(b) and 3(a) for the 1.4 m .......... .L ......... u~.~~ 

reached (at 90 kN the beam shown), 
occurred resulting peeling of the laminate, adhesive, 
concrete. This process is illustrated Fig. 5 

demonstrated in Fig 4(b) and 3(a). 

observed early, 
ultimate failure with the longer laminates. 
length was found to have significant JlH . ..,, ..... '"'''"''"''-' 

delamination process is intiated. 
investigated an analytical 
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procedure it was established that a 
ncn 10 ···u-.<' at locations of stress concentrations 

""""'"'"'"-'·"'A .. " ........ ,. ... ,. .......... ..., region before ultimate delamination and 
of this process and stress field 

an analytical procedure incorporating a 

0
....,,·"'"''" and 3-node truss members for 

6(a), is focused near the initial ..,...., .................. u ............. ,u 

was assumed at the adhesive, CFRP, 
properties measured in the 

the nonlinear material models. 
JLl.l.'--'U.'-'H.,u through a bilinear curve, as illustrated 

steel, epoxy, and CFRP materials were .... ..,..., ....... """..., ...... 
The beam was loaded through load steps 

..., ... .u, .......... ...,..,,_, could no longer converge. Simulations four 
were conducted. Strains in the FRP plate 
are plotted in Figure 4(a). During the simulations, a 

the initial notch was observed . 
........... ,J~ ........... nonconvergence at a concrete node in the ................... ..., .... '"""'"-' 

...... ,uu ............ "'"'"'-' conducted. Nonconvergence was due to crack 
ultimate tensile strain of the concrete; loads 

results of the finite element analyses .1..1.n .... .1.vUl-\,·U 

f'it:>l'lrYHn•:lft{''\rl .L'-UA..,,.Jl.VU occur only when both the strength 
concrete are exceeded the anchorage zone, suggesting 

3. nf't~n'ITP.rirrP.rll'P results from the finite element """·er_;t'_.;--,,_.,,_,,_,,.u 

Nonconvergence load 
[kN] 
30.0 
34.0 
50.0 
64.0 
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(b) Concrete 

element investigation 

fracture energy approach may be applicable as a 
delamination failures studied. 

Fracture Energy Criterion 
Griffith energy criteria for fracture states crack growth can occur 

the energy required to form crack can be 
system. This condition for is 

dW =!!_(F -U) 
da da 

where U is the elastic energy the system, F is 
by external forces, and is the crack resistance. 

energy contained in a beam structure shear 
and V can be estimated by integrating normal and shear stresses over 
the cross sectional area. The beams tested this investigation can 
discretized into five divisions of cross sections and 
loading, as illustrated in Fig. 7. delamination process 

is simulated by location 
..... ,. ... u .... 'U' ................... f-, the laminated and GA1) to .............. ~ ........................... ..., ...... 

(Elu and GAu) where Eli and are discrete ...,.., ... ,.., ... ~.U ni..><Hl"IT> 

shearing stiffnesses dependent on integral load level, 

where ku and k1 are constants in 
cross section and b is the width 

_lei__ I 
) 

calculation of shearing stresses 
the beam (Theillou t, 

stiffnesses can be estimated using conventional methods such as a 
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equilibrium (Plevris 
fraction c of beam height h 

to 

are stiffness ratios of the reinforcing to 

CD 

p1 are reinforcement ratios of 
laminate, respectively. Stiffnesses 

load by assuming that concrete. 
strength. The influence of the 

the beam is unclear (Jansze, 
the shear components was 

moments of areas about 

elastic and shear modulus of ........ ._ .... ...., .......... 
and FRP FRP laminate), be is 

are the areas of the reinforcing steel 
reinforcing steel. 

I 
1 

EllhGAu 
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