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1 INTRODUCTION  

In the last ten years, upgrading of existing concrete 
structures by externally bonded fiber reinforced 
plastic (FRP) sheet has been increasingly adopted in 
Japan (JCI 1998, JSCE 2001, Ueda et al 2001). Con-
tinuous fiber sheets, which are carbon or aramid fi-
ber textiles, are bonded on the surface of existing 
concrete structures with epoxy resin. The principal 
purpose of this upgrading technique is to improve 
mechanical performance of existing concrete struc-
tures, namely load-carrying capacity and ductility. 
Therefore, most of research projects on FRP sheets 
so far were based on this point of view. 

However, durability of concrete structures with 
FRP sheet has not yet been well clarified. Though 
residual service-life of the upgraded structure is of-
ten discussed in practical design, there has been no 
verification method for its durability. Considering 
this situation, this study focuses on durability of 
concrete structures with FRP sheet. 

Since epoxy resin has originally very low perme-
ability, FRP sheet bonded on concrete surface can 
protect concrete from ingress of aggressive agents, 
such as chloride ions, and consequently extend ser-
vice-life of the structure. Permeability test of rein-
forced concrete (RC) specimens with FRP sheet was 
carried out to examine the effectiveness of FRP 
sheet to reduce chloride ingress into concrete, as 
well as to increase mechanical performance. Diffu-
sion coefficient of chloride ions within FRP sheet 
was quantified from the test results and the numeri-
cal analysis. 

On the other hand, FRP sheet is normally applied 
on existing structures under service. In most studies, 
sound concrete structures are considered without any 
fatal material deterioration. However, in actual exist-
ing concrete structures, material deteriorations, such 
as reinforcement corrosion or associated concrete 
crack, have been sometimes induced before retrofit-
ting FRP sheet. In order to investigate the influence 
of reinforcement corrosion on strengthening of RC 
member by FRP sheet, uniaxial tensile tests of RC 
specimens were carried out in this study. Rein-
forcement corrosion and corrosion crack were in-
duced in the laboratory. Tensile behavior of RC 
specimens with FRP sheet was examined. 

Finally in this study, numerical simulation of per-
formance of concrete structures after retrofitting 
FRP sheet is demonstrated as a function of time 
based on the knowledge obtained from the experi-
ments. 

2 DIFFUSIVITY OF CHLORIDE ION IN FRP 
SHEET WITH EPOXY RESIN 

2.1 Outline of experimental study 
It is difficult to measure the diffusivity of aggressive 
agents, such as chloride ions or water, within the 
layer of epoxy resin on the surface of concrete under 
the normal condition because epoxy resin has very 
low permeability and may hardly allow chloride in-
gress. Therefore, the electrical permeability test was 
employed (Shimomura et al 2004).  
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Figure 1. Cylindrical specimen for permeability test 
 
Table 1. Conditions of specimens  ___________________________________________________ 
Specimen   W/C of    Thickness of  FRP sheet 
No.     concrete  (%)  cover (mm)  wrapping ___________________________________________________ 
1      60      45      No 
2      60      45      Yes 
3      60      70      No 
4      50      45      No 
5      50      45      Yes 
6      50      70      No 
7      40      45      No 
8      40      45      Yes 
9      40      70      No 
10      30      45      No 
11      30      45      Yes 
12      30      70      No ___________________________________________________ 
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Figure 2. Setup for chloride permeability test 
 
Cylindrical concrete specimens shown in Figure 1 
were used in the test. Twelve specimens, whose ex-
perimental parameters are water-cement ratio of 
concrete, thickness of concrete cover and wrapping 
of carbon FRP sheet on the surface, were tested. 
Testing conditions of the specimens are indicated in 
Table 1. 

Setup for the permeability test is shown in Figure 
2. Constant electric voltage of 30V was applied to 
the specimen in NaCl solution. Time-dependent di-
rect current penetrating the concrete was measured. 
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Figure 3. Accumulated electric current of the specimens until 
90 hours 

2.2 Test results 
Concrete cracks were generated in the specimens 

1 and 4 around 100 hours by corrosion of reinforce-
ments in concrete. Electric resistance of concrete 
cover was suddenly lost after cracking. In order to 
compare permeability of all the specimens under the 
unified condition, therefore, accumulated electric 
current until 90 hours is taken as an index for per-
meability of specimen as shown in Figure 3. 

Comparing the obtained accumulated electric cur-
rent without FRP sheet in Figure 3, it is clear that 
permeability of concrete decreases with decreasing 
of water-cement ratio and increasing of thickness of 
concrete cover. These tendencies are very reason-
able. In cases that FRP sheet is attached on the sur-
face of concrete, accumulated current became very 
small in spite of water-cement ratio of concrete. It is 
verified that the system of FRP sheet and epoxy 
resin is effective as a surface insulator against in-
gress of materials into concrete. 

2.3 Numerical analysis of transport of chloride 
The authors have developed a computational model 
for the transport process of water and chloride ions 
in concrete based on pore structure of concrete and 
thermodynamic behavior of water in porous media 
(Shimomura and Maekawa 1997, Shimomura and 
Maruyama 2000). Mass conservation equations of 
water and chloride are respectively expressed as fol-
lows: 
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where, w = mass concentration of water per unit 
concrete volume, t = time, and Jv and Jl = mass flux 



of vapor and liquid water respectively, CClt =  total 
mass concentration of chloride per unit concrete 
volume, JCldif = mass flux of chloride by molecular 
diffusion and CClf = mass concentration of free chlo-
ride. The last term in Equation (2) expresses mass 
flux of chloride ions carried by liquid water that can 
be obtained from the moisture transport analysis. 

It is necessary to execute coupling analysis of wa-
ter and chloride to evaluate transport of chloride in 
non-saturated concrete in the atmosphere. However, 
in case of saturated concrete, molecular diffusion is 
dominant as transport mechanism of chloride in con-
crete. The mass flux of chloride by molecular diffu-
sion is formulated as: 

ClfClClCldif CgradDKJ −=  (3) 

where, KCl = non-dimensional material factor of 
concrete as a function of its pore structure, DCl = dif-
fusivity of chloride ion in liquid water. 

Mass flux of chloride by molecular diffusion at 
the boundary surface is formulated as: 
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where, CClf (0) = mass concentration of free chloride 
in concrete at the surface, Vo is porosity of concrete, 
Cext is mass concentration of chloride in external so-
lution and hCl is thickness of boundary-layer for 
mass concentration of chloride, in which local gradi-
ent of mass concentration of chloride is developed as 
shown in Figure 4. 

When FRP sheet is bonded on the surface of con-
crete with epoxy resin, mass flux of chloride through 
the sheet is calculated as: 
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0
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where, Dcf = diffusion coefficient of chloride ion in 
the layer of FRP sheet and epoxy resin and tcf = 
thickness of the layer of FRP sheet and epoxy resin. 
Profile of mass concentration of chloride near the 
boundary is schematically shown in Figure 4. 

(a) Without FRP sheet (b) With FRP sheet
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Figure 4. Profile of mass concentration of chloride near the 
boundary 
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Figure 5. Numerical analysis of transport of chloride ion in cy-
lindrical specimen 
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Figure 6. Correlation between the experimental and the ana-
lytical results 

2.4 Evaluation of diffusion coefficient 
Diffusion processes of chloride in the cylindrical 
concrete specimens that were used in the electric 
permeability test were analyzed by the proposed dif-
fusion model. Finite differential method was em-
ployed to solve the governing equations numerically 
(Figure 5). 

Material parameters for concrete were determined 
based on the previous study (Shimomura and 
Maekawa 1997). The driving force in the experiment 
is the gradient of electric potential, while the driving 
force assumed in the computational model is the 
gradient of chloride concentration. Though they are 
different phenomena in fact, these two transport 
phenomena may have some correlation with each 
other since they are both transport phenomena of 
ions in concrete. Hence, before discussing perme-
ability of FRP sheet, the correlation between the ex-
periment and the analysis is verified using the results 
of the specimens without FRP sheet (Figure 6). 

Figure 6 shows the relationship between the ex-
perimental and the analytical results performed in 
this study. Accumulated electric current until 90 
hours (Q) is taken as the index of the experimental 
result, while mass flux of chloride in the steady state 
(J) is taken as the index of the analytical result. It is 
clear that the experimental results (Q) and the ana-
lytical ones (J) have good correlation in spite of wa-



ter-cement ratio of concrete and thickness of con-
crete cover. This result implies that the hypothesis 
on the correlation between the experiment and the 
analysis is correct. In Figure 6, an empirical equa-
tion between the experimental results (Q [Ahr]) and 
the analytical ones (J [kg/m2/s]) is indicated. 

( )smkgQJ 21010 103102 −− ×+×=  (6) 

It is assumed that this empirical correlation may 
be adapted to the specimens with FRP sheet. Then, 
diffusion coefficient of FRP sheet can be determined 
by trial and error so that the obtained analytical re-
sult (J) and the experimental result of the specimen 
(Q) satisfy the empirical equation. In the analysis, 
the thickness of FRP sheet (tcf) was set 1 mm. 

The diffusion coefficients of FRP sheet, which 
were obtained by this method from the experimental 
results of the specimens with FRP sheet, are shown 
in Table 2. Close values were obtained from the four 
specimens. The obtained diffusion coefficient of 
FRP sheet was approximately 3x10-14m2/s. 

 
Table 2. Diffusion coefficient of FRP sheet  ___________________________________________________ 
Specimen   W/C of    Experimental  Dcf
No.     concrete  (%)  Q (Ahr)    (x10-14m2/s) ___________________________________________________ 
2      60      0.56     2.29 
5      50      0.68     2.99 
8      40      0.28     3.03 
11      30      0.13     4.69 ___________________________________________________ 
 

3 STRENGTHENING RC MEMBER WITH 
REBAR CORROSION BY FRP SHEET 

3.1 Outline of experimental study 
Figure 7 shows the dimensions of reinforced con-
crete specimens with and without continuous fiber 
sheet (Shimomura et al 2003). Conditions of speci-
mens are given in Table 3. The 100x100x1000 mm 
concrete prismatic specimens with single deformed 
steel bar (φ19mm) in their center were prepared. Af-
ter casting of concrete, specimens were wrapped 
with wet cloths and had been kept in the laboratory 
room for four weeks. 

After four weeks of curing, the specimens RC3 
and RC4 were exposed to the electrolytic corrosion 
test. The test setup is shown in Figure 8. Only the 
corrosion length of the specimen, which is 800 mm 
at the middle of the specimen, was placed in a 3% 
NaCl solution, while the rest part of the specimen 
was kept out of the solution to ensure anchorage of 
the reinforcement at the ends of specimen by avoid-
ing corrosion. Constant direct current of 0.7A was 
provided by a DC supply with an embedded rein-
forcement as an electrode. 
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Figure 7. Specimens for uniaxial tensile test 

 
Table 3. Condition of specimens  ________________________________________ 
Specimen    Corrosion   FRP sheet ________________________________________ 
RC1      No     No 
RC2      No     Yes 
RC3      Yes     No 
RC4      Yes     Yes 
Bare bar A    No     - 
Bare bar B    Yes     - ________________________________________ 

Corrosion length 800mm

+ - DC supply

Copper plate

Specimen

3% NaCl 
solution

Water bath

Data logger

 
Figure 8. Test setup for electrolytic corrosion test 
 

The corrosion test was continued until the cumu-
lative current reaches the target value, which was set 
according to the previous test data (Matsuo et al 
2001) so that the average corrosion in the corrosion 
length is about 1 mg/mm2. In fact, longitudinal cor-
rosion crack was observed at one of the concrete sur-
face in both specimens after the electrolytic corro-
sion test. Actual amount of corrosion were measured 
by weight of the reinforcements taken out from the 
concrete after the loading tests. Electrolytic corro-
sion test of bare steel bar specimen B was also car-
ried out with the same amount of cumulative current 

Carbon FRP sheets were bonded on the two side 
surfaces of the specimens RC2 and RC4 as shown in 
Figure 7. The sheets on RC4 were bonded just after 
curing of concrete, while the sheets on RC4 were 
bonded after the electrolytic corrosion test. One of 
the sheets on RC4 was bonded just over the longitu-
dinal corrosion crack that had been induced by the 



corrosion test. Before bonding the sheets, the con-
crete surface was chipped and coated with a primer. 
Thereafter, the continuous fiber sheets were bonded 
with an epoxy resin. 

As shown in Figure 7, anchoring sheets of 100 
mm width were wrapped in both ends of the speci-
men to avoid delaminating of the longitudinal sheets 
from the ends. Aramid FRP sheets were used as the 
anchoring sheets because of their high flexibility. 

The test setup for the uniaxial tensile test is 
shown in Figure 9. Tensile force was applied in the 
vertical direction in order to avoid eccentric load due 
to gravity as much as possible. Average strain of 
specimen was calculated from displacements meas-
ured with LVDT at the upper and bottom ends of the 
specimen. Local strains of continuous fiber sheets 
were measured with strain gages attached every 50 
mm. Monotonic tensile force was applied. Tensile 
tests of the bare bar specimens A and B were also 
performed with this test setup. 

Load cell
Jack

PC tendon

Specimen

Reaction 
frame

P: Applied force
LVDT

Strain 
gage

P: Applied force
 

Figure 9. Test setup for uniaxial tensile test 

3.2 Formulation 
At an arbitrary section of a uniaxial specimen, ap-
plied force is carried by reinforcement, concrete and 
FRP sheets: 

( ) ( ) ( )xPxPxPP cfcs ++=  (7) 

where, P = applied force, Ps(x) = force carried by re-
inforcement at section x,  Pc(x) = force carried by 
concrete at section x and Pcf(x) = force carried by 
FRP sheets at section x. Ps(x),  Pc(x) and Pcf(x) 
vary with respect to x because of concrete cracks and 
delaminating of sheets due to loading. By integrating 
Equation (7) with respect to x from the one end of 
the specimen to the other and dividing it by the 
length of the specimen, we obtain: 

cfcs PPPP ++=  (8) 

Ps (reinforcement)

Pcf (sheet )

Pc (concrete)

P=Ps+Pc+Pcf

RC member with sheet

Average strain ε

Load P

0
 

Figure 10 Load-sharing in RC member retrofitted with FRP 
sheet 

 
Table 4. Mechanical properties of reinforcement  ___________________________________________________ 

Corrosion  AsEs  Yielding  As
      (mg/mm )  (kN)  force (kN)  (mm ) ___________________________________________________ 

2 2

Bare bar A   0     54500  97.8   286.5* 
Bare bar B   1.18    44700  94.2   277.5** 
Bar in RC3  1.27    -    -    276.8** 
Bar in RC4  1.12    -    -    277.9** ___________________________________________________ 
* Nominal cross sectional area 
** Calculated from nominal cross sectional area and loss of 
cross section estimated from corrosion 
 
where, Ps = average force of reinforcement, Pc = av-
erage force of concrete and Pcf = average force of 
FRP sheets. By dividing Ps, Pc and Pcf by corre-
sponding cross sectional areas, we obtain average 
stress of reinforcement, concrete and FRP sheet in 
RC member respectively. 

Figure 10 illustrates the state of load sharing of 
reinforcement, concrete and sheet in a RC member 
with FRP sheet. In the conducted uniaxial tensile 
tests, applied force (P) and average strain (ε) of 
specimens were measured. 

When the reinforcement is not yielding at any 
points, average force of reinforcement (Ps) is given 
by: 

ssss EAP ε=  (9) 

where, As = cross sectional area of reinforcement, Es 
= elastic modulus of reinforcement and εs = average 
strain of reinforcement. The products of cross sec-
tional area and elastic modulus of reinforcement (As-
Es) in both corroded and non-corroded specimens 
were determined based on the tensile tests of bare 
steel bars. The results are shown in Table 4. 

The amount of corrosion in the specimens RC3 
and RC4 indicated in Table 4 were directly meas-
ured from the reinforcements taken out from con-
crete after the loading tests. As these measured 
amounts of corrosion were found to be close to that 
of the bare bar B, the value AsEs of the bare bar B is 
adopted in computing the specimens RC3 and RC4. 
Average strain of reinforcement (εs) in Equation 9 is 



assumed to be equivalent to average strain of speci-
men (ε), which was measured in the experiment. 
Since Equation 9 is true when reinforcement is in 
elastic stage, test data only before yielding are used 
in the computation in this study. 

As FRP sheet is elastic material, its average force 
(Pcf) is given by: 

cfcfcfcf EAP ε=  (10) 

where, Acf = cross sectional area of FRP sheet, Ecf = 
elastic modulus of FRP sheet and εcf = average strain 
of FRP sheet. Though the distribution of sheet strain 
is not uniform after cracking, average values always 
satisfy Equation 10 independently of strain distribu-
tions. In the computation, average value of measured 
strain distribution of sheet is used as εcf. 

Consequently, we can calculate Ps and Pcf from 
measured values. Substituting them into Equation 8, 
we obtain average force of concrete (Pc) or average 
stress of concrete (σc): 

c

cfs
c A

PPP −−
=σ  (11) 

where, Ac = cross sectional area of concrete. 

3.3 Test results and discussion 
Figure 11 shows obtained relationships between the 
applied force and the average strain of all the uniax-
ial test specimens. Concrete strengths at the age of 
loading test were between 27 and 30 N/mm2. 

The specimen RC1 is the standard one for com-
parison, which has neither reinforcement corrosion 
nor continuous fiber sheet. 

The specimen RC2, which was strengthened with 
FRP sheets, had high stiffness than RC1 after crack-
ing in concrete. Total applied load in RC2 increased 
even after yielding of reinforcement because FRP 
sheet is an elastic material. 

The specimen RC3 with reinforcement corrosion 
had an apparent low stiffness from the initial stage. 
This is because cross sectional area of reinforcement 
was reduced due to corrosion. 

The specimen RC4 showed almost same load-
strain curve with RC2 though the reinforcement in 
RC4 had been corroded, while RC2 had no corro-
sion. 

This result suggests that FRP sheets bonded on 
RC member cannot only simply strengthen the RC 
member but also recover the deterioration of me-
chanical performance of the RC member due to rein-
forcement corrosion. This possibility shall be inves-
tigated more in detail in terms of stress carried by 
concrete in the specimens calculated from the ex-
perimental data. 
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Figure 11. Load-strain curves for the uniaxial test specimens 
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Figure 12. Average stress-strain curves of concrete 

 
 

Figure 12 shows the average stress-strain curves 
of concrete in the four specimens. The average stress 
of concrete was calculated by Equation 11. The av-
erage strain was measured by LVDT. 

Comparing the average stress-strain curves of 
RC1 and RC2 in Figure12, it is found that concrete 
stress increased when FRP sheet is retrofitted. The 
reason of this may be that bonding between concrete 
and reinforcement is improved because FRP sheet 
confines concrete externally. However, as the differ-
ence in the average stress-strain curves of RC1 and 
RC2 is small, the improvement of the tension-
stiffness of concrete by FRP sheet may not be re-
markable. 

It is clear that the tension-stiffness of concrete in 
RC3 is smaller than that in RC1 because of rein-
forcement corrosion. Rust products on the surface of 
reinforcement and corrosion crack in concrete, both 
of which reduce bonding between concrete and rein-
forcement, may cause the degradation of the tension-
stiffness of concrete. 

 
 
 
 



4 NUMERICAL SERVICE-LIFE SIMULATION 
OF RC STRUCTURES WITH FRP SHEET 

4.1 Outline 
In order to verify the advantage of taking into ac-
count the insulating effect of FRP sheet as well as its 
strengthening effect in service-life prediction, nu-
merical simulation of time-dependent performance 
change of reinforced concrete structure with FRP 
sheet was carried out. The flowchart of the calcula-
tion is shown in Figure 13. At each time step, chlo-
ride ingress into concrete, corrosion of reinforce-
ment in concrete and load-carrying capacity of the 
member are calculated. As results, load-carrying ca-
pacity of the member is evaluated as a function of 
time. After retrofitting FRP sheet on the structure, its 
roles, as surface insulator and as external mechanical 
reinforcement, are taken into account on the basis of 
the experimental results shown in this paper. 

4.2 Analytical conditions 
Flexural capacity of RC beam with FRP sheet 

shown in Figure 14 under various conditions were 
calculated as a function of time. Material properties 
used in the analysis are shown in Table 5. Six cases 
were analyzed as indicated in Table 6. 

The structure was assumed to stand under the cor-
rosive environment with airborne salt from the sea. 
One-dimensional transport analysis was employed to 
evaluate chloride ingress into concrete as shown 
Figure 14. Corrosion of reinforcement in concrete 
caused by chloride and loss of cross-sectional area 
of the reinforcement due to corrosion were consid-
ered. Strengthening effect of FRP sheet was evalu-
ated by the conventional beam theory. Delamination 
of the sheet was not considered. 

Based on the experimental results shown in this 
paper, tension-stiffening effect of concrete cover is 
reduced as a function of corrosion of reinforcement. 
However, after FRP sheet is bonded on concrete, 
tension-stiffening effect of concrete cover is not re-
duced even if reinforcement is corroded. 

4.3 Results and discussion 
Figure 15 and 16 show the analytical results, in 
which flexural capacity of the beams as a function of 
time are plotted. In case 1, in which FRP sheet is not 
attached, flexural capacity of the beam decreases 
gradually because of reinforcement corrosion. In 
case 2, 3 and 4, in which FRP sheet is attached, 
flexural capacity is increased by the strengthening 
effect of the sheet and the time-dependent decreas-
ing of flexural capacity is avoided by the insulating 
effect. The ‘jump’ in flexural capacity in the cases 3 
and 4 in Figure 15 is attributable to the retrofitting of 
sheet. 

Initial conditions

Transport analysis of aggressive agents

Evaluation of material deterioration

Structural analysis of the member

Structural performance at each time step

Next 
time 
step Corrosion

Chlorides

Loading capacityOutput

Material properties, Structural dimension
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Figure 13. Flowchart of numerical service-life simulation of 
RC beam with FRP sheet 
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Figure 14. RC beam with FRP sheet 
 
Table 5. Material properties  ___________________________________________________ 
Concrete ___________________________________________________ 
Unit water         165kg/m3

Water-cement ratio      50% 
Compressive strength     38N/mm2

Other mechanical properties   Presumed from compressive 
strength 

Parameters for mass transport  Presumed from mix 
proportion ___________________________________________________ 

Reinforcement ___________________________________________________ 
Yield strength       400N/mm2

Elastic modulus       200000N/mm___________________________________________________ 
2

FRP sheet ___________________________________________________ 
Thickness         1mm (including epoxy resin) 
Tensile strength       3500N/mm2

Elastic modulus       2.7x105N/mm2 

Diffusion coefficient     3x10 m /s ___________________________________________________ 
-14 2

 
Table 6. Analytical cases  ___________________________________________________ 
Case  Time of retrofit    Effect of FRP sheet 
No.  of FRP sheet     to be considered ___________________________________________________ 
1   without FRP sheet   - 
2   from the initial stage  Insulating and strengthening 
3   at 10 years      Insulating and strengthening 
4   at 20 years      Insulating and strengthening 
5   from the initial stage  Only insulating 
6   from the initial stage  Only strengthening ___________________________________________________ 
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Figure 15. Analytical results 1: flexural capacity of beam as a 
function of time 
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Figure 16. Analytical results 2: flexural capacity of beam as a 
function of time 
 

As shown in Figure 15, the rate of deterioration 
after retrofitting of the sheet is a little different de-
pending on the time of retrofitting. This is due to the 
difference of chloride concentration in concrete at 
the time of retrofitting. 

The advantage to take into account the effective-
ness of FRP sheet both as surface insulator and as 
external reinforcement is much clear in comparison 
of the results of case 1,2,5 and 6 in Figure 16. The 
flexural capacity in case 2, in which both effective-
ness are taken into account, is kept the highest level 
among these four cases. 

5 CONCLUSIONS 

Concerning durability and service-life prediction of 
reinforced concrete structures with FRP sheet, fol-
lowing conclusions were obtained through this 
study. 

The effectiveness of FRP sheet bonded on con-
crete to reduce chloride ingress was experimentally 
verified by the electric permeability test. 

Coupling the electric permeability test and nu-
merical diffusion analysis, diffusion coefficient of 

chloride in the layer of FRP sheet with epoxy resin 
was quantified. 

FRP sheet bonded on concrete, as it is well-
known, can strengthen the existing concrete member 
by carrying tensile stress. This strengthening mecha-
nism of FRP sheet is effective both in sound member 
and deteriorated member by reinforcement corro-
sion. 

FRP sheet bonded on concrete can recover the 
tension-stiffness of concrete that was once degraded 
by reinforcement corrosion. This recovery may be 
achieved by the confinement effect of FRP sheet on 
concrete. 

Through the numerical service-life simulation of 
RC structure with FRP sheet, the advantage to take 
into account the effect of FRP sheet both as surface 
insulator and as external reinforcement was verified. 
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