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CFRP-Confined Reinforced Concrete Elements 
Subjected to Cyclic Compressive Loading

by J.A.O. Barros, D.R.S.M. Ferreira, and R.K. Varma

Synopsis: The effectiveness of discrete and continuous CFRP wrapping arrangements for reinforced 
concrete (RC) short column subjected to monotonic and cyclic compressive loading is assessed in 
this work. The experimental program is composed of four series of RC columns with discrete wrapping 
arrangements and one series of full wrapped RC columns. Each series is composed of a monotonic 
and a cyclic test. Strain gauges were installed along the height of each column to measure the strain 
field in the CFRP during the test. The variation of the stiffness of the unloading and reloading branches 
of each loading cycle was determined. A constitutive model to simulate FRP-confined RC concrete 
elements subjected to cyclic compressive loading was developed and implemented into a computer 
program based on the finite element method. This model was appraised with the data obtained from 
the carried out experimental program. 
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INTRODUCTION

Wrapping reinforced concrete (RC) columns with wet lay-up carbon fiber reinforced polymer (CFRP) sheets, 
using discrete (strips in between the existent steel hoops) or continuous (full wrapping) confinement arrangements, 
has proven to be an effective strategy to increase the load carrying capacity, ultimate deformability and energy 
absorption capacity of RC columns. The increase in terms of the energy that an RC column can dissipate before its 
collapse, due to the concrete confinement provided by CFRP arrangements, is one of the main reasons justifying the 
appropriateness of these composite materials to retrofit RC columns of the built heritage located in zones of high 
seismic risk 1-4.

To preserve the global structural stability of buildings located in these zones, it is mandatory to assure that their 
columns do not fail when subjected to a seismic event. When this type of event occurs, the columns are subjected to 
cyclic compressive loading. To explore the potentialities of CFRP-confinement arrangements to increase the load 
carrying capacity and energy absorption ability of RC columns subjected to cyclic compressive loading, an 
experimental program was carried out with RC column specimens having a cross section of 200 mm (7.88 in.) 
diameter and a height of 600 mm (23.64 in.). The influence of the CFRP confinement arrangement on the cyclic 
compressive behavior of concrete was evaluated. 

Predicting the behavior of CFRP-confined RC columns submitted to seismic loading is a complex task, requiring 
sophisticated constitutive models able of reproducing the behavior of the intervening materials up to their collapse, 
and FEM-based computer programs that include the algorithms associated to the material nonlinear analysis of RC 
structures. However, the development of these numerical tools is mandatory since their use can avoid the execution 
of too expensive experimental programs and can help the designer on the selection of the best strengthening 
strategies to adopt. To give a contribution in this domain, a CFRP-confined concrete cyclic constitutive model was 
developed and implemented into a FEM-based computer program. The results from the experimental program were 
used to calibrate some variables of this model and to appraise its performance. 

CONFINEMENT ARRANGEMENTS AND EXPERIMENTAL PROGRAM

The present work is part of a research program that aims at developing guidelines for the design of discrete and 
continuous FRP confinement arrangements to RC columns submitted to monotonic and cyclic loadings. In previous 
works 5,6, the most effective discrete confinement arrangements were selected, taking into account the increment in 
terms of load carrying and energy absorption capacities provided by discrete and continuous confinement 
configurations, as well as the labor time and materials these arrangements require. The present work deals with the 
most effective discrete confinement arrangements and compares their performance with that obtained from 
continuous confinement arrangements. These arrangements are schematically represented in Table 1. Each specimen 
is designated as WiLk_c/m, where Wi represents the strip width and Lk the number of CFRP layers per each strip. 
To distinguish cyclic from monotonic tests, a c letter was attributed to a specimen submitted to cyclic tests, while an 
m letter was used to designate monotonic tests. Each series of direct compression tests (WiLk) was composed of two 
specimens, one submitted to monotonic loading (WiLk_m) while the other was submitted to cyclic loading 
(WiLk_c). Figure 1 shows the confinement arrangements adopted in this work. A detailed description of the 
confinement procedures can be found elsewhere 7.
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MATERIALS 

CFRP sheets with the trade name of Mbrace CF-120 (200 g/m2 (0.00028 lb/in.2) of fibers) were used in the present 
experimental program. These sheets had 0.113 mm (0.0446 in.) of thickness, a tensile strength of 3539 MPa (514.5 
ksi), an elasticity modulus and an ultimate strain in the fiber’s direction of 232 GPa (33728 ksi) and 1.53%, 
respectively. To evaluate these properties, samples of the CFRP sheet were tested in compliance with the ISO 
recommendations 8.

To determine the values of the properties that characterize the tensile behavior of used steel bars, five tensile tests 
for each steel bar diameter were carried out according to the NP-EN 10 002-1 recommendations 9. The average 
values of the obtained results are the following: for the steel hoops of 6 mm (0.236 in.)diameter, a yield stress ( sy)
of 468.3 MPa (68.04 ksi), a tensile strength ( su) of 616.2 MPa (89.58 ksi), an elasticity modulus (Es) of 212.2 GPa 
(30849 ksi) and an ultimate strain ( su) of 8%; for the longitudinal steel bars of 8 mm (0.315 in.) diameter, 

sy=517.2 MPa (75.19 ksi), su=607.9 MPa (88.38 ksi), Es=199.8 GPa (29061 ksi) and su=11%. 

The concrete compressive strength was determined according to NP-EN 12 390-3 10. From tests on 150 mm (5.91 
in.) cubes, an average compressive strength of 30 MPa (4.36 ksi) was obtained at 28 days. 

TEST SETUP 

The cyclic and monotonic direct compression tests were carried out using a closed-loop test machine of 2250 kN 
(505.8 kilo-lb) maximum load capacity. Specimen axial deformation was measured by means of LVDTs clamped to 
the steel load platens of the equipment, as shown in Figure 2. Strains in the CFRP fiber direction were measured by 
strain gauges (SG) placed according to the schemes presented in Table 1. 

The specimens subjected to cyclic compressive load were tested under force control at a load rate of 15 kN/s 
(3372 lb/s), according to the loading history schematically represented in Figure 3. The last test procedure consisted 
of a ramp in displacement control up to the rupture of the specimen. 

The specimens subjected to monotonic loading were tested under displacement control at a displacement rate of 
5 m/s (0.0002 in/s), using an external LVDT of 20 mm (0.79 in.) of measuring length. The test was stopped when 
the measuring length of the LVDT was reached. 

EXPERIMENTAL RESULTS 

The main effectiveness indicators for the adopted confinement systems are included in Table 2, where fcc is the 
maximum concrete compressive stress, URC

ccf  and CRC
ccf  are the compressive strength of unconfined and confined 

reinforced specimens, cc is the specimen axial strain at fcc , CRC
cc  and URC

cc  are the specimen axial strain at CRC
ccf

and URC
ccf , respectively, and fmax is the maximum tensile strain in the CFRP fiber’s direction. The variation of W

and L leads to specimens with different values for the CFRP volumetric ratio, f, which is evaluated from: 

4 f
f

W L S t
D H

(1) 

where tf is the thickness of the CFRP sheet and D and H represent, respectively, the diameter and the height of the 
specimen. In Table 2, UPC represents the unconfined plain concrete specimens and URC the specimens reinforced 
with longitudinal and transversal steel bars, without any CFRP confinement arrangement. 

From the analysis of the results included in Table 2 the following observations can be outlined: 
The specimen load carrying capacity rises with the increase of f. Taking as basis of comparison the fcc

values of URC specimen ( URC
ccf ) it is observed that CRC URC

cc ccf f  ratio varied between 1.5 for f =0.31 and 2.68 for 

f =0.68. Regardless of the loading type, a tendency of CRC URC
cc ccf f  ratio to increase with the increase of f is 

noted; 
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Comparing the results of specimens of equal f subjected to cyclic loading, it can be concluded that full-
wrapping is more effective than discrete confinement arrangements. Similar tendency was expected for the 
specimens subjected to monotonic loading, as previous research has already proved 5, but W600L3_m 
specimen presented a too abnormal low load carrying capacity, which might have been caused by a deficient 
application of the CFRP system or an incorrect position of this specimen in the testing machine, resulting some 
eccentricity of the applied load. The lower effectiveness of discrete confinement systems can be justified by the 
accumulated damage in the unconfined concrete between strips. This effect is more pronounced in specimens 
subjected to cyclic loading, since the concrete plastic strain increases in subsequent cycles of the series of cycles 
of same load amplitude (see Figure 4). However, it should be noted that, in comparison with the full wrapping 
confinement system, the partial confinement arrangements are easier and faster to apply; 

If the W600L3_m specimen is excluded from the analysis, the CRC URC
cc cc  ratio has a tendency to rise with the 

increase of f (a negative signal attributed to the concrete compressive strain). Due to the accumulation of the 
concrete compressive plastic strain, mainly in between CFRP strips in subsequent loading cycles, values of the 

CRC URC
cc cc  ratio were larger in the specimens submitted to cyclic loading than in the specimens under 

monotonic loading; 

There was a tendency for maximum CFRP strains (a positive signal attributed to the CFRP tensile strains) to 
occur in the top half of the specimen, in spite of a large dispersion within the obtained results, since these 
measures are restricted to the influence area of the SGs and they can be even affected by localized occurrences. 
A similar tendency has, however, already been reported by other authors 11,12. In fact, failure occurs, in 
general, by the rupture of the CFRP strips located in the upper half of the specimen, mainly in the first and/or 
second strips. 

Figure 4 shows the curves that relate the concrete axial compressive stress (fc) with the concrete axial compressive 
strain ( c) in the specimens submitted to cyclic (WiLk_c) and monotonic (WiLk_m) loadings. In Figure 4, the 
relationship between fc and the average strain in the CFRP strips ( fm) is also included for both monotonic and cyclic 
tests (the strains were not measured in the W60L3_c test due to the malfunctioning of the SG data acquisition 
system). 

Figure 4 shows that: 

the curve of the monotonic test can be regarded as the envelope of the curve of the corresponding cyclic test; 

In each series of load cycles, both the concrete axial strain and the average CFRP strain increased from the first 
to the third cycle. The increase of the concrete axial strain can be justified by concrete dilation, mainly at the 
zones in-between CFRP strips, while the increase of the CFRP tensile strain can be justified by the increase of 
concrete plastic strain in subsequent load cycles. In fact, the recovered strain in the unloading branch of each 
cycle is only a part of the strain increment occurred in the reloading branch of the previous cycle, which means 
that an increment of strain is installed in the CFRP in subsequent load cycles; 

In general, the maximum load attained in the reloading branch of the 1st load cycle of each series of load cycles 
was higher than the load carrying capacity (for equal level of axial deformation) of the homologous specimens 
submitted to monotonic loading. Due to the increase of tensile strains in the CFRP in subsequent load cycles of 
each series of load cycles, an increase of confinement pressure is introduced into concrete by the CFRP system, 
leading that the reloading branch of the last cycle of each series of load cycles (the returning to the monotonic 
phase) presents higher load carrying capacity. As expected, this occurrence was more pronounced in the full-
wrapped specimens; 

From the analysis of the configuration of the fc- c unloading and reloading branches of each load cycle, it is 
verified that the unloading branch is eminently non linear, while the reloading branch is formed by nonlinear 
segments of reduced amplitude at its extremities, connected by a linear part. To evaluate the variation of the 
stiffness of the unloading and reloading phases of the load cycles along the test, it was assumed that both the 
unloading and reloading phases could be modeled by linear branches, as shown in Figure 5 (r for the reloading 
branch and u for the unloading branch). 
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Figure 6 shows the relationship between the concrete axial strain and the stiffness of the unloading and the 
reloading branches of the load cycles (secant stiffness). The following observations can be pointed out: 

In each series of load cycles, in the consecutive cycles the stiffness of the unloading and reloading branches 
shows a tendency to decrease and to increase, respectively. The stiffness increment of the reloading branches is 
due to the increase of the confinement pressure applied by the CFRP to the concrete in the consecutive cycles. 
However, this tendency of increase is not as pronounced as the tendency of decrease reported for the unloading 
branches; 

In the successive series of load cycles, a tendency for a decrease of the stiffness of both the unloading and 
reloading branches is observed in all tested specimens. The decreased level of the stiffness of these branches 
diminished with the increase of the specimen axial deformation. This is more pronounced in the full-wrapped 
specimens, which presented a variation that can be simulated by an exponential law (see Figure 6e). The 
stiffness of the unloading and reloading branches seems to approach a constant value (residual stiffness). In case 
of fully wrapped specimens, this value is almost the same for both the unloading and reloading branches, while 
in the specimens with discrete confinement arrangements the residual stiffness of the unloading branches is 
higher than that of the reloading branches. This can be justified by the dilation of the unconfined concrete in-
between CFRP strips. 

Figure 7 shows the curves corresponding to the relationship of the concrete axial compressive stress with both the 
concrete axial compressive strain and the CFRP tensile strain in the fiber’s direction, for the partially confined 
W60L5 and fully confined W600L3 series, both series with equal f (see Table 2). To make the figure legible, only 
the strains recorded by SG2 were included in this graph, once the specimen rupture occurred in the zone where SG2 
was installed (see Table 1 and Figure 8). Although partial wrapping arrangements were not as effective in terms of 
load carrying capacity as full wrapping arrangements, they provided a significant increase of the specimen load 
carrying capacity (up to two times the compressive strength of its corresponding unconfined specimen). 
Furthermore, partial wrapping arrangements assured a high level of deformability at the specimen failure, ensured 
easier and faster application and prevented the rupture modes from being as violent as those of the fully wrapped 
specimens, since part of the internal energy was gradually dissipated due to the compression strain-softening 
behavior of the concrete in-between CFRP strips. The shape of the unloading and reloading branches seems to be 
similar in both partially and fully confined specimens. 

After rupture, the partially and fully wrapped specimens of equal f presented the appearance shown in Figure 8. 
Failure mode occurred with a violent CFRP rupture, which tended to be more violent as the volume of unconfined 
concrete between the CFRP strips decreased. This can be justified due the accumulation of plastic deformation of 
the concrete in these areas. 

Figure 9 shows the tensile strains measured in the strain gauges (SG) installed on W60L5 and W600L3 specimens 
(of equal f), submitted to cyclic and monotonic loadings, for a load level near the failure of these specimens. In 
spite of the difficulty in finding a tendency, in general, the maximum strains in the CFRP occurred at the top of the 
specimens. Since a steel hinge was used at the top of the specimens to transfer the load applied by the machine, the 
reduced restrain provided by this hinge has allowed SG1 to record the highest gradient of strains (see Figure 9), 
which justifies the prevalence of the failure of the specimen due to the rupture of the CFRP strip near the location of 
this SG. Nonetheless, the strains varied from 0.3% up to 1.2%, and the average strain, taking into account the 
measures registered in all SG of the tested specimens, was approximately 0.7%. This value may be even higher since 
the strain values registered in the CFRP only represent the areas where the strain gauges are placed, and, 
consequently, they are too dependent on the specimen failure mode configuration. 

Figure 10 represents the relationship between the concrete axial compressive stress and the average strain in the 
SGs of W60L5 and W600L3 specimens for both the monotonic and cyclic tests. The envelope curve of the cyclic 
test follows approximately the curve of the monotonic test of the corresponding specimen. However, in general, the 
envelope stress-strain curve of the cyclic test reveals a higher load carrying capacity than the one of the 
corresponding monotonic test. This is justified by the pre-stress applied in the CFRP in the consecutive load cycles, 
which increased the specimen axial stiffness, resulting in higher load carrying capacity of the specimen. 
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CONSTITUTIVE MODEL FOR FRP-CONFINED CONCRETE SUBJECTED TO CYCLIC 
COMPRESSION LOADING 

The developed model is composed by an envelope and cyclic branches. 

Compressive Envelope Curve

The envelope curve for compression is derived from Lam and Teng model 13. The stress-strain relationship of the 
envelope curve (Figure 11) for compression, c cf , can be described as follows (compression stresses and strains 
are assumed with positive sign): 

2
2 2

4
c c

c c c c
co

E E
f E

f
 and 

2
2

2
c c

ct c c
co

E E
E E

f
   if   0 c ct ; (2) 

2c co c cf f E  and 2ct cE E  for ct c
CPC
cc ; (3) 

where cof  is the compressive strength of unconfined plain concrete (UPC) in MPa, Ec is the concrete initial 

Young’s modulus, ct  is the strain at the transition between the domain of the equation (2) and (3), CPC
cc  is the 

ultimate strain of confined plain concrete (CPC) and:  

2

2 co
ct

c c

f
E E (4) 

2cE  is the tangential Young’s modulus determined by: 

2

CPC
cc co

c CPC
cc

f fE (5) 

From experimental results it was verified that the compressive strength of confined plain concrete ( CPC
ccf ) and its 

corresponding strain ( CPC
cc ) can be obtained from: 

(1.8244 0.9431)CPC
cc f cof f (6) 

2( 14.696 23.691 2.0105)CPC
cc f f co (7) 

Cyclic Hysteretic Schemes

The hysteretic branches of the proposed cyclic model include nonlinear unloading/reloading, arbitrary cyclic loading 
and stiffness degradation resulting from cyclic loading. The shape of all possible cyclic branches (complete or 
partial) is predicted by the transition curve proposed by Chang and Mander 14:

( )[ ]cR
c ca c ca ca c c caf f E A (8) 

where cR  is the parameter governing the curvature of the hysteretic branch and cA  is a internal parameter: 

sec

sec

cb c
c

c ca

E E
R

E E
, sec

c

c ca
c R

cb ca

E E
A  and csec = cb ca

cb ca

f f
E (9) 

where Ecsec represents the secant modulus, Eca and Ecb are the tangent Young’s Modulus at the initial (A) and target 
(B) points (see Figure 11), and fca and fcb are the compression stresses at A and B points, respectively. 

The proposed compressive cyclic mode, shown in Figure 11 with all the possible hysteretic schemes, can be 
broadly categorized as: complete unloading (AB); partial unloading (AB’); complete reloading (BCD) and; partial 
reloading (B’C’D’). 
Unloading from point A ( cun, fcun) with reversal slope Ecun (= 2Ec, see Figure 11), will target point B ( cpl, 0) with 
target slope Ecpl, whose characteristic parameters can be determined as follows: 
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co
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E E  and 
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cpl cun
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f
E

(10) 

The transition curve Eq. (8) is used to join the initial point A and the target point B. A reversal from any point 
in between A and B will initiate the starting of a reloading branch. The complete reloading curve is described by 
three points (initial point B, intermediate point C and target point D), and two connecting transition curves. The first 
transition curve connects point B ( cpl, 0) with starting slope Ec, to an intermediate point C ( cun, fcnew) with slope 
Ecnew. Similarly, the second transition curve connects intermediate point C to the return point D ( cre, fcre) with target 
slope Ecre. The parameters required for complete reloading are derived from the following Eqs. (see Figure 11): 

cnew cun cf f f (11) 

cnew
cnew

cun cpl

fE (12) 

cre cun c (13) 

cre c creE E  and cre c cref f (14) 

0.09 cun
c cun

co

f f  and 0.1992  c cun (15) 

For reloading followed by partial unloading, a modified returning point is defined, which is calculated from the 
modified form of Eqs. (11-15), as described elsewhere 14.

Numerical Simulation

A fibrous model with cyclic constitutive laws for CFRP-confined concrete and steel bars was implemented into 
FEMIX computer program, which is based on the finite element method (FEM). This model is capable of analysing 
the nonlinear cyclic behaviour of three-dimensional RC frames, since the beams and columns are simulated by 3D 
Timoshenko finite elements. Each element is discretized in fibres along its longitudinal direction. 

Model Appraisal

To verify the capabilities of the proposed model on the simulation of CFRP-confined RC columns submitted to 
cyclic compressive loading, the carried out tests are simulated, and the experimental and numerical axial stress-
strain curves are compared. The values of the model parameters used on the numerical simulations are the following 
ones: Ec= 30 GPa (4361.4 ksi), fco = 30.2MPa (4.39 ksi) and co = 0.004 (mm/mm). All the simulated columns were 
discretized in three isoparametric Timoshenko finite elements of three nodes each. An integration scheme of two 
Gauss integration points per finite element was adopted for the evaluation of both the stiffness matrix and internal 
forces. Every cross section was discretized in forty-eight quadrilateral elements of eight nodes for the confined 
concrete, and four quadrilateral elements of four nodes to simulate the steel bars, using an integration scheme based 
on 2×2 Gauss integration points. 

Figures 12a-c show that the proposed model simulates with satisfactory accuracy the experimental curves. In 
spite of predicting the envelope curve with high accuracy the analysis tends to predict a slightly less stiffness and 
underestimates the energy dissipation capacity of the structure due to the assumption of perfect bond between 
concrete and steel bars.
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CONCLUSIONS 

The present work compares the efficacy provided by continuous and discrete confinement arrangements for 
reinforced concrete (RC) column elements subjected to monotonic and cyclic compressive loading. 

Taking the compressive strength obtained in the unconfined reinforcement concrete (URC) specimens ( URC
ccf ) for 

basis of comparison, a significant increase in the specimen load carrying capacity was provided by the adopted 
confinement systems provided, since CRC URC

cc ccf f  varied between 1.5 for f=0.31 up to 2.7 for f =0.68, where 
CRC

ccf  is the compressive strength of the corresponding confined specimen. 

The CRC URC
cc cc  ratio increased with f, having varied from 7 up to 10, where URC

cc  and CRC
cc  are the strains of 

unconfined reinforced concrete specimen and confined specimen, respectively. 

Comparing the results obtained in specimens of equal f it was verified that the load carrying capacity of partially 
confined specimens (W60L5) was a little bit lower than that of the fully confined specimens (W600L3). However, it 
should be kept in mind that partial confinement arrangements were easier and faster to apply than full confinement 
arrangements. The obtained stress-strain curves indicate that the curve corresponding to the monotonic test can be 
considered as the envelope of the curve of the cyclic test. 

Regarding the variation of the stiffness of the unloading and reloading branches of the load cycles, it was noticed 
that the stiffness of the unloading branches was higher than the stiffness of the reloading branches. In the 
consecutive cycles of a series of cycles with the same load amplitude, the stiffness of unloading branches decreased, 
while the stiffness of the reloading branches presented a tendency to increase. Finally, a tendency was observed for a 
decrease in the stiffness of both the unloading and reloading branches in successive series of load cycles. 

The data obtained from the experimental program was used to appraise a model proposed to simulate the cyclic 
behavior of CFRP-confined RC columns. The model simulated with high accuracy the carried out tests. 
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NOTATION

CFRP = carbon fiber reinforced polymers  
CPC = confined plain concrete  
CRC = confined reinforced concrete  

D = diameter of the column cross section 
Es = elasticity modulus of the steel bars 
Ec = initial Young modulus of concrete 

Ecnew = tangent modulus at the new stress point 
Ecpl = tangent modulus when the stress is released 
Ecre = tangent modulus at the returning point ( cre, fcre)
Ect = tangent modulus for concrete on compression envelope 

fc = concrete compressive stress 
fcc = compressive strength of confined concrete 
fco = compressive strength of UPC 

fcnew = new value of stress corresponding to the unloading strain ( cun)
fcre = stress on returning strain ( cre)
fcun = stress on FRP confined concrete envelope at unloading 

strain( cun)
CRC

ccf = compressive strength of confined concrete specimen 
CPC

ccf = compressive strength of confined plain concrete 
URC

ccf = compressive strength of unconfined reinforced concrete 
H = height of the specimen 
Lk = number of CFRP layers per each strip 
Sj = number of strips along the specimen 
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SG = Strain gage 
tf = thickness of the wet lay-up CFRP sheet 

UPC = unconfined plain concrete  
URC = unconfined reinforced concrete  

Wi = strip width 
cc = concrete axial compressive strain at fcc

CRC
cc

 axial strain at compressive strength of confined reinforced 
concrete ( CRC

ccf )
CPC
cc

 axial strain at compressive strength of confined plain concrete 
( CPC

ccf )
URC
cc

= axial strain at compressive strength of unconfined reinforced 
concrete ( URC

ccf )

co = axial strain at compressive strength of unconfined plain 
concrete (fco)

cpl = concrete plastic strain 
cre = strain on the FRP confined concrete envelope corresponding to 

the return point 
cun = strain on FRP confined concrete envelope at unloading 

(reversal) point  
fm = Average tensile strain in the CFRP fiber’s direction 

fmax = maximum tensile strain in the CFRP fiber’s direction 
su = Steel ultimate strain 

f = CFRP volumetric ratio 
sy = Steel yield stress 
su = Steel tensile strength 
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Table 1 - Experimental program 

Specimen designation 
(WiLk_c/m)

Loading 
type 

W
[mm]

s’
[mm]

L  Confinement arrangement 

W45L3_c cyclic 

45 55 

3
W45L3_m monotonic 

W45L5_c cyclic 
5

W45L5_m monotonic 

W60L3_c cyclic 

60 40 

3
W60L3_m monotonic 

W60L5_c cyclic 

5
W60L5_m monotonic 

W600L3_c cyclic 

600 - 3 

W600L3_m monotonic 

Note: 1 mm = 0.0394 in. 

SG6

SG5

SG2

SG1

SG4

SG3

s'

w
CFRP

Ø6//96

4Ø8

60
0 

m
m

200 mm

60
0 

m
m

200 mm

SG1

SG2

SG3

SG4

SG5

SG6
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Table 2 - Main indicators of the effectiveness of the confinement systems 

Specimen 
designation

f [%] fcc
(MPa)

Conf
cc
URC

cc

f
f

cc Conf
cc
URC
cc

fmax 

SG1 SG2 SG3 SG4 SG5 SG6 
UPC_c - 29.10 - -0.003 - - - - - - - 
UPC_m 30.36 - -0.003 - - - - - - - 
URC_c - 27.50 - -0.002 - - - - - - - 
URC_m 27.38 - -0.004 - - - - - - - 

W45L3_c 0.31 44.40 1.61 -0.018 9.00 0.006 0.010 0.012 0.010 0.011 0.007 
W45L3_m 40.97 1.50 -0.015 3.75 0.006 0.007 0.009 0.006 0.005 0.003 
W45L5_c 0.51 50.74 1.85 -0.024 12.00 0.006 0.009 0.009 0.007 0.005 0.003 
W45L5_m 54.14 1.98 -0.025 6.25 0.009 0.004 0.007 0.008 0.009 0.006 
W60L3_c 0.41 48.84 1.78 -0.019 9.50 0.004 0.005 - 0.005 0.007 - 
W60L3_m 51.83 1.89 -0.019 4.75 0.011 0.010 0.009 0.007 - 0.004 
W60L5_c 0.68 55.64 2.02 -0.020 10.00 0.010 0.006 0.005 0.003 - 0.005 
W60L5_m 66.27 2.42 -0.028 7.00 - 0.004 0.009 0.009 0.01 0.008 
W600L3_c 0.68 73.70 2.68 -0.025 12.50 0.010 0.008 0.005 0.006 - 0.009 
W600L3_m 58.01 2.12 -0.014 3.50 - 0.006 0.005 0.006 0.005 - 
Note: 1 MPa = 145.38 psi. 

a) b) c) 
Figure 1- Confinement arrangements: a) strips of 45 mm width; b) strips of 60 mm width; c) 

full wrapping (1 mm = 0.0394 in.). 
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Figure 2 - Position of the LVDTs.. 

Figure 3 - Cyclic loading configuration (1N = 0.2248 lb.). 
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Figure 4: Relationship between concrete stress and both the axial strain and the CFRP strain for the 
monotonic and cyclic tests (1 MPa = 145.38 psi). 
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Figure 5: Procedure to evaluate the stiffness for unloading and reloading phases 
(1 MPa = 145.38 psi ; 1 mm = 0.0394 in.). 
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a) W45L3 b) W45L5 

c) W60L3 d) W60L5

e) W600L3
Figure 6: Variation of the stiffness of the unloading and reloading branches in the cyclic tests 

(1 MPa = 145.38 psi ; 1 mm = 0.0394 in.).
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Figure 7: Relationship between the concrete stress and both the concrete axial strain 
and the CFRP strain in series with equal f: W60L5 and W600L3 

(1MPa = 145.38 psi ; 1 mm = 0.0394 in.).

W60L5_c W60L5_m W600L3_c W600L3_m 

Figure 8: Failure modes of specimens with equal f.
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a) W60L5 

b) W600L3 
Figure 9: Tensile strains in the CFRP for specimens: a) W60L5; b) W600L3. 

a) W60L5 b) W600L3 
Figure 10: Relation between stress, c, and axial average strain in CFRP, c, under monotonic and cyclic tests, for the 

specimen: a) W60L5; b) W600L3 (1 MPa = 145.38 psi ; 1 mm = 0.0394 in.). 
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Compression
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Figure 11: Schematic representation of the FRP-confined concrete constitutive model. 
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a)

b) 

c)
Figure 12: Numerical simulation of: a) W45L3_c, b) W45L5_c, and c) W60L5_c  

(1 MPa = 145.38 psi.; 1 mm = 0.0394 in.). 
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