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ABSTRACT: A series of concrete specimens partially confined by by carbon fiber reinforced
polymers (CFRP) have been tested in the Laboratory of NED University of Engineering &
Technology, in Karachi, Pakistan. The specimens examined had circular and square crosssections and height between 300mm and 600mm. Unreinforced specimens, reinforced concrete
specimens, as well as specimens strengthened with different layouts of CFRP confinement,
aiming at the reduction of the FRP material used, have been tested. The aim of this work is to
offer a methodology to predict the increase of the compressive strength of the specimens for the
various layouts tested. EN code provisions, and models found in the literature are applied to
reproduce the experimental results. A modified model is proposed that predicts more accurately
the specimens’s strength for the FRP layouts reported in this research.
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INTRODUCTION

Application of fiber reinforced polymers (FRP) as a reinforcing method of concrete structural
elements is a comparatively modern method which leads to the enhancement of the performance
of the structural element, with little interference with the structure (referring to both the
dynamic characteristics, and the practical application details). In order to investigate the
potential of the application of FRPs to strengthen mainly plain concrete structures, an extensive
experimental program has taken place in the Department of Civil Engineering, NED University
of Engineering & Technology, in Karachi, Pakistan, Khan et al. (2010), (2012), (2013). Starting
point for the experimental investigation was the observation of major distresses in RC structures
located by the sea in Pakistan due to environmental attack, shortly after their construction. The
experimental investigation included testing of short concrete elements with rectangular and
circular cross-sections in uniaxial compression. Specimens with various layouts of wrapping
with Carbon Fiber Reinforced Polymers (CFRP) were tested. The main idea was to examine
different CFRP layouts with partial confinement in order to obtain similar characteristics of
confinement, but with reduced material. Control specimens without reinforcement and with
reinforcement were included in the experimental program. The results reported in this paper are
the average of each typical case.
Scope of this paper is to offer a methodology to predict the increase of the compressive strength
of the specimens for the various layouts tested. EN code provisions and analytical models found
in the literature are applied to reproduce the experimental results. A modified model is proposed
that predicts more accurately the specimens’ strength for the FRP layouts reported in this

research. The analytical predictions of the confined concrete compressive strength are compared
to the ones measured in the tests.
2

CHARACTERISTICS OF THE SPECIMENS

The specimens tested were cylindrical with diameter 150 mm and height 300 mm, cylindrical
with diameter 100 mm and height 600 mm, and finally specimens with rectangular cross-section
of 107 mm and height 600 mm. In all three cases fully wrapped specimens and reinforced
specimens without CFRP were constructed, serving as control specimens. Furthermore,
specimens with strips of CFRP of width 25 mm and 50 mm (isolated and continuous strips),
combined with or without the presence of wrap in the middle part extending at one third, half
and two thirds of the specimens’ height, were tested. The characteristics of the specimens and
the compressive strength of the confined specimens, fcc, may be seen in Tables 1, 2, and 3.
Table 1. Cylindrical specimens with 150 mm diameter and 300 mm height, Khan et al. (2010)
Reinforcement

fcc (MPa)

Layout of CFRP

none

25.72

fully wrapped

none

18.82

100 mm-wide wrap in middle

none

36.31

25 mm-wide wrap @25 mm c/c spacing

none

28.73

25 mm-wide wrap @50 mm c/c spacing

none

25.05

25 mm-wide wrap @75 mm c/c spacing

none

40.22

25 mm wrap @25 mm c/c + 100 mm-wide wrap in middle

none

30.06

25 mm wrap @50 mm c/c + 100 mm-wide wrap in middle

none

23.65

25 mm wrap @75 mm c/c + 100 mm-wide wrap in middle

410 +6@102

19.72

none

410 +6@102

44.54

fully wrapped

410 +6@102

26.89

100 mm-wide wrap in middle

Table 2. Cylindrical specimens with 100 mm diameter and 600 mm height, Khan et al. (2013)
Reinforcement

fcc (MPa)

Layout of CFRP

none

23.18

none

none

54.78

fully wrapped

none

52.48

two third wrapped in the middle (400 mm)

none

40.89

half wrapped in the middle (300 mm)

none

24.33

one third wrapped in the middle (200 mm)

none

41.78

50 mm-wide wrap @100 mm c/c spacing

none

40.51

50 mm wrap @100 mm c/c continuous strip at angle of 30

410 +6@102

39.49

none

Table 3. Specimens with square cross-section of 107 mm and 600 mm height, Khan et al. (2012)
Reinforcement

fcc (MPa)

Layout of CFRP

none

26.38

none

none

35.99

fully wrapped

none

34.76

two third wrapped in the middle (400 mm)

none

31.97

half wrapped in the middle (300 mm)

none

24.19

one third wrapped in the middle (200 mm)

none

37.56

50 mm-wide wrap @100 mm c/c spacing

none

27.60

50 mm wrap @100 mm c/c continuous strip at angle of 30

410 +6@102

30.92

none

One layer of CFRP wrap was used in all cases. The overlapping length of the fabric was 102
mm in general. The material properties of the carbon fibers used were: Ultimate tensile strength
of 4,100 MPa, tensile modulus of elasticity Ef = 231,000 MPa, fabric thickness equal to tf=0.117
mm and fiber density 1.78 gr/cm3. All RC specimens had the same reinforcement consisting of
four 10 mm-diameter longitudinal rebars, with 6 mm-diameter stirrups at distances 102 mm c/c
(center to center of consecutive stirrups). Mild steel was used with yield strength fy = 320 MPa
and strain at yielding εsy=0.0015.
Cylindrical specimens 150300 mm had cylindrical (unconfined) compressive concrete strength
equal to 16.17 MPa and clear concrete cover 19 mm, while the specimens in the other two cases
had cylindrical (unconfined) compressive concrete strength equal to 21 MPa and clear concrete
cover 13 mm. Maximum aggregate size was 19 mm. The corner radius of the rectangular cross
section was Rc=7 mm. More details about the specimens and the testing may be found in
previous publications Khan et al. (2010), (2012), (2013).
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3.1

ANALYTICAL PREDICTIONS FRO THE STRENGTH OF THE TEST DATA
General

Numerous stress-strain models have been proposed for FRP- and steel-confined concrete since
the 1980’s. Although much progress has been achieved towards understanding of the stressstrain behavior of FRP-confined circular elements, much work still has to be done for the case
of rectangular columns, and still more when both FRP confinement and steel reinforcement are
present (Kalogerakis et al, 2014 and Paparizos, 2015).
The models appropriate to predict the increased compressive strength of the specimens
considered in this paper have to take into account the contribution of strips, as well as the
contribution of the continuous part of wrap in the middle, when present. For the latter no such
provision exists in the available models found in the literature, since it was a novelty introduced
in the experimental researches considered. The contribution of FRP strips to increase the
compressive strength due to confinement is generlly assumed to be analogous to the action of
stirrups based on the approach proposed by Sheikh et al. (1980), and Mander et al. (1988).

3.2

Eurocodes

The enhancement of the strength of a reinforced concrete element subjected to compression and
lateral compressive stresses σlat is calculated according to EN1992-1-1 as follows:


 
f ck ,c  f ck 1  5 lat 
f ck 


for  lat  0.05 f ck

(1a)


 
f ck ,c  f ck 1.125  2.5 lat  for  lat  0.05 f ck
f ck 


(1b)

The lateral confinement pressure σlat applied by continuous FRP sheet is calculated according to
EN1998-3:
- For circular columns with diameter equal to D, and total thickness of FRP equal to t f :

1
2

 lat   f E f  ju

where  ju , E f : ultimate strain and elastic modulus of FRP

(3)

f 

4t f

where  f is the volumetric ratio of the FRP

D

(4)

- For rectangular cross-sections in which the corners have been rounded with a radius Rc to
allow wrapping around them (where D is the larger section width):

 lat  k s

2 E f  ju t f
D

where ks  2

Rc
D

(5)

In case wrapping is applied through strips with clear spacing between strips, s f , the confining
'
applied by the FRP strips is calculated by multiplying the lateral pressure  lat with
pressure  lat
the reduction factor k g as follows:

'
 lat

 k g   lat

sf 

where k g   1 

 2D 

2

(6)

In presence of steel stirrups only the effective lateral confining stress  lat is given in EN1998-3:

 lat     sx  f yw

(7)

where  is the confinement effectiveness factor, calculated according to EN1998-1, as shown in
equation (8), and  sx  Asx /(bw sh ) = ratio of transverse steel parallel to the direction x of
loading ( sh = stirrup spacing).
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(8)

where bo , ho are the dimensions of confined core measured from the centerline of the stirrups,
and bi is the spacing of longitudinal bars laterally restrained by a corner stirrup or a cross-tie.

The analytical predictions of the Eurocodes compared to the experimental data for the
specimens shown on Tables 1 to 3 are depicted in Figure 1. Neither the specimens in which a
continuous sheet of FRP was placed in the central part of the specimen, nor the specimens
confined spirally by a strip inclined compared to the direction of the cross sections are
displayed, since the contribution of these layouts are not included in the Eurocode provisions.
The square of the Pearson Product-Moment Correlation Coefficient (r2) between the analytical
and the experimental data is also indicated on Figure 1.
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Figure 1. Analytical predictions according to Eurocodes compared to the experimental data.

3.3

Implementation of selected analytical models

The models that will be applied were selected among others available in the literature because
they were found to reproduce well the behaviour of RC elements subjected to compression,
according to experimental reslults from the literature (Paparizos, 2015). A practical (owing to
the easy application) empirical model evaluated against a number of test data was proposed by
Roussakis et al. (2008). More detailed models that were formulated to take into account the
confining effect of both FRP sheets and steel stirrups were proposed by Wang et al. (2007), and
by Pellegrino et al. (2010). It is noted that the model of Wang et al. (2007) does not include
provisions for FRP strips. The model of Pellegrino et al. (2010) is based on the
recommendations of the Italian Research Council (CNR), 2004, and takes into account the
contribution of fibers spirally installed at an angle a with respect to the member cross- by
multiplying the lateral effective confining pressure with the coefficient K :
K 

1
1  tan 2 

(9)

The predictions of the three models against the respective experimental results are depicted in
Figures 2 to 4. The correlation coefficient RSQ is indicated in each case. Only those specimens
are included with FRP layouts explicitly described in each analytical model.
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Figure 2. Analytical predictions according to the model of Roussakis et a. (2008).
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Figure 3. Analytical predictions according to the model of Wang et al. (2007).
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Figure 4. Analytical predictions according to the model of Pellegrino et al. (2010).

3.4

Proposed analytical model

In order to estimate the enhancement of the compressive strength of the specimens considered
with the layouts tested and reported in this work, a model is proposed essentially based on the
Eurocode provisions presented in 3.2. The enhancement of the compressive strength is
calculated from equations (1a) or (1b), depending on the value of the lateral compressive
pressure  lat due to the FRP layout and also to the steel stirrups, when present. The lateral stress
 lat is expressed as shown in equation (10). The influence of the different confinement
effectiveness factors are taken into account by a single factor, K f , expressed in equation (11).

 lat  0.5K f  f E f  eff
f

(10)

K f  K h K v K K L

(11)

where  eff
f  0.8   fu is the effective hoop FRP strain, assumed as 80% of the ultimate FRP
strain,  fu , according to Lam et al (2003), K h and K v are the confinement effectiveness
factors parallel to the cross-section, and along the height of the element, respectively, K is a
factor taking into account the inclination of the strips, as in equation (9), and K L is applied
when a continuous sheet extends along a certain length L' of the element’s total length, L,
assumed to be: K L  L' / L for L' / L  0.50 , and K L  0.50 L' / L for 0.33  L' / L  0.50 . For
circular cross-sections it is K h  1 , both for FRP and for stirrups. For rectangular cross-section

Kh  (1   bi2 / 6bo ho ) (8). For the confining effect of the FRP in the rectangular cross-section
of the tests, it is bo  ho  107 mm , and bi  bo  2 Rc  107  2  7  93mm . In case of stirrups, the
concrete core is measured from the centerlines of the stirrups.
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Figure 5. Analytical predictions according to the proposed model.

For full FRP wrapping K v  1 . For confinement with stirrups or FRP strips it is
K v  (1  s f / 2 D ) 2 for circular and

K v  (1  s f / 2bo )(1  s f / 2ho ) for rectangular cross-

sections, where s f is the clear distance between the FRP strips, or the distance between stirrups,

D is the diameter of a circular cross-section (FRP) or the diameter of the concrete core
(stirrups), and bo , ho are the dimensions of confined core.
Furthermore, for elements with dimension of cross-section 100 mm and 107 mm, the concrete
strength due to confinement was increased by a factor 1.5 (=150/100) to account for the size
effect phenomena. The contribution of longitudinal reinforcement, when present, to
compressive strength is calculated by assuming yielding of the rebars, without size effect.
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CONCLUSIONS

The design model proposed in this work predicts well the increase of the compressive strength
of the specimens considered with the different FRP layouts tested. The use of FRP strips,
instead of continuous FRP wrapping, may be an option when the cost of the FRP material is
crucial in selecting the appropriate design method for strengthening a sub-standard structure.
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