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Abstract 
 
Nowadays, carbon fibre fabrics are increasingly used for the strengthening and repair of 
reinforced concrete columns. The carbon fibres, pre-impregnated with resin after 
hardening, make up the wrapping which will confine the concrete laterally. The 
literature is far from lacking results which show that this procedure does indeed increase 
the resistance and deformability of the columns.  
 
Most columns used in RC structures are either circular or square in sections. The 
question that should be raised up is to what extent the effectiveness of the lateral 
confinement of a column varies with the shape of the column section.  
 

In this context, the present contribution aims to explore the parameters which affect the 
strength and the deformability of prismatic concrete specimens. 
 
For this aim, 48 cylindrical concrete moulds having of 110x 220 mm dimensions and 24 
prismatic concrete moulds of 10x10x20 cm dimensions were tested to failure under uni-
axial compression. 
 
The results confirm the increase in strength and deformability with the carbon fibre 
confinement. They show that, for the same confinement rate, the increase in strength for 
the square-section specimens (20 to 95 %) is less than that of the equivalent circular-

section specimens (58 to 230 %). 
 
The stress-strain curves obtained exhibited a bilinear behaviour; the first part of the 
curve depended on the resistance of the non-confined concrete whereas the second part 
was directly dependent on the confinement rate and its stiffness. 
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1. INTRODUCTION 
 

 Reinforced concrete is the most widely used construction technique in the world. The 
advances in research and  development have resulted in a continuous evolution of the 
universal building codes which regulate this type of constructions; consequently, a 
number of reinforced concrete structures are actually undersized according to the most 
recent versions of the building codes. Design and detailing errors are other causes of  
insufficient member sizes of  concrete structures. In this sense, buildings that in seismic 
regions are the most vulnerable; they constitute a permanent risk on human lives. The 
strengthening and rehabilitation of  the old built patrimony, in particular reinforced 
concrete structures, is the new challenging concern for the construction engineers.    

 
A number of strengthening solutions for structural elements such as beams, columns 
and slabs have been proposed and tested in practice. Among these solutions, casing 
consists  of increasing the transverse dimensions of a  section by either casting 
reinforced concrete at the section periphery or gluing steel plates so as to increase the 
resisting capacity. However, these traditional strengthening methods are difficult to 
execute. 
  
The new construction techniques in aeronautic and in shipbuilding using fibre 
reinforced polymers (FRP) have attracted the attention of civil engineer for their 

qualities and ease of use, their higher resistances and their better durability. The interest 
in using these new polymer based materials in the constructions’ repair and 
strengthening field is ever increasing.    

  
A number of research work have shown that fibres glued parallel to the longitudinal 
axis of the beam or column improve the resisting capacity en flexure whereas those 
glued transversally improves the shear capacity and the compression strength through 
concrete confining. Researches dealing with fibre confinement of concrete have 
concerned mainly circular columns [Fardis et al.1981, Kent et al. 2002, Karbhari et al. 
1997, Laura De Laurenzis. 2001, Amir Mirmiran et al. 1997, Amir Mirmiran et al. 

1998, Saadatmanesh et al. 1994, Samaan et al. 1998, Saafi et al. 1999, Marjin et al. 
1999, Toutanji. (1999, Xiao et al. 2000] eventhough, rectangular columns are the most 
used in practice.  
 
The influence of the dimension and the shape of the moulds on the value of the 
compression strength has been studied by a number researchers in the past [Carreira et 
al, 1985; Bazant et al, 1997;Chin et al, 1997; Del viso et al, 2007]. Neville [Neville, 
1966] has explored the variation of the strength calculated on the basis of varied mould 
dimensions and shapes as function of the strength calculated on the basis of a cubic 
mould having 150 mm side. The results show, for example, that the ratios of the 

strength based on cylindrical moulds having a slenderness of 2, that is 200x400 mm,  
over that of a prismatic one 200x200x400 mm vary from 0.87 to 1.01. 
  
The present work attempts to study : 

- The effect of the geometry and hence both the size and shape on the strength, 
- The effect of the confinement as a function of the geometry on the strength  
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2. EXPERIMENTAL WORK 

2.1 Materials 

The mix composition of concrete consisted of: 240 kg/m
3
 of cement, 860 kg/m

3
 of sand 

and 865 kg/m
3
 of gravel; the water/cement ratio, W/C, was 0.56.  

SIKA France provided the one-way carbon fiber fabric (SikaWrap 230C) having a 
tensile strength of 4300MPa, a tension elasticity modulus of 238 GPa and an ultimate 
elongation of 1.8% and the epoxy adhesive (SIKADUR 330) having a tensile strength 
of 30MPa, a tension elasticity modulus of 4.5 GPa and an ultimate elongation of 0.9% 
[21, 22]. 

2.2 Fabrication of the specimens and testing procedure 

To achieve a specimen’s slenderness of 2, the cylindrical specimens tested were 
110x220 mm in dimensions and the prismatic specimens were 100x100x200mm.  
The mixing procedure, the casting and the curing of the concrete were kept similar for 

all the specimens. After hardening of the concrete, a mechanical cleaning for the four 
faces of the specimens was done to ensure the maximum adherence of the CFRP with 
concrete and the prismatic specimen right angle edges were slightly rounded to avoid a 
rupture of the reinforcement by sharp angular tear.  

 
The confinement of the concrete specimens is achieved by gluing successive layers of 
CFRP fabrics around the transverse section. Three levels of confinement were 
considered, namely 1, 2, and 3 layers of carbon fabrics by comparison to the witness 
specimen with 0 (zero) layer, meaning no confinement. The testing was carried out wit 
the help of 3000 kN compression machine under a uniaxial compression loading. The 

loading rate was 0.05 mm/s and the testing was maintained beyond the peak up to 
failure. The longitudinal compression shortening and the transverse tensile extension 
were recoded with the help of displacement transducers, three mounted vertically on the 
loading plate of the machine for the shortening measurement and three mounted 
perpendicularly around the mid section of the tested specimen  at  60° angles. 
 

3 RESULTS AND DISCUSSION 

3.1 Unconfined concrete (geometry effect) 

The slenderness ratio of all specimens tested, defined as the height or length over the 
diameter or side, is kept constant equal 2. Cylindrical specimen’s are 100x200 mm and 
the prismatic specimen’s are 100x100x200 mm. to evaluate the geometrical effect on 
the compression strength, 8 cylindrical specimens and 8 prismatic specimens made with 

the same concrete prepared in the same conditions are Subjected to compressive loads 
until failure. Table 1 summarises  the obtained average results  

 
    Tab.1 : Average cylindrical and prismatic unconfined test results 
 

Specimen Average stress [MPa] εlongitudinal εlateral 

Cylindrical 35,97 0,00209 -0,00153 

Prismatic  41,23 0,00232 -0,00123 
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The ratio of the average strength for the cylindrical specimens over that of the prismatic 
specimens is 0,872; it is intermediate between 0,91 value prescribed by ASTM C42-64 
and 0,75 value prescribed by BS 1881:1952 for the relation between 150x300mm 
cylinder and 150mm cube  [Neville, 1966]. 
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Figure 1. unconfined concrete failure Figure 2. Average of concrete stress-strain curve  

obtained on 8 test for each geometry 
 
The question which could be asked is: why this strength variation, eventhough the 
concrete is the same and the observed failure mechanism (classical conical rupture) is 
almost the same for the two geometries as seen in  Figure 1. 

 
Part of the answer is in boundary conditions of the compression test; indeed, a hooping 
is created by the contact of the specimen on platen machine as a consequence of the 
conical rupture. The volume ratio of hooped concrete between cylindrical specimen and 

prismatic specimen is given by
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that the prismatic specimen mobilizes more hooped concrete than the cylindrical 
specimen, and hence results in a higher strength. These calculations are made on the 
assumption that rupture lines follow an angle of 45° [Kim, 1999], the  hooped volume 
for a cylindrical specimen is of conical shape of height D/2 and that of prismatic one is 
of a pyramidal shape of height a/2. 

 

In the case of a compression test where the frictions between the concrete surface  and 
the platen of the testing machine are eliminated by any means, [Bazant et al, 1997] 
described the failure mechanism as being produced by the propagation of macroscopic 
splitting cracks; in  such testing conditions the compression strength will not be affected 
by the specimen shape. 
 
The superposition of all the stress-strain curves of the specimens tested showed similar 
forms and shapes, the average curves are presented in Fig.2. The shapes of the 
specimens do not seem to affect the behaviour. 
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3.2 Effect of the confinement ratio on the compressive behaviour 
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Figure 3. Circular specimens :  
Stress-Strain  diagram  

Figure 4. Square specimens: 
 Stress-strain diagram 

 
For this part of work, a total of 4 cylindrical specimens and 4 prismatic specimens were 
tested in compression as summarized in Table 2.  
 
Table 2. Cylindrical and prismatic unconfined and confined test  results 

Spcimen  Stress [MPa] εlongitudinal εlateral 
Ratio 

εlongitudinal/εMAN 

Cylindrical C0 41.03 0,00200 0,00159 --- 

 C1 64.89 0,00810 0,00841 46% 

 C2 91.40 0,01189 0,00786 43% 

 C3 138.12 0,01403 0,00746 41% 

   Average 0,00791 43% 

Prismatic P0 46.87 0,00194 0,00096 --- 

 P1 56.28 0,00705 0,00509 28% 

 P2 77.71 0,01005 0,00645 35% 

 P3 91.57 0,01276 0,00462 25% 

   Average 0,00538 29% 

 

 Figures 3 and 4 above represent respectively the longitudinal strain and lateral strain of 
the cylindrical and prismatic specimens respectively with a monotonous compression 
loading; the rate of confinement is indicated by the number of applied layers, varying 
from 0 to 3. The classical behaviour evoked by [Mirmiran et al, 1997] in their work is 
experienced in the present work. They explained that the response is composed of 3 
distinct stages, in the first stage, the behaviour is similar to that of the unconfined 
concrete, so long as the lateral expansion is low. With the increase in the microscopic 
cracks a nonlinear transition stage is observed. The envelope exerts a side pressure on 
the concrete to counteract the degradation of the concrete rigidity. A third stage appears 
whereby the CFRP envelope is entirely activated and the concrete rigidity is stabilized; 

this branch is very dependant on the rigidity of the envelope which is directly 
proportional with the number of layers of CFRP. A bilinear modeling of the behavior 
could reasonably be admitted, the slope E0 of the first stage is almost the same as that of 
the unconfined concrete with a the higher limit corresponding to the peak f'c0 of 
resistance of the unconfined concrete. The second stage has a slope En (rigidity) less 
stiff than the first stage and limited at the top by the failure point  f'cc. The global 
behaviour is illustrated in Figure 12 below. 
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Figure 12. Idealized stress-strain curve 

 
At failure, the confinement composite presents a tear along a vertical line as illustrated 
in Figure 5, which is always located near a right angle edge for the prismatic specimens. 
No delaminating between the various CFRP layers was observed. The conical form of 
rupture of the concrete is preserved. 
 

  
Figure 5. Failure of  Confined concrete  

with 1or 2 layers 
Figure 6. Failure of  Confined concrete with    

              3 layers  (cylindrical specimen) 
 

An increase in the rate of confinement from 1 to 3 layers of CFRP increases the 
following parameters by comparison with unconfined specimens (see Figure 7): 

- The compression strength of the cylindrical specimens from 58% to 336%. 
- The compression strength of the prismatic specimens from 20% to 95%. 
- The longitudinal strain of the cylindrical specimens from 8 to 14‰. 
- The longitudinal strain of the prismatic specimens from de 7 to 12‰. 
-  

The difference in strength observed previously between the prismatic and cylindrical 
unconfined concrete specimens (higher for the prismatic specimens), is inversed after 
confinement to become higher for the cylindrical specimens as illustrated in Figure7. 

The difference in strength between confined cylindrical specimens an prismatic ones 
increases more and more with the increase in the number of layers of CFRP; it goes 
from 15% for 1 layer to 50% for 3 layers of CFRP. 
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Figure 7. Stress versus CFRP layers’ number Figure 8. Longitudinal strain versus CFRP 

layers’ number 
 
It is easy to note from Figure 8 that the variation between the values of the longitudinal 
strains of prismatic and cylindrical specimens is almost constant whichever  the 
confinement rate is, the average difference is of 11%, similar to that of unconfined 
concrete. 
 

The variation in strength according to the number of CFRP layers  correlated with a 
second degree polynomial function gives a variation coefficient (R

2
=0,934), and the 

variation of the deformation according to the number of layers of CFRP is approximated 
by a line giving  a variation coefficient (R

2
=0,964). Even if the rate of increase in the 

deformation is slower compared to that of the strength, the capacity of deformation for 
the confined concrete remains considerable compared to that of the unconfined 
concrete. 
 
By comparison, a beam strengthened in bending will have its loading capacity increased 
and its deformability decreased, a column strengthened by confinement will have the 

advantage of increasing at the same time the loading and the deformation capacity. 
The experimental results obtained show that the performances of the cylindrical 
specimens are higher than those of the prismatic ones as seen in Figures 7 et 8;  the 
same question as in the previous paragraph could be asked, why this variation, since 
they are made of the same materials? An explanation is given in the following section. 

3.3 Effect of the confinement following the geometry 
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Figure 9. stress versus strain  
                  - 1CFRP layer - 

Figure 10. stress versus strain 
               - 2 CFRP layers - 

Figure 11. stress versus strain  
                -3 CFRP layers - 

 
Figures 9, 10 and 11 illustrate the superposition of the stress-strain response of confined 
specimens. They clearly show that the resistance, the deformations and the rigidity, of 
the prismatic specimens are less than those of the cylindrical specimens; this is caused 
by the interaction between the specimen geometry and CFRP confinement. 
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Figure 13. Cylindrical specimen 

expansion 
Figure 14. Cylindrical stress state 

 
For a cylindrical specimen, the action of expansion and the reaction of the confinement  
are represented by a uniform pressure p in the interface (Fig.14); this pressure produces 

a circular tension resultant Ff in the envelope. The concrete goes from a uni-axial 
loading to a tri-axial loading. 
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Figure 15. prismatic specimen 

expansion 
 Figure 16. prismatic stress state 

 
In the case of a prismatic specimen, the action and the reaction between the concrete 
and the confinement is reduced to the curved zones of the section (Fig.15 et 16), the 
stresses are concentrated in reduced zones. The work of [Karam et al, 2005] showed, on 
the basis of a numerical finite elements modeling, the effectiveness of confinement 

while varying the radius of the curved zones; the confined concrete surface increases 
with the radius of the curved zones, it is at  minimum for a square with right angle and  
increases with the increase in the radius r, it reaches a maximum for a perfect round 
shaped zone which is a circle. 
 
Karam et al, 2005, also showed too that the confining pressure is not constant in the 
volume of confined concrete, it is maximum near to the angles and  is diffused towards 
the center of the specimen at a decreasing rate. The evaluation of this diffusion is 
difficult; it is, however, allowed to work on average values. 
  

 

r 

a 

a 

a-r 
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r 

ke=0.33 ke=1 0.33<ke<1  
Figure 17. (a) undeformed section, (b) Deformed section, (c) Forces acting in 

the the FRP, (d) Forces acting on concrete 
 

[Mander et al, 1988] proposed an effectiveness confinement factor ek  based on the 

assumption that the rectangular section can be divided into two parts: perfectly confined 
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and unconfined; for a square section it is equal to:

2

1
3

2
1 








−−=

a

r
ke , it varies from 

0.33 for a square with right angles (r=0) to 1 for a circle (r=a). 
 
 [De Paula et al, 2002] showed experimentally, with compression tests on prismatic 
specimens of slenderness 5, that the lateral strain is not constant along the perimeter of 
the specimen, but is maximum near of the angles and minimum in the centre of the 

faces.  
 
These two experiential experimental observations represent a direct explanation of the 
shortfall in resistance by a prismatic specimen compared to a cylindrical one: 

1. The volume of confined concrete is reduced by the shape, in our case (r=10mm) 

it is evaluated at ek = 0.46, consequently, 54% of the concrete specimen section 

is not mobilized by confinement, implying an equivalent loss in resistance. 
2. The non-uniform distribution of the lateral strain is a sign of the presence of 

parasite forces (Fig.18) other than the tension acting on the composite fibers, 
particularly in the angular zones. This supports the premature rupture of the 
CFRP composite in these zones. This observation could be checked on all the 

prismatic specimens tested. 
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Figure 18. Corner stress state for perfect circular specimen and curved angle square 
specimen 
 
Table2 presents the strains at failure for the confined specimens ; the ratio of the 

measured strain over the manufacturer recommended one (StrainEXP/StrainMAN) shows 
that the circular shape mobilizes on average 43% of the deformation capacity of the 
confinement whereas the square shape mobilizes only 29% on average. Nevertheless, 
the premature rupture of the composite was observed for the two shapes.  
To  explain this variation, the CFRP tension tests  are carried out under the same 
conditions as for the composite which was used to confine the concrete specimens, they 
are tested in simple tension under a monotonous loading; the strains obtained at failures 
vary from 10 ‰ to 12 ‰. The strains for cylindrical specimens are 28% lower than this 
and the prismatic ones 51% lower. The reasons for this difference are due to the manner 
and the conditions of gluing the composite CFRP. Indeed, it is difficult to have perfect 

round forms, to control with precision the thickness of the adhesive and to control the 
orientation of fibers with perfection. 
 
 

4.CONCLUSION 

 
The compression test results on the unconfined concrete showed that, on average, the 
compression strength of prismatic specimens is 14% higher than the cylindrical 
specimens, this difference is caused by the difference in the volume of concrete hooped 
by the contact between the specimen and the platens of the loading machine. 
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The confinement effects are: 
- An increase in the compressive strength   

o For the cylindrical specimens of 58%, 122% and 336% 
o For the prismatic specimens of 20%, 65% and 95% 

                              respectively for a number of confinement layers of 1,2 and 3. 
- An increase in longitudinal deformability compared to that of the unconfined 

concrete of: 
o 4, 6 and 7 times for the cylindrical specimens. 
o 3.5, 5 and 6.5 times for the prismatic specimens . 

- An average increase in the lateral deformability of the cylindrical and 

prismatic specimens of 5 times. 
The whole of the cylindrical and prismatic specimens showed premature ruptures of 
confinement, caused by: 

- Defects in gluing  and joining  the composite on the concrete surface. 
- Stress concentrations created by the non-uniform cracking of the concrete under 

the envelope . 
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