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ABSTRACT: A regulatory framework is required to ensure the correct design of Fibre-Reinforced Polymers (FRPs) increasingly 
being used as an externally-bonded strengthening system on concrete columns. Several design guidelines on the confinement 
of FRP concrete have been developed over the past few years worldwide, each proposing a different approach, resulting in 
different predictions. This study aims to evaluate and compare nine international design guidelines used to predict the compressive 
strength of confined concrete in FRP-strengthened concrete columns and weigh them against experimental results. The results 
of this investigation reveal that the predictions from the guidelines on the compressive strengthening of FRP-confined concrete 
are generally suitable for circular columns, with the ACI-440 and CNR-DT 200 guideline predictions being two of the most 
accurate. Nevertheless, the guidelines generally tend to overestimate the load-carrying capacity for the compressive strength of 
FRP-confined concrete in non-circular columns, for which further experimental work using large-scale specimens is required.
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RESUMEN: Confinamiento de columnas de hormigón con FRP: revisión de normativas y sus predicciones. El crecimiento en el 
uso de polímeros reforzados con fibra (FRP) como sistema de refuerzo externo en columnas de hormigón requiere de un marco 
regulatorio para su correcto diseño. En los últimos años se han desarrollado diferentes guías y normativas de diseño, teniendo cada 
una de ellas un planteamiento diferente y, por lo tanto, arrojando resultados dispares. Esta investigación pretende contrastar con 
resultados experimentales las predicciones que nueve normativas internacionales hacen sobre la resistencia a compresión de una 
columna de hormigón confinada con FRP. Los resultados de la investigación muestran que las estimaciones de las normativas sobre 
la resistencia de las columnas de hormigón confinadas con FRP son, en general, adecuadas para columnas circulares; destacan como 
las más precisas la ACI-440 y la CNR-DT 200. Por contra, en el caso de columnas no circulares los resultados obtenidos tienden a 
sobreestimar la resistencia a compresión de las columnas confinadas con FRP, en este caso sería necesario continuar investigando 
en modelos a gran escala.

PALABRAS CLAVE: Hormigón; Composite; FRP; Confinamiento; Resistencia a la compresión.
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1. INTRODUCTION

One of the main causes of buildings collapsing is 
column failure under concentric axial load or due to 
small eccentricities (1). Rehabilitation and strength-
ening systems have been developed and used to 
prevent structural failure on existing deteriorated 
concrete structures or to increase their design load. 
The column strengthening and retrofitting process 
has traditionally used two methods: use of external 
steel angles and horizontal strips or addition of a 
new concrete jacket with additional reinforcement 
(2, 3) stress levels were achieved that produced in-
temal microcracks, which allowed residual rigidity 
and the behaviour of completely microcraked con-
crete specimens to be studied. The specimens were 
subsequently tested to compression to the fracture 
point. Specimens reinforced in accordance with no 
manufacturing defects (100% CFRP reinforcement). 
Both methods are expensive and time-consuming as 
they are labour intensive (4). Moreover, both solu-
tions have drawbacks because the useful floor area is 
reduced and steel strengthening requires protection 
against corrosion.

When subject to a compressive axial load, a con-
crete column tends to expand laterally due to the 
Poisson effect. When a column is FRP-strengthened, 
this lateral expansion is limited by the FRP due to the 
development of lateral confinement stress (passive 
confinement) (5). An FRP-confined concrete column 
behaves in a state of triaxial compressive stress, in-
creasing hydrostatic stress and reducing deviatoric 
stress. Consequently, the development of internal mi-
crocracks is limited (6), which improves compressive 
strength and ductility, resulting in better structural 
capacity of the column. Owing to all the potential ad-
vantages of FRP, extensive experimental and analyt-
ical work has been carried out over the past 30 years 
(7). Based on conclusions from the research, major 
efforts have been made to develop design guidelines 
and specifications for FRP-wrapped concrete col-
umns. The design guidelines provide various equa-
tions that give varying results, some of which differ 
significantly from the experimental results. There-
fore, further research and guideline validation is re-
quired to improve construction industry confidence in 
technology that uses FRP strengthening (8).

This study analyses the most up-to-date interna-
tional design guidelines for concrete columns ful-
ly-wrapped with FRP under concentric axial loads. 
The goals of this research are to: (i) provide an in-
depth description of the guidelines, (ii) compare the 
predictions of the design guidelines against each 
other and against the experimental test results from 
previous research and (iii) identify and highlight the 
strengths and weaknesses of the design guidelines. 
For this purpose, a theoretical background is first-
ly presented. Secondly, the design guidelines are 
reviewed. Thirdly, a comparative study of design 

guideline estimations is provided. Lastly, conclu-
sions and recommendations on design guideline use 
are given.

2. THEORETICAL BACKGROUND

Studying the beneficial effect of lateral confine-
ment on the strength and deformation capacity of con-
crete dates back to the early 20th century. In 1901, the 
engineer Considère studied the concept of béton fretté 
[concrete confinement in encased reinforced con-
crete columns] (9–12). Some years later, Richart et 
al. carried out an extensive study about lateral active 
confinement on concrete cylinders under simple com-
pression (13). They determined that both compressive 
strength and strain increments are directly related to 
the lateral confinement pressure applied (Equations 
[1] and [2], respectively).

	
	 [1]

	 [2]

In Equations [1] and [2] above,  is the compres-
sive strength of confined concrete,  is the compres-
sive strength of unconfined concrete,  is the confine-
ment pressure,  is the comprresive strain of uncon-
fined concrete,  is the ultimate axial compressive 
strain of confined concrete and  and  are efficiency 
factors.

In 1988, Mander et al. (14) tested circular, square 
and rectangular reinforced concrete columns and 
developed a model that predicted confined concrete 
strength values (Equation [3]).

	 [3]

Generally, the column-strengthening effect can 
be classed as active or passive confinement. Active 
confinement involves applying external confinement 
pressure. Conversely, passive confinement is a result 
of the Poisson effect that takes place when the column 
starts to dilate and transverse deformation is totally or 
partially limited (15).

The FRP confinement mechanism is classed as 
passive confinement derived from an equilibrium of 
forces. In an FRP-confined circular concrete section 
with the FRP shell fibre perpendicular to the column 
axis, lateral confinement pressure is assumed to be 
uniformly distributed around the circumference. Lat-
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eral pressure starts to be applied to the FRP wrap due 
to the lateral expansion of concrete under an axial 
compression load. Therefore, the FRP confinement 
action implemented is of the passive type. Confine-
ment pressure grows in proportion to lateral expan-
sion, up to FRP shell failure. Theoretically, the max-
imum confinement pressure is deduced from a force 
equilibrium (Equation [4]), which is directly related 
to the FRP’s modulus of elasticity , ply thickness 

, number of plies  and effective FRP strain or 
hoop rupture strain  and inversely related to the 
circular section diameter .

	
	 [4]

It is important to point out that effective FRP strain 
is substantially lower than the ultimate tensile strain 
of the fibres  measured using a flat FRP coupon 
tensile test (16). The relationship between both is gen-
erally established via a strain reduction or efficiency 
factor , as shown in Equation [5].

	 	 [5]

According to Lam and Teng (17, 18), the difference 
between the two strains lies in several factors: i) the 
effect of FRP jacket curvature, ii) a non-uniform de-
formation of cracked concrete leading to non-uniform 
stress distribution in the FRP jacket and its subsequent 
premature rupture and iii) the existence of an overlap-
ping zone where the strain measured is much lower 
than the strain measured in other FRP sheet zones. 
fib Bulletin No. 14 (19) also states that ultimate ten-
sile strain reduction of FRP may be influenced by the 
quality of implementation (fibre incorrectly aligned 
and damage to fibre due to edges or local protrusions) 
and the size effect (when multiple layers are applied). 
In research by Realfonzo and Napoli (20), the same 
average strain efficiency factor value  for 
carbon and glass FRP jackets was obtained, regard-
less of concrete strength. Further to analysing several 
stress-strain models for FRP-confined concrete in cir-
cular sections, Ozbakkaloglu et al. (21) determined 
that the average strain efficiency factor was between 
0.641 and 0.685.

Due to the characteristics of passive FRP confine-
ment, a strength increment for unconfined concrete 
is not always provided. As such, the minimum con-
finement ratio, the relationship between confinement 
pressure and unconfined concrete strength, is estab-
lished.

According to Lam and Teng (18), when a specimen 
is insufficiently confined in the stress-strain curve, 
there is a branch that descends after the peak, which 
requires the confined concrete stress at ultimate strain 

 to be smaller than both the unconfined concrete 
strength  and the maximum confined concrete 
strength  (Figure 1, line c). Alternatively, if  

is larger than , the concrete is sufficiently confined 
and two stress-strain curves are possible: a) a curve 
with two ascending branches where:  (Fig-
ure 1, line a) and b) a curve with an initial ascending 
branch and a second descending branch. For the sec-
ond case:  (Figure 1, line b).

Figure 1. Schematic stress-strain behaviour of (a) sufficiently 
confined concrete with ; (b) sufficiently confined con-
crete with ; (c) insufficiently confined concrete 

with . (adapted from Lam and Teng (18) ).

For this reason, a minimum confinement ratio is 
proposed in the FRP confinement models and design 
guidelines. The strength gain for confined concrete 
with respect to unconfined concrete is measured via 
the strength enhancement ratio . The final 
confined strength depends on lateral FRP pressure 
and unconfined concrete strength, as shown in Equa-
tion [1]. The improvement observed in the maximum 
confined concrete strength of FRP-wrapped columns 
decreases as unconfined concrete strength increases 
(22–25).

Several stress-strain models have been presented 
for FRP-confined concrete. According to Lam and 
Teng (18), most of these models can be classified into 
two groups: design-oriented and analysis-oriented. 
Design-Oriented Models (DOMs) are based on in-
terpreting the experimental results directly. Through 
regression analysis and test calibrations, they propose 
closed-form equations for predicting confined con-
crete strength, ultimate strain and the stress-strain re-
sponse. Analysis-Oriented Models (AOMs) are active 
confinement models used to evaluate passively-con-
fined concrete using FRP. They are based on a force 
equilibrium and radial displacement compatibility re-
quiring an incremental numerical procedure. Accord-
ing to Teng et al. (26), AOMs are more versatile and 
powerful than DOMs as they explicitly consider the 
response of the concrete and the FRP jacket as well 
as their interactions. Moreover, they can predict the 
behaviour of sufficiently and insufficiently confined 
concrete. However, the complexity of the incremental 
process discourages their direct use in design calcu-
lations (18).
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Jiang and Teng (27) conducted a detailed review of 
the eight most common AOMs, stating that the AOM 
model of Teng et al. (26) had the best performance. In 
turn, Ozbakkaloglu et al.(21) assessed 68 stress-strain 
models for FRP-confined concrete in circular sec-
tions, stating that DOMs perform better than AOMs. 
They also concluded that the DOM models presented 
by Lam and Teng (18) and Tamuzs et al. (28) were the 
most accurate for predicting the ultimate strength and 
strain enhancement ratios, respectively.

Most experimental and theoretical studies in the 
literature focus on FRP concrete confinement for 
circular sections (29, 30) However, it is also com-
mon to design columns with a rectangular or square 
cross-section (31). It is well accepted that FRP con-
finement is less effective for rectangular columns than 
for circular columns (16, 32, 33); in circular sections, 
the FRP jacket uniformly confines the concrete whilst 
in rectangular sections it is non-uniformly confined as 
FRP confinement is mainly concentrated at the col-
umn corners. Only some of the concrete column core 
is effectively confined and, as a result, confinement 
effectiveness is reduced (34). It is generally accepted 
that the effective confinement area is contained with-
in four second-degree parabolas (Figure 2). Outside 
these parabolas, negligible confinement occurs (30).

FRP-confined stress-strain models, compressive 
strength and ultimate strain equations for rectangu-
lar sections are usually based on the definition of an 
equivalent circular column. They introduce an equiv-
alent diameter  and a shape factor  to take 
account of the effect of non-uniform confinement (30, 
34, 35). In confined rectangular cross-section areas, 
FRP rupture generally occurs at the corners or close 
to them due to a concentration of stress in these areas 
(36). Confinement effectiveness improves with larger 
corner radii  (25, 37) and with a smaller dimen-
sional aspect ratio (ratio between longer and shorter 
sides ) (16, 38).

It is important to emphasise that previous com-
ments are based on observations mainly made on 
small-scale cylindrical test specimens. Few studies 
have worked on a large or medium scale (39) due to 
high costs and a lack of high-capacity testing equip-
ment (36). For circular columns, column size has no 
significant effect on observed behaviour according to 
a limited number of existing tests on large-scale col-
umns. However, for rectangular columns, the effect of 
column size is uncertain due to the very limited data 
(16, 40).

3. DESIGN GUIDELINE REVIEW

The following design guidelines are reviewed 
in this document: ACI-440.2R-17 (41), AFGC-11 
(42), CNR-DT-200-R1-13 (43), CS-TR55-12 (44), 
CSA-S806-12 (45), fib-B90-19 (46), ISIS-DM4-08 
(47), NCHRP-R655-10 (48) and TEC-07 (49).

In the presentation and discussion of the design 
methods provided by the aforementioned guidelines, 
the notation and definitions have been made uniform 
for consistency and simplicity. The new harmonized 
parameters may differ from the originals, but the re-
sults are not affected in any way.

This work mainly focuses on studying the increase 
in compressive concrete column strength due to FRP 
confinement. The ultimate or design axial column ca-
pacity is not considered in this study, meaning that 
both the partial and global safety factors (based on the 
limit state design philosophy) are outside the scope 
of this research. Only the reduction factors related to 
computing lateral confinement pressure and, as a re-
sult, confined concrete strength, are considered. These 
additional FRP factors and other safety factors can be 
found in Table 1 for information purposes only. The 
subscripts “c”, “s” and “f” indicate concrete, steel and 
FRP, respectively.

The model types and limitations used in each design 
guideline are presented in Table 2. The limitations for 
each cross-sectional type relate to the compressive 
concentric axial load, including the maximum side 
column dimensions, the maximum side-aspect ratio 

 and the minimum corner radius of the prismatic 
cross-section. All the guidelines give a recommenda-
tion on the maximum aspect ratio between large the 
long and short sides. Regarding the corner radius, all 
guidelines except for the TEC guideline give a min-
imum value (from 13 mm in the ACI guideline to 35 
mm in the AFGC and ISIS guidelines).

A summary of the expressions for concrete column 
FRP confinement is given in Tables 3 and 4 for cir-
cular and non-circular cross-sections, respectively. 
The tables include all the instructions that the guide-
lines provide for effective confinement pressure 
, maximum compressive strength  and ultimate 
axial strain  for FRP-confined reinforced con-
crete columns.

Figure 2. Effective confinement area and equivalent diameter of 
rectangular cross section by Lam and Teng (30).
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Table 1. Strength reduction and material safety factors for different guidelines.

Guideline Strength reduction factors Materials safety factors FRP additional factors

ACI -17

φ = 0.75  
(spiral transverse reinfor. type (52))

φ = 0.65  
(other transverse reinfor. type (52))

NA

Ψf=0.95
CE = environmental factor (function of 
the exposure conditions and material: 

0.95 – 0.50)

AFGC - 11 NA

Safety coefficients depend on FRP 
type of limit state combination

CNR - 13 NA
: Environmental factor dependent of 

type of fiber/resin and exposure condi-
tions. From 0.50 to 0.95.

CS - 12 NA

There is an additional partial safety fac-
tor, γFRP,m, to be applied to manufactured 
composites. There is also a partial safety 
factor for ultimate strain, γFRP,ε.

CSA - 12 NA φf = 0.75 FRP resistance factor

fib - 19 NA NA

ISIS - 08 NA

NCHRP 
- 10

φ according to AASHTO LRFD 
Bridge Design Specification (53) NA φf = 0.65 FRP resistance factor embedded 

in the  equation

TEC-07 Safety Factors in Turkish Standards:
TS-498 / TS-500 / TS-708 / TS – 3233 and TS-9967 NA

Depending on the guideline, the value to be used 
for unconfined concrete strength  has been con-
sidered to be the characteristic concrete compressive 
strength determined based on a standard cylinder  
or 85% of . The CSA and CS guideline expressions 
use the coefficient 0.85, whilst the other guidelines 
use . The ACI guideline specifies that  is equal 
to . However, the given expressions for FRP 
confinement are based on  without the 0.85 factor.

With respect to this, Légeron and Paultre (50) 
pointed out that there is a difference between the 
strength of in-situ concrete and the strength deter-
mined based on the standard cylinder test; for col-
umns under axial compression, a coefficient of 0.85 
is the commonly-accepted value (51).

4. COMPARATIVE STUDY

In this section, a comparative study is carried out 
to assess the suitability of the analysed guidelines. 
The comparative study is conducted in two stages: 
i) a theoretical parametric study of the guideline 
expressions and ii) an experimental comparative 
study of the guideline estimations and experimental 
results. In the subsequent comparative sections, the 
following apply:

•	 No safety factors, for both materials and forc-
es, are applied when calculating FRP concrete 
confinement.

•	 No environmental or ageing factors are con-
sidered in the calculations.
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Table 2. Design guidelines limitations and type of models.

Guideline Cross-sectional 
type Limitations Type of model

ACI -17

Circular
Concentric axial load

Fully wrapped

None Stress-strain, strength enhancement 
 and maximum strain Lam and Teng 

(18), (30) 
Spoelstra and 

Monti (54)Prismatic Strength enhancement and max-
imum strain

AFGC - 11

Circular
Concentric axial load

Fully or partially 
wrapped

None Strength enhancement

Not specified
Prismatic Strength enhancement

CNR- 13

Circular
Concentric axial load

Fully or partially 
wrapped

None Stress-strain, strength enhancement  
(maximum strain for axial+bending)

Not specified
Prismatic Strength enhancement  

(maximum strain for axial+bending)

CS - 12

Circular

Concentric axial load
Fully wrapped

None Stress-strain, strength enhance-
ment and maximum strain Teng et al. (55)

Lam and Teng 
(18), (30)Prismatic

Strength enhancement
Elliptical Tem and Lang 

(56)

CSA - 12

Circular
Concentric axial load

Fully wrapped

None

Strength enhancement Not specified
Prismatic

fib - 19

Circular
Concentric axial load

Fully or partially 
wrapped

Stress-strain, strength and maxi-
mum strain Lam and Teng  

(18), (30)
Triantafillou et 

al. (57)Prismatic

 maximum possible

Strength and maximum strain

ISIS - 08

Circular
Concentric axial load

Fully wrapped

None Strength enhancement

Not specified
Prismatic Strength enhancement

NCHRP - 10

Circular Concentric axial load
Fully wrapped Strength enhancement Not specified

Prismatic

TEC - 2007

Circular

Concentric axial load
Fully wrapped

None

Strength enhancement and max-
imum strain Not specifiedPrismatic

Elliptical
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Table 3. Summary of design guidelines’ equations for circular cross sections.

Guideline Effective confinement pressure
 (MPa)

Confined concrete compressive strength 
 for purpose of design  (MPa)

Ultimate axial compressive strain 
of confined concrete ε

ACI -17

AFGC -11 Not provided

CNR - 13
Stress – Strain Curve similar to ACI Guideline 

(Lam and Teng (41))

(for axial and bending load)

CS - 12 There is not a specific calculation 
for the confinement pressure

Stress – Strain Curve similar to ACI Guideline 
(Lam and Teng (41))

If  > 0.01, the maximum con-
fined stress  should be taken 
the corresponding to this strain 

limit.

CSA - 12 Not provided

fib - 19 There is not a specific calculation 
for the confinement pressure

Stress – Strain Curve similar to ACI Guide-
line (Lam and Teng (41))

ISIS - 08 Not provided

NCHRP 
- 10 Not provided

TEC-07

https://doi.org/10.3989/mc.2022.03821
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Table 4. Summary of design guideline’ equations for non-circular cross sections.

Guideline Effective confinement pressure  (MPa)
Confined concrete compressive strength 

 for purpose of design  (MPa)

Ultimate axial 
compressive strain of 
confined concrete ε

ACI - 17

AFGC - 11 Not provided

CNR - 13

CS – 12 
Prismatic

There is not a specific calculation for the 
confinement pressure.

CS – 12 
Elliptical

CSA - 12 Not provided

fib - 19 There is not a specific calculation for the 
confinement pressure

ISIS - 08 Not provided

NCHRP - 10 Not provided

TEC - 07

https://doi.org/10.3989/mc.2022.03821
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•	 In all the design guidelines except for the AFGC 
guideline, FRP effective strain is calculated based 
on FRP ultimate tensile strain (obtained from ten-
sile tests), directly rectifying ultimate strain or 
via the reduction of FRP ultimate strength. In the 
AFGC guideline calculations, the ultimate tensile 
strength is considered directly as it is provided in 
the guideline. No safety factors are considered 
when computing actual FRP jacket stress or strain.

•	 In the parametric study, the confinement ex-
pressions are computed as they are provided in 
the guidelines. However, for the second com-
parative study, in the first part, both values  
and  are considered for comparison rea-
sons. In the second part, unconfined strength 
is considered as described in each guideline.

•	 Some guidelines provide maximum and min-
imum limits for ultimate strain and confine-
ment pressure. In the parametric study, these 
limits are considered, but in the experimental 
comparative study, they are not, because a 
wider range of values needs to be examined 
and calibrated.

•	 The parametric study was based on a Car-
bon-Fibre Reinforced Polymer (CFRP) ap-
plication. However, its conclusions could be 
transferable to other types of FRP, taking ac-
count of the different elastic modulus ranges 
of other fibre materials.

•	 The first part of the experimental compar-
ative study, the column cross-section influ-
ence study, is based on a CFRP application. 
This subsection evaluates how each guideline 
varies its predictions according to the column 
cross-section. Therefore, the conclusions can 
be extrapolated to other types of FRP, consid-
ering possible changes with a different elastic 
modulus.

•	 The second part of the experimental compara-
tive study is based on an experimental database 
of medium, large and full-scale concrete column 
specimens. The majority are strengthened with 
carbon fibre, followed by glass fibre and finally 
aramid fibre.

4.1. Parametric study of the strengthening ratio

In this subsection, for fully-wrapped columns, the 
strengthening ratio  provided by each guide-
line is studied through a parametric study. For circu-
lar columns, the studied parameters include column 
diameter, FRP volumetric ratio  (the relationship 
between the FRP and concrete cross-sectional areas) 
and concrete strength. For the rectangular sections, 
the parametric study focuses on the side-aspect ratio 
(the relationship between the long and short column 
sides) and the corner radius. The parametric study 

is carried out based on a CFRP with the follow-
ing characteristics:  = 0.167 mm,  =0.93% and 

 = 291 GPa, concrete = 30 MPa, in circular sec-
tions, diameter  = 350 mm.

In circular columns, to analyse the influence of 
diameter, the number of CFRP layers is two (Figure 
3) and four (Figure 4). For the FRP volumetric ra-
tio influence study (Figure 5),  varies from 0.002 
to 0.012. For the analysis of concrete class influence 
(Figure 6),  is between 10 and 60 MPa with   equal 
to 0.76%. In rectangular columns, the side-aspect ra-
tio influence is analysed in Figure 7. For the study, 
four CFRP layers were used, with a corner radius of 
35 mm and initial dimensions of 300x300 mm.

4.1.1. Circular column: influence of diameter

Column diameter has a direct influence on con-
crete confinement effectiveness as it changes the FRP 

Figure 4. Strengthening ratio versus columns diameter for four 
CFRP layers.

Figure 3. Strengthening ratio versus columns diameter for two 
CFRP layers.

https://doi.org/10.3989/mc.2022.03821
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volumetric ratio. The larger the column diameter, the 
smaller the FRP volumetric ratio, resulting in de-
creased confined concrete strength (Figures 3 and 4).

As observed in Figures 3 and 4, the prediction 
curves show a monotonic decreasing trend up to the 
guideline limit. This limit is linked to a minimum 
confined lateral FRP pressure, which is required to 
have sufficient FRP confinement. The ACI, CS, fib, 
ISIS, NCHRP and TEC guidelines have a minimum 
limit. Below this limit, there is no increase in con-
fined concrete strength. The NCHRP guideline has 
the most restrictive minimum limit with FRP confin-
ing pressure of 4 MPa. In some cases (ACI, CS, ISIS 
and NCHRP guidelines), an upper limit restricts 
concrete strength gain. This limit is related to maxi-
mum concrete strain, claiming to prevent excessive 
cracking and the resulting loss of concrete integrity.

With four strengthening layers (Figure 4), there 
are fewer lower limits than with two strengthening 
layers (Figure 3). Furthermore, the NCHRP guide-
line gives the most conservative estimations of the 
strengthening ratio , whilst both the AFGC 
and CSA guidelines provide the least conservative 
estimations of . The results show significant 
differences between the guidelines’ predictions, with 
the imposed limits (if they exist) having great sig-
nificance.

4.1.2. Circular column: Influence of FRP volumetric 
ratio and concrete strength

The curves in Figure 5 correlate the strength-
ening ratio with the FRP volumetric ratio for the 
studied guidelines. As observed in Figure 5, the 
guidelines’ curves show an upwards trend. In some 
cases, their slope changes due to the limits of the 
guidelines (ACI, CNR, fib, ISIS, NCHRP and TEC). 
At high FRP volumetric ratios, the AFGC and CSA 
guidelines are the least conservative as regards the 

strengthening ratio. On the other hand, the ISIS and 
NCHRP guidelines are the most conservative.

Regarding the influence of concrete strength on 
the strengthening ratio (Figure 6), all the guidelines 
show a decreasing strengthening ratio as uncon-
fined concrete strength increases, meaning that the 
strength enhancement capacity of FRP confinement 
is higher in concretes with a lower strength class. 
This statement is in accordance with the literature 
(22–25). The sharp changes in the guideline curves 
are due to the design guidelines’ limits. Once again, 
the ISIS and NCHRP guidelines are the most con-
servative, whereas the CSA and AFGC guidelines 
have a higher strengthening ratio: 3.6 and 4.1, re-
spectively for a concrete strength of 10 MPa. These 
two guidelines do not have an upper limit, resulting 
in a degree of uncertainty. The absence of limits may 
therefore discourage the use of these guidelines.

4.1.3. Rectangular column: Influence of the side-as-
pect ratio (h/b)

FRP confinement of concrete columns is less effec-
tive in non-circular columns than circular columns. 
Effectiveness in rectangular columns decreases as 
the side-aspect ratio increases. The design guidelines 
consider the side-aspect ratio in different ways.

As shown in Figure 7, in all the guidelines, except 
for the CSA and NCHRP guidelines, the strength-
ening ratio decreases as the side-aspect ratio in-
creases. The CSA and NCHRP guidelines only use 
the minimum side dimensions in their calculations. 
Therefore, confined concrete strength does not 
change as the aspect ratio increases. The guidelines 
establish a limit for the aspect ratio. Above this lim-
it, strength enhancement should not be considered. 
Sharp changes in the guideline trends are due to 
these aspect ratio limits (AFGC, CSA, CS, ISIS and 
NCHRP guidelines). The CNR and CSA guidelines 

Figure 5. Strengthening ratio in circular columns versus FRP 
volumetric ratio  for a 30 MPa concrete. 

Figure 6. Strengthening ratio in circular columns versus uncon-
fined cylinder concrete strength .
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are the least conservative. The NCHRP guideline is 
the most restrictive because, due to its side-aspect 
ratio limit, strength enhancement is only permitted 
when the aspect ratio is equal to or smaller than 1.1. 
Both the CSA and NCHRP guidelines have the same 
strengthening ratio when subject to different aspect 
ratios since the side-aspect ratio is not a variable in 
their equations; it is only a limit. The variability of 
predicted strengthening ratios is less scattered than 
in previous parametric results for circular cross-sec-
tion columns.

4.1.4. Summary of the comparative parametric study

As per previous results, confined concrete com-
pression strength predictions can be vary greatly 
between design guidelines. The limits associated 
with lateral confinement pressure make a great dif-
ference to the strength predictions. There are signifi-
cant variations between the limits of each guideline. 
There is also no agreement on the non-circular limits 
for the side-aspect ratio (from 1.1 to 2.0).

The NCHRP and ISIS guidelines give the most 
conservative strengthening predictions, partly due 
to their stringent limitation criteria for the side-as-
pect ratio, corner radius and minimum lateral con-
finement pressure applied by the FRP, with these 
limits being 4 MPa and , respectively. Overall, 
the least conservative strengthening ratios are ob-
tained using the AFGC and CSA guidelines. These 
two guidelines for circular cross-sections provide 
strengthening ratios much greater than 2, which is 
scientifically unsound (58).

To summarise, the guidelines’ predictions suggest 
better strengthening ratios for lower-strength con-
crete, smaller side-aspect ratios and larger corner 
radii.

4.2. Experimental comparative study

A comparison between the experimental results 
and the predictive results given by the design guide-
lines is organised in two stages.

In the first stage, an analysis is conducted on how 
the guidelines’ estimations predict the experimental 
behaviour of columns with different cross-sections 
(circular, square and rectangular), where all have an 
equivalent area and FRP volumetric ratio. This study is 
based on the experimental results of Rocca et al. (59).

The second stage compares the analysed guide-
lines with an experimental database of concrete col-
umn specimens with different concrete strengths, 
with the aim of measuring the accuracy of the design 
guideline predictions for a wider range of concrete 
characteristic strengths. In this part, unconfined 
concrete strength is considered as defined by each 
guideline.

In this experimental comparative study, the upper 
and lower limits are not considered in the calcula-
tions. However, because the confined compressive 
strength is higher than the unconfined value in all 
cases, the use of the guidelines’ equations is deemed 
appropriate, even when the minimum lateral con-
finement pressure limit is not observed.

4.2.1. Influence of the column cross-section

In Rocca et al. (59), different guidelines’ estima-
tions for circular, square and rectangular cross-sec-
tion columns, all with an equivalent cross-section 
area and FRP volumetric ratio, are compared with 
experimental results. In this paper, the analysed 
guidelines are extended and some of them are updat-
ed as per the latest versions.

To assess the different methods, six column speci-
mens were tested: two circular (C), two square (S) and 
two rectangular (R) sections. All the cross-sections 
were quite similar in terms of the cross-sectional area 

 and all of them were fully wrapped using the same 
CFRP composed of two plies, each with thickness of 
0.167 mm, ultimate strain of 0.93% and an elastic mod-
ulus of 291 GPa. All the rectangular and square speci-
mens had a corner radius of 30 mm. The characteristics 
of each of the specimens are given in Table 5.

The design guidelines’ predictions for the max-
imum confined axial compressive strength and the 
ultimate confined axial strain are included in Table 
6. Two sets of results are given, with  and 

. The final column shows whether the 
calculations meet the limits required by the guide-
lines. As not all the guidelines have limits or expres-
sions for computing , in some cases, NA (Not 
Applicable) is used.

There are significant differences between the 
guidelines’ predictions for the confined axial com-
pressive strength and the experimental results, as 
shown in Table 6. For circular cross-sections, if 

Figure 7. Strengthening ratio versus side aspect ratio (h/b) for 
rectangular columns.
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the guideline’s predictions are taken as directly ex-
pressed, i.e., using  as unconfined concrete 
strength for the CS and CSA guidelines and  for 
the others, the ACI and fib guidelines are the most 
accurate. The AFGC, CNR and CSA guidelines 
overestimate the confined strength by 7.4%, 12.6% 
and 6.4%, respectively. The other guidelines (CS, 
ISIS, NCHRP and TEC) underestimate the confined 
strength. The underprediction of the NCHRP guide-
line for circular cross-sections was previously ob-
served by Yazdani et al. (60).

For square and rectangular sections (Table 6), 
there is clear evidence of the issues the guidelines 
have with non-circular section predictions. All the 
guidelines, considering both  and  as , 
overestimate . For rectangular sections, the max-
imum value is obtained via the CSA guideline, with 
an overestimation of 46.3% and for square sections, 
it is obtained via the CNR guideline, with an overes-
timation of 43.2%.

In the prismatic sections with the assumption of 
 being , the guidelines’ estimations are clos-

er to the experimental results. One factor that could 
be attributed to this is that most of the guidelines 
assume that  is equal to . In the prismatic ex-
perimental results, the compressive strength of the 
unconfined cylinder is 32.1 MPa and 30.3 Mpa for 
the square and rectangular sections, respectively. 
These values are already higher than the unconfined 
strength values obtained experimentally from scaled 
specimens, which are 26.0 MPa and 24.7 MPa, re-
spectively. Therefore, as the equations mainly start 
from cylinder compressive strength, the estimations 
tend to overestimate the unconfined strength value. 
Zeng et al. (37) found that the compressive strength 
of concrete in a large-scale unconfined concrete col-
umn was lower than that of a standard concrete cyl-
inder, with a ratio of 0.94 between them. Regarding 
this aspect, more large and medium-scale prismatic 
and circular specimens should be tested to refine the 
expressions mainly based on the experimental re-
sults of plain confined concrete cylinder tests.

The difference between the unconfined compres-
sive strength of a cylinder and the unconfined com-
pressive strength obtained from the scaled columns 

Table 5. Specimens characteristics, adapted from Rocca et al. (59) and Rocca (61). 

Specimen
(mm) (mm) (mm) (m) (cm2) (MPa) (%)

C1
508 - - - 1.12 20.3

31.7 0.00 26.3 0.003

C2 31.9 0.26 [37.9] 0.013

S1
- 458 458 1.0 1.02 20.1

32.1 0.00 26.0 0.002

S2 32.1 0.29 [27.6] 0.003

R1
- 318 635 2.0 1.37 20.2

30.1 0.00 24.7 0.002

R2 30.4 0.32 [24.9] 0.007

Table 6. Design guidelines’ previsions for and .

Guideline
(MPa)

 
(MPa)

Guideline 
Limits

Circular Cross Section
EXP. DATA 37.9 0.013 37.9 0.013 -

ACI 38.2 0.005 33.4 0.006 NOT OK
AFGC 40.7 NA 35.9 NA NA
CNR 42.3 0.007 37.3 0.007 NOT OK
CSA 45.1 NA 40.3 NA NA
CS 38.3 0.006 34.2 0.007 OK
fib 37.6 0.006 32.8 0.006 NOT OK

ISIS 34.8 NA 30.0 NA NOT OK
NCHRP 34.8 NA 30.0 NA NOT OK

TEC 35.4 0.005 30.6 0.006 OK
Square Cross Section

EXP. DATA 27.6 0.003 27.6 0.003 -
ACI 34.6 0.004 29.8 0.004 NOT OK

AFGC 35.8 NA 31.0 NA NOT OK
CNR 39.5 0.006 34.3 0.006 NOT OK
CSA 38.9 NA 34.1 NA OK
CS 34.7 NA 30.1 NA OK
fib 35.3 0.005 30.5 0.005 NOT OK

ISIS 34.5 NA 29.7 NA NOT OK
NCHRP 35.5 NA 30.7 NA NOT OK

TEC 34.1 0.004 29.3 0.004 OK
Rectangular Cross Section

EXP. DATA 24.9 0.007 24.9 0.007 -
ACI 30.8 0.004 26.3 0.004 NOT OK

AFGC 32.1 NA 27.6 NA NOT OK
CNR 36.2 0.006 31.36 0.006 NOT OK
CSA 41.3 NA 36.5 NA NOT OK
CS 33.0 NA 26.7 NA NOT OK
fib 30.9 0.005 26.3 0.005 NOT OK

ISIS 32.4 NA 27.9 NA NOT OK
NCHRP 35.1 NA 30.6 NA NOT OK

TEC 31.8 0.004 27.2 0.004 NOT OK
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could be due to the size effect phenomenon (62). It is 
widely accepted that the strength of concrete struc-
tures generally decreases as structure size increases 
(63–67).

The strengthening ratios of the guidelines’ predic-
tions and experimental results are shown in Figure 
8. The ACI and fib guidelines give the closest pre-
dictions to the experimental results for circular sec-
tions, but for prismatic sections, they overestimate 
strength enhancement. Most trends show that, for a 
similar FRP volumetric ratio, the larger the side-as-
pect ratio, the smaller the strengthening ratio, with 
circular sections being more efficient than prismatic 
ones. However, four guidelines (CSA, CS, ISIS and 
NCHRP) are not in line with the previous statement 
and they provide larger strengthening ratios for rect-
angular sections than square ones.

However, even the ISIS and NCHRP guidelines 
have prismatic strengthening ratios larger than the 
circular ones. A main reason for this behaviour is 
that the CSA and NCHRP guidelines compute lateral 
pressure depending on an equivalent circular diam-
eter cross-section, where diameter is the minimum 
dimension of the non-circular cross-section, which 
is smaller for the prismatic than for the circular 
cross-section in this case. Another reason is that the 
NCHRP and ISIS guidelines do not have any type of 
shape coefficient  that considers the concentra-
tion of confinement pressure on the corners and the 
resulting decrease in the strengthening ratio. The CS 
guideline gives almost the same strengthening ratio 
for the square and the rectangle. This is because in 
the CS guideline, the confinement effectiveness fac-
tor  and strain efficiency factor  depend on 
the side-aspect ratio and, in this case, they are quite 
similar for both cross-sections.

Regarding the ultimate axial compressive strain 
for confined concrete , only five of the nine 
analysed guidelines give an expression for its com-
putation (only four for the prismatic cross-section). 
For circular sections, the guidelines’ predictions fall 

well short of the experimental results, as they are 
very conservative in their estimations for the . 
Conversely, for the square sections, the predictions 
overestimate ductility. For the rectangular sections, 
the predictions are below the experimental results 
but some of them are closer than for circular sec-
tions. The predictions for strain improvement are 
much more scattered than for strength enhancement, 
highlighting the difficulty in obtaining ultimate 
strain due to the localised individualities of the con-
crete material and FRP jacket.

4.2.2. Guideline prediction accuracy compared to 
an experimental database

The guidelines’ equations for FRP strengthening 
columns are based on confinement models, which 
are themselves based on experimental tests, gener-
ally on small-scale plain concrete specimens. In the 
second part of the experimental comparative study, 
to verify the accuracy of the guidelines, their predic-
tions are checked against a database containing the 
experimental results of a total of 69 specimens, in-
cluding medium, large and full-scale specimens. De-
spite the limited number of full-scale experiments, 
they are critical not only for validating confinement 
models, but also for generating compelling evidence 
to support the design guideline methodologies (68).

Experimental results from the previous literature 
(37, 39, 62, 68–80) are summarised in Tables 7 and 
8 for circular and non-circular columns, respectively. 
All the considered specimens are fully wrapped, with 
the fibres oriented in the hoop direction only. Differ-
ent FRP materials are considered: carbon (C), glass 
(G), aramid (A) and basalt (B). Fabrics with two types 
of material are classified as hybrid (H). Table 7, with 
experimental results for circular columns, includes 
the following information: diameter (D) and height 
(H) of specimen, unconfined concrete compressive 
strength , longitudinal steel reinforcement ratio 

, fibre material type, fibre layer thickness , 
number of fibre layers , FRP elastic modulus , 
ultimate or rupture FRP strain , confined concrete 
compressive strength  and ultimate confined con-
crete strain . Table 8, for non-circular columns, 
is similar to Table 7, but includes the geometric pa-
rameters of prismatic sections: short side , long 
side  and corner radius .

Using the aforementioned experimental results 
from the research and their corresponding guide-
line predictions, we estimated the ratio between the 
guideline predictions and the experimental results. 
Using the results of these ratios, two forest plots are 
given for circular sections (Figure 9) and non-cir-
cular (square and rectangular) sections (Figure 10), 
respectively. Forest plots provide a graphical sum-
mary of the comparison between the guidelines’ 
predictions and the experimental results, the 95% 
confidence intervals (CI) of the Mean Ratio (MR) Figure 8. Strengthening ratios versus cross-sectional shape.
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between the guideline’s predictions and the exper-
imental results for circular (Figure 9) and non-cir-
cular (Figure 10) columns, established based on all 
analysed scenarios. A more detailed comparison 
between the guideline prediction and experimental 
result ratio is given in a panel of boxplots in Fig-
ure 11, with the top panel for circular sections and 
the bottom panel for rectangular sections. A boxplot 
shows the distribution of data with a central box lim-
ited by the 25th and 75th percentiles, which includes 
a median line reference inside it and has whiskers 
that correspond to the maximum and minimum val-
ues, unless outliers are present, which are shown as 
discrete points.

Focusing on the circular column, via the MR, we 
can see that all guidelines underestimate the experi-
mental results. Only the ACI and CNR guidelines in-
cluded a MR of 1 in the 95% CI. They can therefore 
be considered to have an MR equal to 1. The AFGC, 

CS, CSA and fib guidelines included an MR of below 
1 but over 0.9, with similar performance. Displaying 
very different behaviour, the ISIS, NCHRP and TEC 
guidelines had an MR of under 0.85 in the 95% CI, 
clearly failing the hypothesised mean of 1. To rein-
force this analysis, in Figure 11 (upper panel) most 
boxes of the boxplots can be seen to be below 1.

The rectangle analysis shows variability in the 
mean results. The ACI, AFGC, CNR, CSA, fib and 
NCHRP guidelines overestimate the experimental 
results. By contrast, the ISIS and TEC guidelines 
underestimate them. The ISIS and TEC guidelines 
have a 95% CI MR value including 1, both with some 
MR values below 1. The AFGC, CSA and NCHRP 
guidelines’ CI is above 1. Therefore, the MR must 
be considered to be above 1, although the 95% CI 
is below 1.2. With a more extreme performance, the 
CNR, CS and fib guidelines show a 95% CI of over 
1.1 with MR values near to 1.2. Finally, the ACI 

Table 7. Summary of test results for FRP-wrapped medium, large and full-scale concrete circular columns. 

Researcher D
(mm)

H
(mm) (MPa) (%)

Fiber
Type (mm)

n
(GPa) (%) (MPa) (%)

Carey and Harries (69)
264 762 38.8 1.12 C 1 1 72.5 1.2 54.8 1.18
610 1800 48.9 1.4 C 1 3 72.5 1.2 72.9 1.04

Demers and Neale (70)

300 1200 25 1.4 C 0.3 3 84 1.5 36.6 -
300 1200 25 3.5 C 0.3 3 84 1.5 36.6 -
300 1200 40 1.4 C 0.3 3 84 1.5 36.6 -
300 1200 40 3.5 C 0.3 3 84 1.5 36.6 -

Eid et al. (71) 303 1200 29.4 1.67 C 0.381 2 78 1.34 39.2 -
Hadi (72) 205 925 57.3 2 C 0.533 3 43.2 1.98 78.1 -

Kestner (73)
508 1830 32.8 1.53 G 0.864 3 23.4 1.9 38.9 0.95
508 1.830 32.8 1.53 C 0.165 3. 23.5 1.5 50 1.16

Matthys et al. (74)

400 2000 34.3 0.9 C 0.117 5 198 1.19 55.3 1.11
400 2000 34.3 0.9 C 0.235 4 480 0.22 54.5 0.43
400 2000 34.3 0.9 G 0.3 6 60 1.3 55.3 0.69
400 2000 34.3 0.9 G 0.3 2 60 1.3 37.2 0.38
400 2000 34.3 0.9 H(G+C) 0.123 4 120 0.96 44.4 0.59

Pessiki et al. (75)
508 1830 32.8 1.9 G - 3 21.6* 1.9 38.9 0.78
508 1830 32.8 1.9 C - 3 38.1* 1.5 50 1.13

Rocca et al. (62) 508 1100 31.9 1.53 C 0.167 2 291 0.93 37.9 1.23

Thériault et al. (76)

304 608 36 - C 0.165 4 230 1.5 66 -
152 912 36 - C 0.165 2 230 1.5 64 -
152 902 36 - G 1.3 3 27.6 2 87 -
304 1824 36 - C 0.165 4 230 1.5 70 -

Wang and Zhang (77)
150 450 47.3 1.14 A 0.286 2 118 1.77 84.3 1.62
150 450 51.1 1.14 A 0.286 2 118 1.77 88.7 1.42

Youseff et al. (78)
406 813 38.4 1.5 C 0.584 3 103.8 1.25 63.5 -
406 813 47.1 1.5 C 0.584 3 103.8 1.25 70.6 -

*kN/(mm ply).
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Table 8. Summary of test results for FRP-Wrapped medium, large and full-scale concrete non-circular columns.

Researcher b
(mm)

h
(mm)

H
(mm)

rc
(mm) (MPa) (%)

Fiber
Type (mm)

n
(GPa) (%) (MPa) (%)

Diego et 
al. (39)

150 150 600 25 8.8 0.5 C 0.333 1 242 1.5 22.2 -
150 150 600 25 13 0.5 C 0.333 1 242 1.5 23.5 4.13
150 150 600 25 16.3 0.5 C 0.333 1 242 1.5 28.3 3.12
150 150 600 25 16.5 0.5 C 0.333 1 242 1.5 29.1 2.42
150 150 600 25 17.5 0.5 C 0.333 1 242 1.5 25.8 2.89
150 150 600 25 8.8 0.5 G 0.4 2 70 3.7 19.4 2.87
150 150 600 25 13 0.5 G 0.4 2 70 3.7 19.2 3.51
150 150 600 25 16.3 0.5 G 0.4 2 70 3.7 24.9 1.97
150 150 600 25 16.5 0.5 G 0.4 2 70 3.7 24.2 2.37
150 150 600 25 17.5 0.5 G 0.4 2 70 3.7 24.6 2.86

Kestner 
(73)

457 457 1830 38 31.5 1.48 G 0.864 3 23.4 1.9 35.5 0.35
457 457 1830 38 31.5 1.48 C 0.165 234.5 1.5 37.4 0.23

Luca et al. 
(68)

610 610 3050 20 48.6 1 G 0.246 5 76.9 4.7 47.8 -
610 610 3050 20 37.1 1 G 0.589 2 72.4 4.5 34.9 -
610 610 3050 20 44.4 1 H(G+B) 0.2 8 82.9 3.9 41.9 -
508 737 3050 20 34.7 1 H(G+B) 0.2 8 82.9 3.9 45.4 -
356 508 3050 20 53.8 1 G 0.246 5 76.9 4.7 47.9 -
356 508 3050 20 46.4 1 G 0.589 2 72.4 4.5 39.3 -
356 508 3050 20 49.7 1 G 0.589 5 72.4 4.5 48.3 -
356 508 3050 20 46.8 1 H(G+B) 0.2 8 82.9 3.9 44.1 -

Rocca et 
al. (62)

313 635 1400 30 30.4 1.56 C 0.167 7 291 0.93 30.3 1.53
313 635 1400 30 30.4 1.56 C 0.167 2 291 0.93 24.7 0.54
457 457 1000 30 32.3 1.48 C 0.167 4 291 0.93 29.1 1.1
457 457 1000 30 32.1 1.48 C 0.167 2 291 0.93 27.6 0.85
648 648 1400 30 30.9 1.48 C 0.167 5 291 0.93 30.5 0.51
648 648 1400 30 30.7 1.48 C 0.167 2 291 0.93 27.2 0.42
324 324 700 30 33 1.53 C 0.167 2 291 0.93 31.5 0.31
324 324 1400 30 31.5 1.53 C 0.167 2 291 0.93 30.2 0.95
914 914 2000 30 31.6 1.5 C 0.167 8 291 0.93 27.5 0.81
635 1270 2700 30 30.3 1.52 C 0.167 19 291 0.93 28.7 0.54

Toutanji et 
al. (79)

355 355 2000 30 39.1 1 G 0.3 2 60 1.3 43.8 0.37
355 355 2000 15 37.7 1 G 0.3 2 60 1.3 41.3 0.42
355 355 2000 30 37.7 1 G 0.3 2 60 1.3 40.6 -

Wang and 
Wu (80)

150 150 450 15 34.6 0 A 0.286 2 118 1.77 54.3 0.54
150 150 450 15 34.6 0 A 0.286 2 118 1.77 80.7 0.51

Zeng et al. 
(37)

290 435 1300 25 43.4 2.5 C 0.334 1 245.6 	1.71 46.5 0.94
290 435 1300 25 37.4 2.5 C 0.334 2 245.6 	1.71 42.1 1.43
290 435 1300 45 34.1 1.52 C 0.334 2 245.6 	1.71 42.2 2.16
290 435 1300 65 34.1 1.54 C 0.334 2 245.6 	1.71 44.9 2.3
290 435 1300 45 30.8 1.52 C 0.334 4 245.6 	1.71 45.2 2.48
290 435 1300 65 30.8 1.54 C 0.334 4 245.6 	1.71 51.1 2.62
290 435 1300 45 34.1 1.52 C 0.334 6 245.6 	1.71 63.9 3.87
290 435 1300 65 34.1 1.54 C 0.334 6 245.6 	1.71 68.4 4.37
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concrete strength, which is in line with the results 
obtained.

Some of the accuracy issues found with the guide-
lines’ predictions can be attributed to the size effect, 
since most of the guidelines are based on research of 
standardised cylinder (150x300 mm) specimens. As 
such, Carey and Haries (69) determined that the scale 
of the columns does not significantly affect confine-
ment behaviour for circular columns. Matthys (74) 
confirmed this idea, stating that although the avail-
able models were developed based on small-size 
cylinders, some of them seem to predict the ultimate 
strength of large-scale circular columns fairly accu-
rately. Guo et al. (83) stated that the effect of column 
size is negligible for circular columns. Similar in-
formation is provided by Rocca et al. (62), who as-
sert that the size effect within circular cross-section 
specimens does not appear to be significant but point 
out the possible influence on non-circular sections. 
Jin et al. (84) declared that the size effect on the 
nominal strength of square columns is more signif-
icant than on circular columns due to the difference 
in the constraint effect. Luca et al. (68) also found 
convergence issues for prismatic concrete columns, 
which they attributed to dimensional differences be-
tween the control concrete cylinder and the as-built 
unconfined columns.

Other possible causes for the differences between 
the experimental results and the guidelines’ estima-
tions might be that in the design guidelines, the con-

Figure 9. Forest plot for circular columns.

Figure 10. Forest plot for non-circular columns.

Figure 11. Boxplots for circular (top) and non-circular columns 
(bottom).

guideline’s 95% CI is in an intermediate scenario, 
with an MR value of 1.15. The higher variability in 
results for non-circular sections is verified in Figure 
11 (bottom panel), with most boxes of the boxplots 
slightly above 1.

Therefore, it can be stated that for non-circular 
sections, the guideline estimations are quantitative-
ly worse than for circular predictions. Moreover, 
for circular columns, the confidence intervals were 
close to or below 1, whereas for the rectangular esti-
mations, they were above 1, meaning that the guide-
lines’ predictions overestimate concrete column 
strengthening .

It seems that the non-circular equations derived 
from the circular confinement models require more 
adjustments to give accurate results, as was previ-
ously reported by Silva et al. (81). Guler and Ashour 
(82) and Chaallal et al.(58) also stated that the reli-
ability of the guidelines’ predictions varies signifi-
cantly and that some of them overestimate confined 
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tribution of steel hoops is not considered. Accord-
ing to Janwaen et al. (31), most of the models only 
consider the confinement contribution of external 
FRP wrapping but not the contribution of steel ties. 
Fanaradelli et al. (40, 85) also stated that the differ-
ences between the predictions and the experimental 
results can be attributed to a lack of consideration 
of internal steel reinforcement and bar buckling for 
most models. They also stated that future research 
is needed, including additional parameters and in-
vestigating the effects of FRP and steel confinement, 
as well as the contribution of steel bars and their in-
teractions throughout loading to further improve the 
predictions.

Another reason for the differences amongst the 
guidelines is due to the computation of FRP effec-
tive strain . Some of the guidelines limit this 
value to 0.004 or 0.006, whilst others apply an ef-
ficiency factor . Both of these approaches give 
more or less similar outcomes for sections rein-
forced with CFRP. However, for Glass-Fibre Rein-
forced Plastic (GFRP) the results differ significant-
ly. Glass fibre has higher ultimate strain compared 
to carbon fibre and, applying a maximum effective 
strain value, the results are well below the outcomes 
obtained by applying the efficiency factor. Martínez 
et al. (33) pointed out that the FRP hoop ultimate 
strain was much lower than the material’s ultimate 
tensile strain obtained from flat coupon tests and the 
strain efficiency factor obtained in the tests was less 
than the value usually recommended by the design 
guidelines.

To summarise, it can be stated that for circular 
columns it appears that the stress-strain behaviour 
of FRP-confined concrete is now well understood 
and can be accurately predicted, but the situation is 
different for square and rectangular columns (86). 
For non-circular sections, the size effect seems to 
matter and further experimental research needs to be 
conducted on large-scale columns, as this research is 
very limited to date (63, 84, 87, 88).

5. CONCLUSIONS

This paper provides an analytical review of the 
design guidelines for FRP-confined concrete col-
umns. Considering that the research conducted is 
mainly based on CFRP strengthening applications, 
the following conclusions can be made:
•	 External FRP confinement can significantly in-

crease the strength of concrete columns subject 
to axial compressive stress.

•	 The predictions of the ACI, AFGC, CNR, CS, 
CSA and fib guidelines for the axial compres-
sive strength of confined concrete are generally 
suitable for circular columns.

•	 The guidelines’ predictions on concrete confine-
ment compressive strength for non-circular col-

umns are inaccurate. There is great disparity in 
the guidelines’ predictions.

•	 The scattering of predictions for strain improve-
ment (ductility) is larger than for strength en-
hancement.

•	 The size effect on the nominal strength of 
square columns is more significant than on cir-
cular columns. To better calibrate the models 
and design guidelines, more experimental re-
sults from large-scale non-circular specimens 
are required.

•	 Most of the analysed guidelines show a better 
strengthening ratio for circular columns than 
for non-circular ones, in line with the literature. 
Nonetheless, the CSA, NCHRP and ISIS guide-
lines do not follow this trend, which contradicts 
the literature and the experimental evidence.

ACKNOWLEDGEMENTS

The authors are grateful for the support of 
the Spanish Government (MCIN), Project Ref. 
PID2020-119015GB-C22.

The authors would also like to thank the Engi-
neering School of La Almunia (University of Zara-
goza) and the AMADE research group (University 
of Girona).

The authors would like to thank the anonymous 
reviewers for critically reviewing the manuscript 
and making substantial improvements.

NOTATION

The following symbols are used in this paper:
Ac = cross-sectional area of concrete in compression member
Ae = cross-sectional area of effectively confined concrete
Ag = gross area of concrete section
As = longitudinal steel reinforcement area
CE = Environmental reduction factor (ACI)
D = diameter of circular cross section
Deqv = equivalent diameter for non-circular cross section
E2 = slope of linear portion of confined concrete stress-strain 
curve
Ec = initial modulus of elasticity of concrete
Ef = tensile modulus of elasticity of FRP
Ep = FRP confinement stiffness (AFGC)
L = unsupported length of column
a = major cross sectional dimension on elliptical column
b = short side dimension of rectangular cross section or minor 
cross sectional dimension on elliptical column 
fl = confinement pressure due to FRP jacket
f ’c = characteristic compressive strength of concrete, obtained 
from standard cylinder
f ’cc = compressive strength of confined concrete
f ’co = compressive strength of unconfined concrete
f ’cu = compressive strength of confined concrete at ultimate strain
ffe= effective tensile strength of FRP, stress attained at section 
failure
ffu = ultimate tensile strength of FRP, obtained from flat coupon.
ffu

*= ultimate tensile strength of FRP material as reported by the 
manufacturer (ACI)
k1 = confinement coefficient
k2 = strain coefficient 
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kH = coefficient of horizontal efficiency (CNR) 
kV = coefficient of vertical efficiency (CNR)
ka = efficiency factor for FRP reinforcement in determination of 
f’cc (ACI)
kb = efficiency factor for FRP reinforcement in determination of 
εccu (ACI)
ke = Strength reduction factor applied for unexpected eccen-
tricities, equal to 0.85 (spiral columns) or 0.8 (tied columns 
(NCHRP). For Concrete Society is a confinement effectiveness 
factor
keff: coefficient efficiency (CNR)
kl = confinement effectiveness parameter, = 6.7(ksfl)

-0.17 (CSA)
ks = shape factor, accounting for the geometry of cross section
kw = partial wrapping confinement factor (AFGC)
kα = coefficient of efficiency related to the angle of fibers (CNR)
kε= strain efficiency factor for FRP 
h = long side dimension of rectangular cross section
n = number of FRP plies composing the reinforcement
p’f = spacing of FRP sheets in a partial wrapping (CNR)
rc = corner radius of prismatic cross sections
tf = nominal thickness of one ply of FRP reinforcement
α = confinement efficiency factor (AFGC)
αf = angle of FRP fiber respect to perpendicular of column axis 
(CNR), ageing factor (AFGC) and a confinement effectiveness 
factor in non-circular sections (fib).
γ = partial safety factor for concrete (c), FRP (f) and steel (s)
εc = strain in concrete
ε’c = compressive strain of unconfined concrete corresponding 
to f’c
εccu = ultimate axial compressive strain of confined concrete cor-
responding
εfe = FRP effective strain (strain level reached at failure)
εfu = ultimate tensile strain of the FRP obtained from flat coupon.
εt = transition strain in stress-strain curve of FRP confined con-
crete
ηα = environmental factor (CNR)
ρf = FRP volumetric ratio, relation between the FRP and concrete 
cross sectional areas
ρK = confinement stiffness ratio (Concrete Society)
ρl = ratio longitudinal steel reinforcement area to cross-sectional 
area of a compression member = As/Ag
ρε = confinement strain ratio (Concrete Society)
φ = strength reduction factor (ACI)
φ = resistance factor for concrete (c), FRP (f) and steel (s)
Ψf = additional FRP strength reduction factor (ACI)
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