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Abstract 
 
Fiber Reinforced Polymer (FRP) composites may be successfully used in numerous structural strengthening applications. 
One of these applications is as a confining material for reinforced concrete structural elements. Research has shown its 
effectiveness both in seismic retrofit of existing reinforced concrete columns as well as in new construction of concrete-
filled composite tubes as earthquake-resistant columns. Several researchers have conducted experiments and introduced 
analytical models, mostly empirical, fitted with relatively limited experimental data. These models can be used to predict 
the confined concrete strength of cylindrical specimens. In this article, a series of twelve analytical models are evaluated 
using a quite extensive experimental database. The database includes a total of 639 cylindrical concrete specimens confined 
with carbon or glass fibers. The evaluation of each model’s performance was carried out using novel statistical methods. 
Generally, it was observed that the type of the fibers used does affect the analytical model’s prediction accuracy. In general, 
newer models have higher efficacy compared to older ones, and the equations suggested by the Eurocodes provide safe 
design tools regardless of unconfined compressive concrete strength and type of confining material. Moreover, using this 
extended database an empirical model was developed, and its performance compared to that of the twelve models. 
The results indicate that the simple proposed model exhibits excellent all-around performance. 
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1. Introduction 
 

The need for high load capacity and safety in structures led to 
the use of different methods for strengthening of existing 
structures. Many efforts have been made to find effective 
methods with which the load capacity of structural elements 
will be maximized. One of the most effective ways of 
structural strengthening is concrete confinement, especially 
for reinforced concrete columns. The confinement occurs 
because of the wrapping of the lateral surface of a concrete 
element (e.g. concrete cylinder, beam or slab) using Fiber 
Reinforced Polymers (FRPs). The thickness of each FRP 
layer varies and depends on the designer’s needs. Usually, the 
use of a smaller number of FRP layers is preferable, in order 
to avoid delamination. The confining material is attached 
around the concrete surface, not allowing the expansion of the 
concrete element in high stress conditions. More specifically, 
concrete is characterized by high compressive strength, when 
subjected to axial compressive stress. Nevertheless, the value 
of the compressive strength (f’c), which occurs during 
fracture, is specific and always lower than the compressive 
strength of a similar concrete cylinder confined by FRPs (f’cc). 
This occurs because when concrete is compressed axially, it 
expands laterally. The FRP reacts to concrete lateral 
expansion and thus is stressed axially.Thus, FRPs with higher 
tensile strength will result in higher concrete confined 
strength. 

The efficacy of the confinement greatly depends upon the 
confining materials. There are several types of FRPs 
according to the fiber type. Although carbon and glass fibers 
(CFRPs and GFRPs) are the most common types of FRPs, 
aramid and basalt fibers are used too. The type of fibers 
determines the properties of the confining material. Usually 
the Modulus of Elasticity (E) and tensile strength of the 
CFRPs are higher than that of GFRPs. Nevertheless, in both 
cases the confinement of the concrete element results in 
higher ultimate compressive loads [1].  
 It would be very useful to be able to accurately predict the 
compressive strength of a concrete cylindrical structural 
element wrapped with FRPs. Consequently, during the last 
thirty years numerous researchers have suggested possible 
analytical models [2-5], and design guidelines [6] have been 
adopted by international design codes. In almost all cases 
these analytical models were calibrated using experimental 
data. 
 This article provides an analysis and comparison of 
twelve confined concrete strength models using a new 
extensive experimental database. Using each model, the 
compressive strengths of the confined concrete cylindrical 
specimens from the experimental database are calculated. The 
accuracy of each model is measured by the convergence of 
the experimental (database results) and predicted (calculated) 
results, through two different statistical methods. Finally, one 
of the older models is revised in order to achieve better 
accuracy and to demonstrate that empirical equations can 
benefit from a larger dataset. 
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2. Methodology - Experimental Database 
 

A total of 639 cylindrical confined concrete specimens were 
identified from the literature [1, 4, 7-57]. For each reported 
specimen data such as cylinder diameter, length, unconfined 
concrete strength, FRP thickness, FRP tensile strength, FRP 
Modulus were collected. All these data were used to create an 
experimental database. The majority of the concrete cylinders 
were confined using Carbon Fiber Reinforced Polymers (a 
total of 446), 157 specimens were confined with Glass Fiber 
Reinforced Polymer, while 36 specimens were unconfined 
and were used as reference. Although other materials have 
been used for confinement as well their number is limited and 
thus statistically insignificant. The specimen’s diameter 
varied from 51 to 610mm and the unconfined concrete 
strength from 8.5 to 112.6 MPa. Another variable was the type 
and thickness of the fabric used for confinement. 
 Low unconfined concrete strength specimens were used 
mostly in experiments with CFRP confinement. Cánovas et 
al.[29], Ilki et al. [49], Li et al [51] and Shahawy et al. [41] 
used low strength specimens. The lowest unconfined strength 
was 8.5 MPa and was used by Canovas et al.[29]. The largest 
number of experiments utilized CFRP and GFRP wrapping 
with an unconfined strength that varies from 24 to 50 MPa 
[10, 24, 46, 48, 52]. High strength concrete ranging from 51 
to 113 MPa was used in a limited number of specimens mostly 
when CFRP was used for confinement [18, 24, 30, 44, 46, 50].  
The experimental database includes normal and high strength 
concrete specimens confined with GFRP. Normal 
compressive strength ranged from 24 to 48 MPa [10, 21, 24], 
while the highest unconfined concrete strength was 108 MPa 
[21]. 
 Fiber properties constitute another significant variable in 
the database. It is easily observed that reported FRP properties 
vary significantly. It is important to note, that properties such 
as the modulus of elasticity, and tensional strength, depend 
upon the method that was used to obtain them. More 
particularly, properties would be different if the material 
characterization tests have been performed on pure fibers 
versus composite laminates (coupons). When collecting 
experimental published data one can assume information 
from the reported FRP thickness. The thickness may provide 
information on whether the reported properties belong to that 
of the dry fibers or the FRP composite. It was noted that most 
researchers simply mention the material properties provided 
by the manufacturer without performing tests on coupons 
based on laminates made with the fibers. It is well 
documented that dry fibers do not have the same mechanical 
properties as a fiber composite laminate [58], so creating a 
database and even following design guidelines can become a 
quite challenging task. 
 In most of the confined specimens the reported FRP 
thickness, tFRP ,ranges between 0.3 and 2mm. However, in 
some cases the reported thickness was even less than 0.3mm 
[8, 35, 44]. The thinnest reported FRP was 0.05mm [41, 44]. 
On the contrary Youseff [20] used specimens confined with 
FRP thickness of more than 5mm. All researchers reported 
that the concrete specimens were measured, the surface was 
cleaned and finally the FRP was applied on the perimeter of 
the cylinder according to the specifications of the FRP 
manufacturer. Mechanical properties such as elastic moduli 
and maximum axial stress vary significantly between the 
fibers recorded in the database. More specifically the moduli 
varied from 8.5 to 612 GPa, while the fracture stress from 135 
to 4400 MPa. This large variation is a testament of the varying 

values reported by researchers, mixing fiber and laminate 
experimental data as mentioned previously. 

 
Fig. 1. Scheme of stresses due to FRP confining action in circular 
concrete element. 
 
 Under triaxial compressive stresses, the concrete 
cylindrical elements are subjected to main compressive 
stresses fc uniformly applied along the longitudinal axis of the 
column and lateral confining pressure fl (Figure 1). As the 
confined concrete is compressed, it tries to expand in the hoop 
direction. The FRP jacket which is therefore loaded 
uniaxially, reacts to this expansion and thus creates a reactive 
confining radial pressure fl at the FRP-concrete interface 
(Figure 1) which can be expressed as: 
 
𝑓" =

$∙&∙'()*
+

     (1) 
 
where t, fFRP and d designate the FRP thickness, FRP hoop 
tensile stress and diameter of concrete cylinder, respectively. 
 The concrete confinement may be provided by passive 
means such as steel (hoops, ties, spirals, jackets, etc.) and FRP 
(sheets, tubes, etc.) confinement around the concrete core, or 
actively through hydrostatic pressure. Unlike structural steel, 
FRP behaves purely elastically until failure. The inward radial 
stress increases with the lateral expansion of the concrete, so 
that the assumption of constant confining pressure cannot be 
valid. Thus, the models originally developed for steel hoop 
confinement may unsafely overestimate the strength of FRP-
confined columns. However, most empirical confinement 
models adopt quite well to the Mohr-Coulomb failure 
criterion either for actively (hydrostatic pressure) or passively 
(steel, FRP) confined concrete [55]. In this study a series of 
12 highly regarded models from 1988 to 2016 is evaluated 
using the previously described experimental database that 
contains cylindrical concrete specimens confined with carbon 
and glass fiber polymers.  
 
 
3. Analytical Models 

 
In 1988, Fardis and Khalili [3] where the first to develop a 
model based on the equation proposed by Richard et al. [59] 
(Eq. 2) and having created a database of concrete columns 
confined with FRP and unconfined strength, f’co from 20 to 50 
MPa, they tried to best calculate the coefficient k1 of Eq. 2 and 
provide an accurate model for the calculation of f’cc (Eq. 3): 
 
𝑓′-- = f/0 ∗ 2

34
356
k8 + 1;    (2) 

 
𝑓′-- = <1 + 4,1 ∗ 34

356
? ∗ f/0           (3) 

 
 In 1994 Saadatmanesh et al. [4] suggested a model which 
was first proposed by Mander et al. [60] for confined concrete 
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cylinders considering the compressive strength of unconfined 
concrete cylinders (f’co) and the lateral stress f’l calculated 
using Eq.1. Hence, Saadatmanesh’s equation is: 
 

f′// = @2,254 ∗ C1 + 7,94 ∗ < 34
3F56
? 	− 2 ∗ 34

3F56
− 1,254I ∗ f′/0 (4) 

 
 Later on, Spoelstra & Monti [2], based on the analysis of 
their experimental results, suggested an equation of 
calculation of the stress f’cc and strain ε’cc of the confined 
concrete. The following equation (Eq. 5) constitutes the final 
expression of Spoelstra & Monti’s model: 
 

f′// = f′/0 ∗ @0.2 + 3 ∗ C
34
3M56
I,          (5) 

 
 This model was developed based on experimental data 
from concrete cylinders with f’co from 30 to 50 MPa. 
Consequently, possible inaccuracy of the model when very 
low or high strength concrete cylinders are used, may be 
expected.  
 Toutanji [5] conducted an experimental survey gathering 
a relatively large number of confined concrete specimens 
tested in uniaxial compression. Based on the expressions of 
Richard et al. [59] and Mander et al. [60], he suggested a new 
analytical model for the calculation of confined concrete 
strength, f’cc, using either CFRP or GFRP for confinement. He 
recognized that there is a relationship that describes the 
efficiency of confinement in terms of the ratio fl/f’co. Using 
the experimental database, he tried to calibrate the coefficient 
keff (confinement efficiency, fl/f’co) using the experimental data 
and came up with (Eq. 6). Hence, the final expression of f’cc 
is given by Eq. 7.  
 

kN33 = @3,50 ∗ < 34
3M56
?
OP,8Q

I      (6) 
 

f′// = f′/0 ∗ R1 + 3,5 ∗ <
34
3M56
?
P,SQ

T          (7) 
 
 Xiaο και Wu [18] suggested an analytical model based on 
27 concrete cylinders with CFRP confinement.  
 
f′// = f′/0 ∗ <a + k ∗

3V
3M56
?       (8) 

 
 The value of the coefficient α was specified 
experimentally (α=1.10) and the value of k is calculated by 
Eq. 9 as follows: 
 
k = 4.1 − 0.75 ∗ 3M

W56
XY

     (9) 

 
C[ =

$∗\]∗^_`a
b

   (10) 
  

 According to the Eurocode 2 [61] the confined strength 
can be calculated using Eq. 11 or 12 depending upon the 
lateral confining stress. 
 

	f M// = f/c,/ = f/c ∗ @1.000 +
5 ∗ σ$
f/c

I	 

 
when	σ$ ≤ 0.05f/c    (11) 

 

f M// = f/c,/ = f/c ∗ @1.125 +
2.50 ∗ σ$

f/c
I 

 
when	σ$ > 0.05f/c   (12) 

 
where: fck is the unconfined concrete compressive strength, 
fck,c is the confined concrete compressive strength (or f’cc) 
and, σ2 is the lateral confining stress, similar to fl, which may 
also be calculated using Eq.13. 
 Furthermore, according to the Eurocode 8 [6], the 
confining lateral stress provided by the FRP tape or fabric 
should be limited to a maximum achievable FRP stress which 
corresponds to an ultimate jacket strain, εju. Equations 13 and 
14 shown below are essentially the same equation as Eq.1.: 
 
fk = 0,5 ∗ ρmno ∗ Emno ∗ ε[r   (13) 
  
ρmno =

s∗\]
b

   (14) 
 
 Aire et al. [13] conducted a series of experiments using 
confined concrete cylinders under axial compression. The 
cylinders were confined with CFRP and GFRP sheets with 
unconfined concrete strength ranging from 30 up to 70 MPa. 
The proposed analytical model is given by Equations 15 and 
16: 
 
f′// = f′/0 + k8 ∗ fk   (15) 
  
where: 					k8 = 6,7 ∗ fk

OP,8w   (16) 
  

 Benzaid et al. [62] suggested an equation for the 
calculation of concrete confined strength, which was based on 
experimental data from CFRP confined regular strength (29 
to 62MPa) concrete specimens: 
 
f′// = f′/0 ∗ <1 + 1,6 ∗

34
3M56
?    (17) 

 
 Csuka and Kollar [63] suggested the use of an efficiency 
factor, κε, the value of which differentiates according to the 
confinement material. Generally speaking, the coefficient κε 
may take values within the region of 0.6 and 1.0. Equation 18 
defines the actual confining stress as follows: 
 
fk,x = κz ∗ fk    (18) 

 
 However, a statistical analysis identified the values of 
0.68 and 0.793 to provide the best results for CFRP and GFRP 
respectively.  
 Consequently, the following equations (Eq. 19 and Eq. 
20) may be used to calculate the compressive strength f’cc of 
the confined cylinders by CFRP and GFRP respectively. 
 

 

f′// =
{|P.}S∗34~C8P.8}∗P.}S∗34,∗3F56~3F56

W�~�P.}S∗34~�8P.8}∗P.}S∗34∗3M56��

$
   (19) 

f′// =
{|P.w��∗34~C8P.8}∗P.w��∗34,∗3F56~3F56

W�~�P.w��∗34~�8P.8}∗P.w��∗34∗3M56��

$
   (20) 
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 Ozbakkaloglu and Lim [64] on the other hand, provided a 
quite different methodology to calculate the confined 
concrete strength. The authors using a statistical analysis of a 
large experimental database suggested the use of the strain 
reduction, kef, which may be calculated as follows: 
 
kN3 = 0,9 − 2,3 ∗ f M/0 ∗ 10O� − 0,75 ∗ Emno ∗ 10O}   (21) 

 
and the final actual stress due to the confinement may be 
calculated as: 
 
fkr,x = kN3 ∗ fk   (22) 

 
 Furthermore, the factor of k1 is calculated by the following 
expression (Eq. 23) provided it is smaller than f’co

1.65. 
 
kk =

$∗^_`a∗\]
b

≤ f/0M
8.}Q (23) 

 
c8 = 1 + 0.0058 ∗ c4

3M56
 (24) 

 
 Additionally, the Eq. 25 represents the lowest value of 
confining stress f’lo. It is obvious it is related to the factors kl 

and f’co. 
 

f′k0 = kk ∗ <0.43 + 0.009 ∗
c4
3F56
? ∗ | 3M56

$$PPP∗<]F56�� ?
�.��� (25) 

 
 Thus, the final equation for the calculation of the confined 
strength is given by: 
 
f′// = c8 ∗ f M/0 + k8 ∗ �fkr,x − f′k0� (26) 

 
 Girgin [65] used an experimental database of concrete 
unconfined cylinders (f’co from 7 to 108 MPa) and based on 
principles coming from geotechnical-mechanics, tried to 
correlate the strength of confined columns f’cc. Girgin’s 
model is based on Johnston’s criterion [66] that introduces the 
material coefficients Β and Μ. B describes the nonlinearity of 
the strength criterion and M defines the slope of the failure 
envelope at fl = 0.  
 
Β = 1 − 0.0172 ∗ �log(f M/0)�

$   (27) 
 

Μ = 0.0035 ∗ f M/0
$ − 0.056 ∗ f M/0 + 2.83   (28a) 

 
Μ = 0.0003 ∗ f M/0

$ − 0.076 ∗ f M/0 + 5.46   (28b) 
 
 If the value of f’co is between 7 and 24 MPa, the variable 
M will be defined by the Eq. 28a. If it is higher than 24 MPa, 
the equation 28b should be used.  
 Thus, the final expression of f’cc is given by the following 
equation:  
 

f′// = f′/0 ∗ <1 +
�
�
∗ 34
3M56
?
�
				   (29) 

 
 Touhari and Mittiche-Kettab [24] tested fifty four 
confined concrete cylindrical specimens, with unconfined 
strengths that ranged from 24 up to 61.7 MPa. Based on the 
experimental findings they suggested a general expression for 
the calculation of the confined concrete strength, f’cc, using 
two variables M and N, which according to the authors 
depend upon the type of material and unconfined concrete 
strength, f’co.  

 

f′// = f′/0 ∗ @1 + N ∗ <
34
3M56
?
�
I   (30) 

  
 Since the measured FRP strain at failure (εh,rep), was 
smaller than the theoretical ultimate FRP strain (εFRP,u ), the 
authors suggested the use of a reduction factor, kef.  The 
reduction factor is being used to limit the lateral confinement 
stress, fl as shown in Eq. 32. Thus, instead of using the lateral 
confinement stress, fl, it is proposed (see Eq. 33) to use the 
effective lateral confinement stress, fl,eff. 
 
	kN3 =

ε�,�N�
εmno,r

																																																																															(31) 

 
 

fk =
fk,N33
kN3

																																																																																						(32) 

 

f M// = f M/0 ∗ {1 + N ∗ kN3
� ∗ @

fk,N33
f M/0

I
�

�																																	(33) 

 
 Based on the experimental data, the values of M, N were 
quantified as shown in Eq.34 and Eq.35 for CFRP and GFRP 
respectively: 
 

		f′// = f′/0 ∗ @1 + 3,58 ∗ <
34,�]]
3F56
?
P,��w

I (34) 
 

	f′// = f′/0 ∗ @1 + 2,50 ∗ <
34,�]]
3M56
?
8,P$w

I (35) 
 
 Based on the experimental results of their database, 
Touhari and Mittiche-Kettab [24] calculated an average value 
for kef, which was equal to 0,79 for CFRP confined specimens 
and 0,74 for GFRP confined specimens. Given these values 
for kef the authors propose the use of Eq. 36 for CFRP and 
Eq.37 for GFRP confinement. 
 

f′// = f′/0 ∗ |1 + 2,8 ∗ <
34
3F56
?� (36) 

 

f′// = f′/0 ∗ |1 + 1,85 ∗ <
34
3M56
?� (37) 

 
 As described some models are more elaborate while 
others consist of a simple equation, and while most do not 
make the distinction between CFRP and GFRP others offer 
different equations depending on the material. All twelve 
models are fundamentally based on the main failure criterion 
originally described by Coulomb in 1776 [67] and concluded 
by Mohr in 1900 [68]. Although it may not be the most 
accurate model, its simplicity and wide acceptance renders it 
the most attractive by all researchers. 
 
 
4. Results and Discussion 

 
The twelve models described previously were evaluated using 
the experimental database of 639 confined specimens. Using 
the equations specified in each model, a theoretical prediction 
was calculated for each tested specimen in the experimental 
database. For a theoretically perfect model, the ratio of 
theoretical to experimental confined compressive strength 
should be equal to exactly one.  Ratio values greater than one 
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indicate that the model overestimates the actual confined 
strength while the opposite occurs when the ratio is lower than 
one. 
 Since many models provide separate equations for Carbon 
and Glass fiber composites, each of the twelve models was 
evaluated separately for CFRP and GFRP confinement. 
Figures 2 to 13 show graphs of predicted vs reported 
experimental confined strengths with CFRP and GFRP for 
each examined model. In each graph a diagonal line indicates 
the theoretically ideal condition. Points that lay below this 
diagonal line suggest that the examined model overestimates 
the confined strength, whereas points above the diagonal 
denote that the model underestimates the actual confined 
strength.  
 Figure 2 shows that one of the early models, that of Fardis 
and Khalili [3], which was derived from a relatively small 
number of experimental data, is effective at low strengths, but 
as the strength increases the model overestimates 
significantly the actual confined strength. In terms of GFRP 
confinement, the model seems to overestimate the confined 
strength regardless of the confined strength magnitude. 
Similar performance can be identified from most of the 
remaining models such as the Saadatmanesh et al. [4] (Figure 
3), Toutanji [5] (Figure 5), Xiaο και Wu [18] (Figure 6), Aire 
et al. [13] (Figure 8). 
 

 
 

 
Fig. 2. Experimental vs predicted confined compressive strength using 
the Fardis and Khalili [3] model, (a) for CFRP and (b) for GFRP 
confinement. 

 

 
Fig. 3. Experimental vs predicted confined compressive strength using 
the Saadatmanesh et al. [4] model, (a) for CFRP and (b) for GFRP 
confinement. 

 

 

 
Fig. 4. Experimental vs predicted confined compressive strength using 
the Spoelstra & Monti [2] model, (a) for CFRP and (b) for GFRP 
confinement. 
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Fig. 5. Experimental vs predicted confined compressive strength using 
the Toutanji [5] model, (a) for CFRP and (b) for GFRP confinement 
 

 

 
Fig. 6. Experimental vs predicted confined compressive strength using 
the Xiaο και Wu [18] model, (a) for CFRP and (b) for GFRP 
confinement. 

 

 
Fig. 7. Experimental vs predicted confined compressive strength using 
the Eurocode 2  [61] model, (a) for CFRP and (b) for GFRP 
confinement. 

 

 

 
Fig. 8. Experimental vs predicted confined compressive strength using 
the Aire et al. [13] model, (a) for CFRP and (b) for GFRP confinement. 
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 Some models such as Benzaid et al. [62] (Figure 9), Csuka 
and Kollar [63] (Figure 10), and as expected Eurocode 2 [61] 
(Figure 7) exhibit an opposite performance, especially for 
CFRP confinement with predictions lower than the 
corresponding experimental strengths. For a design code, 
such a model behavior may be desirable, but certainly not for 
an analytical model. 

 

 

 
Fig. 9. Experimental vs predicted confined compressive strength using 
the Benzaid et al. [62] model, (a) for CFRP and (b) for GFRP 
confinement. 
 
 In some other cases, such as the Spoelstra & Monti [2] 
model (Figure 4), the predictions of the CFRP confinement 
did not seem to have a distinct trend. In all cases, regardless 
the type of confining material, it is evident that the variability 
is significant, even more for specimens with large dimensions 
and higher confinement ratio. This may be explained by the 
higher representation of small specimens in the experimental 
sample used for calibration of the models. 
 Most specimens in the database had relatively small 
dimensions and exhibited confined strengths of less than 
100MPa for both CFRP and GFRP confinement. In general, 
CFRP provided larger strength increases due to its higher 
elastic modulus and strength. However, the scatter was so 
great, that no statistical significance between the axial rigidity 
of the FRP and the confined concrete compressive strength 
was found. 
 The three newest models of Ozbakkaloglu and Lim [64] 
(Figure 11), Girgin [65] (Figure 12) and Touhari and 
Mittiche-Kettab [24] (Figure 13) seem to have visually the 
best performance with most of the data scattered relatively 
close to the diagonal, both for CFRP and GFRP confinement. 
Although these figures provide a indicative visual method of 

comparison, in order to better evaluate the efficacy of each 
model, quantification of the relationship between predicted 
and experimental concrete confined strength is deemed 
necessary. 
 

 

 
Fig. 10. Experimental vs predicted confined compressive strength using 
the Csuka and Kollar [63] model, (a) for CFRP and (b) for GFRP 
confinement. 
 
 In order to quantify the performance of the twelve models 
two different statistical methods were utilized. The first 
method quantifies the model performance in terms of average 
values of the ratio of experimental to predicted confined 
compressive strength. The second evaluation method is based 
on Lin’s concordance coefficient which is a relatively new 
statistical metric, mainly used in the biomedical field, but is 
assumed to be the best reproducibility index (concordance 
correlation) [69, 70].  
 The average values of experimental confined compressive 
strength to predicted strength ratio for specimens confined 
with CFRP are shown in Figure 14. The error bars displayed 
in the graph indicate the calculated standard deviation. 
Obviously, a ratio of one with a zero standard deviation would 
represent a perfect analytical model exhibiting full 
concordance with the experimental values. However, 
considering concrete’s strength great variability, variability 
associated with possible errors related to the FRP wrapping 
procedure, and variability of the confining material 
properties, a theoretically “perfect” model would be almost 
impossible. An examination of Figure 14 would lead to the 
conclusion that the models suggested by Ozbakkaloglu and 
Lim [64] and Girgin [65] are characterized by the best 
performance, since the average ratio is close to 1 and the 
standard deviation is less than 0.2. Besides, it can be 
concluded that empirical models which were developed using 
larger experimental datasets perform noticeably better. 
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Consequently, the data indicate a positive correlation between 
the number of experimental data used for model calibration 
and the model’s performance. Furthermore, it can be observed 
that data from experiments conducted on GFRP confined 
specimens are considerably fewer compared to data from 
CFRP confined specimens. This has an obvious negative 
impact on the performance of the GFRP specific models, and 
the prediction of the compressive strength when GFRP is used 
for confinement.  
 

 

 
Fig. 11. Experimental vs predicted confined compressive strength using 
the Ozbakkaloglu and Lim [64] model, (a) for CFRP and (b) for GFRP 
confinement. 

 

 

 
Fig. 12. Experimental vs predicted confined compressive strength using 
the Girgin [65] model, (a) for CFRP and (b) for GFRP confinement. 
 

 

 
Fig. 13. Experimental vs predicted confined compressive strength using 
the Touhari and Mittiche-Kettab [24] model, (a) for CFRP and (b) for 
GFRP confinement. 
 
 It is evident that Eurocode 2 [61] performs very well 
regardless of what type of fibers are used, using this statistical 
evaluation method is used. As a design code it is expected to 
underestimate the confined specimen’s strength, which is 
exactly what is observed.  
 In order to measure the performance of each model, Lin’s 
concordance coefficient [70] was also calculated. Lin 
suggested that many of the traditional validation processes are 
often evaluated by using the Pearson correlation coefficient, 
the paired t-test, the least squares analysis of slope (equal 1) 
and intercept (equal 0), or the coefficient of variation. He also 
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mentioned that there are drawbacks to all of these, in that none 
alone can fully assess the desired reproducibility 
characteristic. Lin’s coefficient is being used to evaluate the 
degree to which pairs of values fall on the 45° line through 
the origin.  Although not commonly used in the engineering 
field, it is considered to be one of the best measures of 
agreement between two variables in the medical field [71]. 
Lin’s concordance coefficient, ρc, may take values between -
1 and 1, with the +1 value meaning full concordance and -1 
full discordance. Lin’s concordance coefficient, ρc, may be 
calculated as: 

 
𝜚- = 𝜌 @

$����
���O���

W~��W~��W
I = 𝜌 ∙ 𝐶¡                            (38) 

 
where: ρ is Pearson’s correlation coefficient, μχ and μy, the 
mean values of the two variables and σχ, σy, the standard 
deviation of the two variables. Lin’s concordance coefficient, 
ρc, measures both precision, ρ, and accuracy, Cβ. Where Cβ is 
a bias correction factor, a measure of how far a line of best fit 
(or the line of perfect concordance) is from a line at 45-degree 
angle through the origin. 
 

 
Fig. 14. Average fcc,exp/fcc,pre for each model for CFRP confined 
specimens 
 
 The model’s performance using Lin’s concordance 
coefficient is illustrated in a bar chart (Figure 16) and the 
corresponding values are displayed in Table 1. More 
specifically, Figure 15 shows three bars for each model 
representing Lin’s coefficients, ρc, in the case of CFRP 
confinement, GFRP confinement and finally for all 
specimens. For most of the models the calculated coefficients 
for GFRP confinement are considerably lower than of CFRP 
confinement. The best performing models [24, 65] have a 
Lin’s coefficient of 0.78, while the lowest value is 0.45, which 
indicates a poor concordance.  The highest coefficient for 
CFRP confinement was equal to 0.85 for the model of 
Spoelstra and Monti [2], while the lowest value was found 
equal to 0.69 for Fardis and Khalili [3]. Provided that concrete 
is a material that exhibits substantial variability in terms of 

compressive strength, we could consider that values of Lin’s 
coefficient higher than 0.8 to correspond to models with very 
good performance. This is in agreement with the 0.8 threshold 
recommended by Altman [69]. It is important to note that the 
design equations suggested by Eurocode provide excellent 
results, with a Lin’s coefficient of 0.78 for CFRP confinement 
and also 0.78 for the full database. In terms of GFRP 
confinement, Eurocode performs very well with a coefficient 
of 0.73. Only three out of the twelve models have 
concordance coefficients higher than 0.8 for CFRP 
confinement. These are the models proposed by 
Ozbakkaloglou and Lim [64], Spoelstra & Monti [2], and 
Benzaid et al. [62]. A study of Table 1., that provides all 
statistical values, along with Figure 16. lead to the conclusion 
that Lin’s coefficients for all specimens are almost identical 
to the coefficients calculated for CFRP confinement. This can 
be explained by the significant larger number of CFRP 
confined compared to GFRP confined specimens.  
 
  

 
Fig. 15. Average fcc,exp/fcc,pre for each model for GFRP confined 
specimens 
 

 
Fig. 16. Lin’s Coefficient for each model for confined specimens 
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Table 1. Performance quantification for each compressive strength model 

Theoretical models for 
the prediction of the 

confined compressive 
strength (f’cc) 

Lin's 
Concorda

nce 
Coefficie
nt for all 
specimen

s 

Mean 
value of 

the ratio: 
f’cc,exp/f’cc

,pred for 
all 

specimen
s 

Standar
d 

deviation 
of the 
ratio:   

f’cc,exp/f’cc

,pred for 
all 

confined 
specimen

s 

Lin's 
Concorda

nce 
Coefficie

nt for 
CFRP 

confined 
specimen

s 

Mean 
value of 

the ratio:  
f’cc,exp/f’cc

,pred for 
CFRP 

confined 
specimen

s 

Standar
d 

deviation 
of the 
ratio:  

f’cc,exp/f’cc

,pred  for 
CFRP 

confined 
specimen

s 

Lin's 
Concorda

nce 
Coefficie

nt for 
GFRP 

confined 
specimen

s 

Mean 
value of 

the ratio:   
f’cc,exp/f’cc

,pred
  for 

GFRP 
confined 
specimen

s 

Standar
d 

deviation 
of the 
ratio:  

f’cc,exp/f’cc

,pred for 
GFRP 

confined 
specimen

s 
Fardis and Khalili [3]  0.36 0.78 0.18 0.34 0.78 0.18 0.45 0.78 0.18 
Saadatmanesh et al. [4] 0.76 0.81 0.17 0.79 0.83 0.17 0.66 0.77 0.16 
Spoelstra & Monti [2] 0.84 0.99 0.27 0.85 1.00 0.26 0.72 0.99 0.29 
Toutanji [5] 0.60 0.78 0.15 0.60 0.79 0.15 0.54 0.77 0.17 
Xiaο και Wu [18] 0.38 0.99 0.45 0.36 0.92 0.25 0.52 1.02 0.27 
Eurocode 2  [61] 0.78 1.07 0.25 0.78 1.09 0.25 0.73 1.05 0.24 
Aire et al. [13] 0.55 0.75 0.15 0.53 1.13 0.30 0.54 0.74 0.16 
Benzaid et al. [62] 0.82 1.20 0.24 0.82 1.20 0.24 0.76 1.12 0.21 
Csuka and Kollar [63]  0.70 1.13 0.30 0.72 1.13 0.30 0.53 1.02 0.31 
Ozbakkaloglu and Lim 
[64] 

0.84 0.99 0.19 0.84 1.02 0.19 0.75 0.93 0.17 

Girgin [65] 0.75 1.01 0.19 0.74 1.02 0.19 0.78 0.97 0.17 
Touhari and Mittiche-
Kettab [24] 

0.62 1.09 0.39 0.60 1.13 0.43 0.78 0.97 0.19 

Proposed Model 0.87 1.00 0.18 0.87 1.00 0.18 0.84 1.01 0.18 
 
 
 Ozbakkaloglou and Lim’s [64] and Spoelstra & Monti’s 
[2] models perform equally well regardless of statistical 
analysis type. On the contrary the model proposed by Benzaid 
and colleagues [62], which was among the three best 
performing models, and exhibited an overall Lin’s coefficient 
of 0.82 does not perform equally well when the mean value 
and standard variation of the experimental over predicted 
compressive stress  was used to quantify performance. So, 
although its concordance coefficient was excellent, the 
experimental compressive stress values were considerable 
higher than the predicted compressive stress, providing a 
mean ratio of 1.2 with a corresponding standard deviation of 
0.24.  
 The reason that two different metrics are used in this study 
to evaluate model’s ability to correctly predict concrete 
compressive confined strength was to perform a better 
validation with less possible statistical errors. Other than the 
model proposed by Spoelstra & Monti [2] relatively older 
models seem to not perform as well, exhibiting low Lin’s 
coefficients.  
 According to the calculated Lin’s concordance 
coefficients many model’s performance was better when 
CFRP was used. For example models suggested by Spoelstra 
and Monti [2], and Ozbakkaloglou and Lim [64] had Lin’s 
coefficients 0.72 and 0.75 respectively when GFRP was used 
for confinement. This is a considerable drop from the 
coefficients for CFRP and combined specimens. This 
difference shows that more tests are necessary in order to 
better predict the performance of GFRP confinement.  
 The two best performing models are quite different. 
Spoelstra and Monti [2], suggested a simple single equation 
model, while Ozbakkaloglou and Lim’s [64]  newer model 
suggests the use of a much more complicated method.  
Furthermore, while the former used a relatively small 
experimental database with limited unconfined concrete 
strength range, the latter used a significantly more extensive 
database. 
 In order to use our large experimental database to develop 
a simple equation similar to that suggested by Touhari and 
Mittiche-Kettab [24] with a good efficacy, the f’cc/f’co ratio 

was plotted versus the fl/f’co. This is illustrated in Figures 18 
(a) and (b), which correspond to cylinders with CFRP and 
GFRP confinement, respectively. A regression analysis 
resulted in an equation that had the general form: 
 
3M55
3M56

= @1 + a ∗ < 34
3M56
?
¢
I      (39) 

 
 The main idea was to develop one simple equation that 
may be used to determine the confined compressive strength 
regardless of confining material. Thus, based on the graph 
shown in Figure 18(a) a relationship between the variables of 
the graph was obtained using regression analysis. Thus, Eq. 
39 was derived for CFRP confined specimens, with a 
coefficient of determination R2=0.708: 
 

f′// = f′/0 ∗ £2.1 ∗ <
34
3F56
?
P.S}

+ 1.0¤		                   (40) 
 
 Although a different equation could have been derived 
from the GRFP confined specimens it was decided to use just 
one general equation (Eq.40) to describe the relationship 
between f’cc/f’co and fl/f’co. Eq 40 for GFRP confined 
specimens exhibited a coefficient of determination of 
R2=0.678 (Figure 18(b)). It should be noted that a higher 
coefficient of determination could have been obtained from 
another equation for GFRP but as mentioned previously the 
author believes that a one-equation model offers a more 
valuable design tool.  
 The performance of the proposed model can be seen in 
Figures 14 to 17, compared to the performance of the 12 
examined models. It is evident that the proposed equation 
performs very well regardless of the confining material type, 
both in terms of average ratio (it is almost one with a standard 
deviation of 0.18), and Lin coefficient. More specifically, the 
proposed model’s Lin coefficient is 0.87, which is greater 
than the highest Lin’s coefficient (0.84), that of 
Ozbakkaloglou and Lim [64] and that of Spoelstra & Monti 
[2].  
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Fig. 17. Average fcc,exp/fcc,pre for each model for all confined specimens 

 

 

 
Fig. 18. keff vs fl/fco values and linear correlation for: (a) CFRP 
confinement, and (b) GFRP confinement 
 
 In terms of average ratio and GFRP confinement, the 
proposed equation provides the best performing model with 
an average ratio of 1.01 and a standard deviation of just 0.18 

(Figure 15). Moreover, its performance was also the best 
when examined via Lin’s coefficient. More specifically, Lin’s 
coefficient for GFRP confinement was 0.84 and was the only 
equation that exhibited value higher than 0.8 (proving 
excellent concordance) (Figure 16). The second highest 
coefficient of 0.78 was recorded for the models suggested by 
Touhari and Girgin.  Therefore, it is evident that one simple 
equation can provide excellent confined concrete strength 
predictions, regardless of the confining material used. 
 
 
5. Conclusions 

 
Based on the findings of this comparative review study the 
following conclusions can be drawn: 
 
• The size of experimental database affects significantly the 
performance of the analytical models, which use empirical 
factors. 
• FRP rupture determines the fracture of the specimens. 
However, it was observed that the recorded ultimate FRP 
strain was significantly lower than the theoretically maximum 
FRP strain obtained by uniaxial coupon tests. 
• The majority of the tested concrete specimens were 
confined using CFRP, while one third of the total specimens 
were confined using GFRP.  
• There is a need for confined specimens tests with both low 
and high unconfined concrete compressive strength. Also, the 
effect of specimen size should be studied. 
• Eurocode provides a quite safe design tool for confined 
concrete structural elements. 
• In terms of Lin’s concordance correlation the model 
suggested by Spoelstra and Monti [2], along with the ones 
described by Ozbakkaloglou and Lim [64], and Benzaid et al. 
[62] where the most effective. 
• The proposed model has shown that although one would 
expect that more elaborate models would perform better than 
simple one-equation models this is not necessarily the case. 
• The proposed equation provides a very simple and the 
most effective way to predict the confined strength of 
concrete when either CFRP or GFPR is used for confinement. 
It may also be used with GFRP confinement with very good 
effectiveness. 
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