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 1 Introduction 

In all seismic prone countries, codes and standards for the 

seismic design and assessment of structures provide rules 

for safety. However, the recent catastrophic earthquakes 

in Turkey have tragically proven once again the im-

portance of the seismic design and accurate implementa-

tion of this design on structures. In many cases of severely 

damaged buildings, the lack of ductility, particularly in pri-

mary seismic columns, was found out to be a very crucial 

parameter that leads failure to develop into total/fatal col-

lapse. Therefore, the enhancement of ductility in columns 

could serve also as a strengthening and/or retrofitting 

strategy to improve the seismic behaviour of existing RC 

buildings, protecting the lives of its residents [1].  

Among other methods and techniques, increasing ductility 

can be achieved through confinement with composite fibre 

reinforced polymers (FRPs). In the literature, there are 

various analytical procedures proposed to determine the 

increase of ductility. The current paper is a continuation of 

previous research works [1],[2] that proposes a further 

analytical formulation for calculating the ductility factor af-

ter the confinement of RC columns with FRP sheets. In ad-

dition to the proposed analytical relationship, the compar-

ison includes respective equations that are proposed in the 

previous and in the current draft version of Eurocode 8-

part 3 (EC8-3), along with similar equations proposed in 

the previous and the revised version of the Greek Code for 

Structural Interventions.  

The results deriving from the available analytical formula-

tions, as well as a further proposed analytical relationship 

are compared with experimental results, and then factors 

affecting the strengthening efficiency, such as the thick-

ness of the confining material and the reduced axial load, 

are further investigated and discussed.  

2 Available analytical procedures to determine 

local ductility 

Ductility of a member is its ability to deform beyond its 

yield point, i.e., to develop permanent deformations, with-

out a significant reduction of its maximum strength. In 

other words, ductility of structures could keep their integ-

rity, although severe or significant damages can occur. In 

the current paper, the analytical procedures that concern 

the evaluation of ductility in the Eurocode 8 and the Greek 

code for structural interventions are investigated. More 

specifically, in sections 2.1 to 2.5 the following codes are 

considered: (a) Eurocode 8-Part 3 (2005) [3], (b) Draft of 

Eurocode 8-Part 3 in conjunction with Part 1 (2022) [4], 
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(c) Greek CSI (2013) [5] and (d) the 2nd revision of the 

Greek CSI (2022) [6], together with an analytical model 

proposed by the second and third author of the present 

work (2019) [7]. 

2.1 Eurocode 8 – Part 3 (EC8-3) (2005) [3] 

The ductility factor μθ is defined as the ratio: μθ=θu/θy. The 

value of the chord rotation at yield (θy) is assumed to be 

unaffected by the confinement and is calculated as for the 

unconfined elements from the relation: 

𝜃𝑦 =
𝜑𝑦(𝐿𝜈+𝛼𝜈𝑧)

3
+ 0.0014(1 + 1.5ℎ/𝐿𝜈) +

𝜑𝑦𝑑𝑏𝐿𝑓𝑦

8√𝑓𝑐
   (1) 

Where, φy is the curvature at yield, Lν is the shear length 

of the member, ανz is the tension shift of the bending mo-

ment diagram, h is the height of the section, dbL is the 

mean diameter of the tensile reinforcement, fy and fc is the 

mean yield strength of the steel reinforcement bars and 

the mean compressive strength of the concrete, respec-

tively. 

The value of the chord rotation at failure θu is determined 

through two semi-empirical relationships. Either from the 

relationship below [3]: 

𝜃𝑢 = 0.016(0.3𝜈) [ 
max(0.01; 𝜔′)

max(0.01; 𝜔𝑡𝑜𝑡 − 𝜔′)
𝑓𝑐  ]

0.225

(
𝐿𝜈

ℎ
)

0.35

 

25
(𝑎𝜌𝑠𝑥

𝑓𝑦𝑤
𝑓𝑐

+𝑎𝑓𝜌𝑓

𝑓𝑓,𝑒

𝑓𝑐
)
(1.25100𝜌𝑑)     (2) 

Οr through the relationship θu = θy + 𝜃𝑢
𝑝𝑙

, where 𝜃𝑢
𝑝𝑙

 is cal-

culated from the following relationship: 

𝜃𝑢
𝑝𝑙

= 0.0145(0.25𝜈) [ 
max(0.01; 𝜔′)

max(0.01; 𝜔𝑡𝑜𝑡 − 𝜔′)
𝑓𝑐  ]

0.3

(
𝐿𝜈

ℎ
)

0.35

 

25
(𝑎𝜌𝑠𝑥

𝑓𝑦𝑤
𝑓𝑐

+𝑎𝑓𝜌𝑓

𝑓𝑓,𝑒

𝑓𝑐
)
(1.275100𝜌𝑑)     (3) 

Where, ν is the normalised axial load referring to (b∙h), 

ωtot and ω’ is the mechanical ratio of the total and com-

pressive reinforcement, respectively, ρsx and ρd is the ge-

ometric ratio of the transverse reinforcement in the direc-

tion of loading and of any bidiagonal reinforcement, 

respectively, α is the confinement effectiveness factor of 

the stirrups and fyw is the yield strength of the stirrups, 

𝜌𝑓 = 2𝑡𝑓/𝑏 is the geometric ratio of the FRP in the direction 

of loading, 𝑡𝑓 is the thickness of the FRP. αf is the confine-

ment effectiveness factor of the FRP. Considering the ben-

eficial effect of rounding the corners of the sections by ra-

dius R, αf, is estimated by the following expression: 

𝑎𝑓 = 1 −
(𝑏−2𝑅)2+(ℎ−2𝑅)2

3𝑏ℎ
     (4) 

where b is the width of cross section, ρf and tf as defined 

above and ff,e is the effective stress of FRP given by: 

𝑓𝑓,𝑒 = 𝑓𝑢𝑒 (1 − 0.7𝑓𝑢𝑒
𝜌𝑓

𝑓𝑐
)     (5) 

where fue=min (fu; εu,f Ef) with fu and Ef are the strength 

and the modulus of elasticity of the FRP, respectively. εu,f 

is the ultimate strain of the FRP and is taken as 0,015 for 

carbon FRP (CFRP) or 0,02 for glass FRP (GFRP). 

2.2 Draft of Eurocode 8 – Part 3 (2022) [4] 

In the draft of EC8-3 (2022), the previous relationship (1) 

that determines θy is modified with respect to the middle 

factor and takes the form: 

𝜃𝑦 =
𝜑𝑦(𝐿𝜈+𝛼1)

3
+ 0.0019(1 + ℎ/(1.6𝐿𝜈)) +

𝜑𝑦𝑑𝑏𝐿𝑓𝑦

8√𝑓𝑐
   (6) 

φy is the yield curvature that can be calculated from a sec-

tion analysis and α1 is the tension shift of the bending mo-

ment diagram according to PrEN 1992-1-1:2021, which 

should be taken equal to zero in rectangular columns with 

clear height-to-depth ratio above 6.5. 

The chord rotation at failure θu is calculated in two alter-

native ways. The first through the relationship θu=θy+ 𝜃𝑢
𝑝𝑙

 , 

where 𝜃𝑢
𝑝𝑙

 is determined by the semi-empirical relation: 

𝜃𝑢
𝑝𝑙

= 𝜅𝑎𝑥𝑖𝑎𝑙 ∙ 𝜅𝑟𝑒𝑖𝑛𝑓 ∙ 𝜅𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 ∙ 𝜅𝑠ℎ𝑒𝑎𝑟𝑠𝑝𝑎𝑛 ∙ 𝜅𝑐𝑜𝑛𝑓𝑖𝑛𝑒𝑚𝑒𝑛𝑡 ∙ 𝜃𝑢0
𝑝𝑙

 (7) 

𝜅𝑎𝑥𝑖𝑎𝑙 = 0.2𝜈       (8) 

 𝜅𝑟𝑒𝑖𝑛𝑓 = [
𝑚𝑎𝑥(0.01,𝜔′)

𝑚𝑎𝑥(0.01,𝜔𝑡𝑜𝑡−𝜔′)
]

0.25

     (9) 

𝜅𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 = [𝑚𝑖𝑛 (2,
𝑓𝑐(𝑀𝑃𝑎)

25
)]

0.10

     (10) 

 𝜅𝑠ℎ𝑒𝑎𝑟𝑠𝑝𝑎𝑛 = [
1

2.5
min (9,

𝐿𝜈

ℎ
)]

0.35

     (11) 

𝜅𝑐𝑜𝑛𝑓𝑖𝑛𝑒𝑚𝑒𝑛𝑡 = 24
𝑚𝑎𝑥[(

𝛼𝜌𝑠𝑥𝑓𝑦𝑤
𝑓𝑐

),(
𝛼𝜌𝑓𝑢

𝑓𝑐
)

𝑓
  ]
     (12) 

With  (
𝛼𝜌𝑓𝑢

𝑓𝑐
)

𝑓
= 𝛼𝑓 ∙ 𝑐𝑓 ∙ 𝜆(1 − 0.5𝜆)     (13) 

and  𝜆 = 𝑚𝑖𝑛(0.4,    𝑘𝑒𝑓𝑓 ∙ 𝜀𝑢,𝑓 ∙ 𝐸𝑓 ∙ 𝜌𝑓/𝑓𝑐)    (14) 

cf =1.9 for CFRP, cf =1.15 for GFRP.  

For structural elements with rectangular cross-sections, it 

is concerned 𝜃𝑢0
𝑝𝑙

= 0.039. 

Also, 𝑘𝑒𝑓𝑓 is the FRP effectiveness factor equal to 0.6, 𝐸𝑓 is 

the elastic modulus of FRP and 𝜀𝑢,𝑓 is the ultimate strain of 

the FRP, which may be taken equal to 0.015 for CFRP and 

0.02 for GFRP. 

The second alternative way of determining θu is through 

the general theoretical expression of [4]: 

𝜃𝑢𝑚 = 𝜃𝑦 + (𝜑𝑢 − 𝜑𝑦)𝐿𝑝𝑙(1 − 0.5𝐿𝑝𝑙/𝐿𝜈) + 𝛥𝜃𝑢,𝑠𝑙𝑖𝑝  (15) 

𝛥𝜃𝑢,𝑠𝑙𝑖𝑝 is the post-yield fixed-end rotation due to yield pen-

etration in the anchorage zone beyond the yielding end of 

the member, taken as: 

𝛥𝜃𝑢,𝑠𝑙𝑖𝑝=9.5𝑑𝑏𝐿(𝜑𝑢 + 𝜑𝑦)/2    (16) 

𝐿𝑝𝑙 is the plastic hinge length of the member. The curva-

tures φy and φu are determined, considering the mechan-

ical characteristics of the confined concrete, as it is de-

scribed in this code in detail, taking into account, if the 

ultimate strains occur before or after spalling of the con-

crete cover.  
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2.3 Greek CSI (2013) [5] 

The ductility factor in terms of rotations μθ is determined 

through the ductility factor in terms of curvatures μφ from 

the approximate relationship: 

𝜇𝜃 = (𝜇𝜑 + 2)/3      (17) 

With 𝜇𝜑 =
𝜀𝑐𝑢,𝑐

2.2∙𝜈∙𝜀𝑠𝑦
  𝑓𝑜𝑟 𝜈 ≥ 0.2    (18) 

Where εcu,c is the ultimate strain of the confined concrete 

and εsy is the yield strain of the longitudinal reinforcement. 

The strain of confined concrete at failure is calculated as 

follows:  

𝜀𝑐𝑢,𝑐 = 𝛾𝐹𝑅𝑃 ∙ 0.0035(𝑓𝑐𝑐/𝑓𝑐)2     (19) 

Where 𝛾𝐹𝑅𝑃=1 for CFRP and 𝛾𝐹𝑅𝑃=2 for GFRP and 𝑓𝑐𝑐 is the 

strength of the confined concrete that is given by the fol-

lowing equation:  

𝑓𝑐𝑐 = (1.125 + 1.25𝑎𝑓𝜔𝑤𝑑)𝑓𝑐     (20) 

With 𝑎𝑓𝜔𝑤𝑑 = 𝑎𝑓𝜌𝑓𝑤𝑓𝑓𝑢/𝑓𝑐 being the efficient confinement ra-

tio, 𝛼𝑓 is as defined in section 2.1 and 𝜌𝑓𝑤 = 2 ∙ 𝑚𝑖𝑛 (
2𝑡𝑓

ℎ
,

2𝑡𝑓

𝑏
 ) 

and 𝑓𝑓𝑢 = 𝑓𝑓𝑢,𝑟𝑒𝑠 ∙ 𝜓 is the effective reduced value of the con-

fining strength, where 𝑓𝑓𝑢,𝑟𝑒𝑠 is calculated based on the “re-

sidual” strain at failure of the added material 𝜀𝑓𝑢,𝑟𝑒𝑠 = 𝜀𝑢 −

𝜀𝑜, 𝜀𝑢 is the strain at failure of the FRP and 𝜀𝑜 = 𝑡1/2𝑅 is the 

local reduction of the available strain at failure (𝑡1 is the 

thickness of one layer) due to bending of the FRP at the 

corners of the structural element and 𝜓 = 𝑘−1/4 ≥ 3/𝑘 is the 

influence coefficient of the number of layers (k) for k≥4. 

2.4 Greek CSI (2022) [6] 

In the revised version of the Greek CSI in 2022, all previ-

ous equations still apply, except for Eq. (18) that is modi-

fied as follows: 

𝜇𝜑 =
𝑓𝑐𝑐

𝑓𝑐

𝜀𝑐𝑢,𝑐

2.6∙𝜈∙𝜀𝑠𝑦
      (21) 

and the confined concrete strength is estimated by the ex-
pression: 

𝑓𝑐𝑐 = (1 + 3,5 (
𝛼𝑓𝜌𝑓𝑓𝑓𝑢

𝑓𝑐
)

3

4
) 𝑓𝑐      (22) 

where 𝜌𝑓 = 2𝑡𝑓/𝑏, 𝛼𝑓 is as defined in section 2.1 and 𝑓𝑓𝑢 

is estimated as defined in section 2.3. 

2.5 Analytical Model of [7] 

The analytical formulation proposed in the following Eq. 

(23) lies in a similar concept to Eq. (21) of the Greek CSI 

2022 above, and a detailed documentation can be found 

in [7]. 

𝜇𝜑 = min (
𝑓𝑐𝑐

𝑓𝑐

𝜀𝑐𝑢,𝑐

2.3𝜈∙𝜀𝑠𝑦
,

𝜀𝑠𝑢+𝜀𝑐𝑢,𝑐/3

(1−𝜈𝑓𝑐/𝑓𝑐𝑐)1.52𝜀𝑦
)    (23) 

All the parameters of Eq. (23) are as defined in section 

2.4. The main difference among these equations is that 

Eq. (21) considers only the possibility of failure of the 

cross-section through breaking of the extreme compres-

sive concrete fibre of the cross-section. Eq. (23) apart 

from that also considers the possibility of failure of the 

tensile reinforcement.  

3 Comparison of analytical models with experi-

mental results 

In this section, the analytical results deriving from the 

above presented models are compared with experimental 

results on FRP-confined columns, acquired from tests that 

have been conducted at the Department of Civil Engineer-

ing of the University of Patras, Greece [8], [9], [10], [11]. 

3.1 Experimental results 

The experimental data selected for the comparison are 

presented in Table 1. More specifically, in Table 1 for each 

specimen, its geometrical and material properties are doc-

umented. Cross sections S, W and R are rectangular, while 

Qs, Ls and L are quadratic. In the notation of each speci-

men, the second letter symbolizes the material of the con-

finement reinforcement (C for carbon and G for glass), 

while the number represents the number of FRP layers. 

All the examined elements have a shear length of 1.6m 

and are reinforced with stirrups of 8 mm diameter at spac-

ing of 200mm. CFRP and GFRP sheets are used for exter-

nal confinement. Specimens denoted by S, W, R and Qs 

are confined with CFRPs that have material properties of 

Ef=230GPa, fu=3450MPa, t1=0.13mm and R=30mm. 

Specimens Ls and L are CFRP confined with Ef=225GPa, 

fu=3800MPa, t1=0.17mm and R=25mm. While further S 

and W specimens are also confined with GFRP with 

Ef=70GPa, fu=2170MPa, t1=0.17mm and R=30mm. 

From the experimental results, the force-displacement 

hysteresis loops are available, through which the ductility 

factor μθ is obtained. In Figure 1, a typical M-θ curve is 

depicted and through these curves the values of θy and θu 

were derived. 

 

Figure 1 Typical M-θ curve of the experimental results 

The values θy and θu are obtained from the average of the 

corresponding positive and negative values. Then the duc-

tility factor values μθ for each specimen is obtained as 

μθ=θu/θy. 
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Table 1 Cross-sectional data from experiments 

Specimen ν fc    

(MPa) 

d    

(mm) 

b    

(mm) 

h    

(mm) 

n/dbL 

(mm) 

fy    

(MPa) 

ft    

(MPa) 

fyw 

(MPa) 

S_C2 [8] 037 18.1 470 250 500 4Ø18 559.5 682 286 

S_C5 [8] 0.39 17.9 470 250 500 4Ø18 559.5 682 286 

S_G5 [8] 0.37 18.7 470 250 500 4Ø18 559.5 682 286 

W_C2 [8] 0.37 18.1 218 500 250 4Ø18 559.5 682 286 

W_C5 [8] 0.39 17.9 218 500 250 4Ø18 559.5 682 286 

W_G5 [8] 0.37 18.7 218 500 250 4Ø18 559.5 682 286 

R_C2 [9] 0.23 32.9 462 250 500 4Ø18 514 659 425 

R_C5 [9] 0.23 32.9 460 250 500 4Ø18 541 659 425 

Qs_C2 [10] 0.45 28.1 215 250 250 4Ø14 313 442 425 

Qs_C5 [10] 0.44 28.2 215 250 250 4Ø14 313 442 425 

Ls_C2 [11] 0.28 30.3 210 250 250 4Ø14 372 433 351 

L_C2 [11] 0.28 28.9 225 250 250 4Ø14 523 624 351 

 

3.2 Results comparison in terms of ductility 

The analytical models are implemented for each individual 

specimen with the properties described in Table 1. The an-

alytical model of [7] is implemented in two ways. The first 

is applied, considering the multiple layers reducing coeffi-

cient ψ, as defined in the Greek CSI 2022 (see section 2.3) 

(Proposal a), while in the second, ψ is not considered (Pro-

posal b). 

Table 2 presents the ductility factor μθ values of the ex-

periments in the second column, while in the rest of the 

table the ratios of the analytical (μθANAL) to the experi-

mental (μθEXP) ductility factors are presented. As it can be 

noted from Table 2, Greek CSI 2013 produces for all cases 

the most conservative values, while Greek CSI 2022 gives 

a deviation of the mean value of 18% in favour of safety 

and seems to have a much better convergence with the 

experiments, however with a coefficient of variation of 

43%. The results of the analytical model of [7] are less 

conservative than those of Greek CSI 2022 with the same 

coefficient of variation, while proposal (b) seems to con-

verge on average better than (a). However, some values 

resulting from proposal (b) significantly exceed the exper-

imental ones, something that does not result from pro-

posal (a). 

The results from Eq. (2) and Eq. (1) +(3) of EC8-3 (2005), 

as well as Eq. (6) + (7) of the EC8-3 (2022) draft, have 

good convergence with the experiments (see Table 2). The 

EC8-3 (2005) relations show a coefficient of variation of 

27%, while the respective value for Eq. (6) + (7) is 34%. 

Eq. (15) of the EC8-3 (2022) draft produces very con-

servative values with an average deviation of 41% (see 

Table 2). 

4 Influence of the number of FRP layers 

To further investigate the influence of the FRP thickness 

and the respective number of layers, a series of compara-

tive figures for all analytical models is created. In the cur-

rent paper, indicatively, the results on the specimens with 

rectangular cross-sections S and R and with the square 

cross-section Qs are presented. 

Figures 2 and 3 show the change in the ductility factor μθ, 

as obtained from each analytical model, as a function of 

the number of the FRP layers, for cross-sections S and R, 

respectively. Figures 4 and 5 show the variation of μθ for 

cross section Qs as a function of the FRP thickness and 

number of layers, respectively.  

  

Figure 2 Ductility factor as a function of the layers k of the FRP -  

 S Section with ν=0.38 
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Table 2 Values of μθ
EXP. and μθ

ANAL. / μθ
EXP. 

Cross-

section 

μθ
EXP.  

(%)  

Greek CSI Eq. (23) from [7] EC8-3 (2005) Draft EC8-3 (2022) 

2013 

Eq. (18) 

2022 

Eq. (21) 

Proposal 

(a) 

Proposal 

(b) 

Eq. (2) Eq.(1) 

+ 

Eq.(3) 

Eq.(6) 

+ 

Eq.(7) 

Eq. (15) 

S_C2 4.00 0.38 0.76 0,85 0,85 1,56 1,48 1,54 0,68 

S_C5 4.68 0.35 0.99 1,11 1,25 1,36 1,28 1,60 0,70 

S_G5 6.14 0.42 1.22 1,02 1,04 1,07 1,00 0,90 0,48 

W_C2 5.46 0.28 0.37 0,40 0,40 0,76 0,78 0,77 0,41 

W_C5 5.73 0.28 0.45 0,50 0,69 0,89 0,87 0,94 0,50 

W_G5 6.04 0.42 0.69 0,77 1,03 0,72 0,73 0,66 0,39 

R_C2 5.92 0.34 0.54 0,59 0,59 0,99 0,96 0,94 0,45 

R_C5 7.33 0.29 0.62 0,69 0,79 0,97 0,91 1,02 0,52 

Qs_C2 6.60 0.34 0.64 0,72 0,72 0,86 0,81 0,74 0,44 

Qs_C5 6.66 0.41 0.94 1,06 1,46 1,07 0,97 1,07 0,67 

Ls_C2 5.74 0.52 1.10 1,23 1,23 1,04 1,00 1,05 0,74 

L_C2 3.11 0.77 1.58 1,77 1,77 1,61 1,60 1,66 1,10 

Mean Value 0.40 0.82 0.89 0.99 1.07 1.03 1.07 0.59 

Variation  

Coefficient (%) 
34 43 42 40 27 27 32 34 

In all Figures 2 to 5, it can be concluded that μθ from Eq. 

(2) (black solid line) and Eq. (1)+(3) (black dotted line) of 

EC8-3 (2005), which are in good agreement with each 

other, appear to increase up to a limit value corresponding 

to a certain material thickness or number of layers. After 

this maximum value that lies between 4 and 6 FRP layers 

in these examples, the values start decreasing, a fact 

which is not logical and is observed more strongly in Figure 

2. In terms of thickness, the maximum limit value, derives 

from the equation 𝑡𝑓,𝑙𝑖𝑚 = 𝑓𝑐𝑏/0.042𝐸𝑓. 

 

Figure 3 Ductility factor as a function of the layers k of the FRP -  

 R Section with ν=0.23 

The paradox decrease in μθ as the confinement material 

increases, observed above, is corrected in Eq. (6)+(7) (red 

dotted line) of the draft EC8-3 (2022), as a limit is applied 

to the confinement efficiency, resulting to a constant duc-

tility factor value after a certain thickness of FRP material 

is applied. Through Eq. (6)+(7), this limit is determined as 

follows:  

𝑡𝑓,𝑙𝑖𝑚 = 𝑓𝑐𝑏/3𝜀𝑢,𝑓𝐸𝑓      (24) 

where for CFRP it becomes 𝑡𝑓,𝑙𝑖𝑚 = 𝑓𝑐𝑏/0.045𝐸𝑓.  

Regarding the ductility values of Eq. (15) (red solid line) 

of the EC8-3 (2022) draft, they appear to be considerably 

more conservative.  

From Eq. (18) of the Greek CSI 2013 (blue solid line), the 

results appear to be the most conservative, as it was also 

previously realised in Table 2, and the increase in the num-

ber of FRP layers or in the thickness doesn’t seem to influ-

ence the ductility factor. On the other hand, in the values 

resulting from Eq. (21) of the Greek CSI 2022 (blue dotted 

line), there is a continuous increase of the ductility factor 

in relation to the layers of the confinement material, al-

most in a linear manner, as it can be clearly seen in Fig 4.  

The proposed analytical model of [7] (green solid line) pro-

duces similar results to those of the Greek CSI 2022, how-

ever, the excessively high values of μθ (compared to EC8-
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3), which resulted from the Eq. (21) of the Greek CSI 

2022, for multiple FRP layers, are corrected, reaching also 

a constant value of the ductility factor after a certain thick-

ness or number of layers of the FRP. 

In Figures 4 and 5, it can also be noted that the analytical 

formulations of both EC8-3 versions result to the same μθ 

values, regardless of whether they are applied as a func-

tion of the thickness tf, or as a function of the number of 

layers k. On the contrary, in the analytical formulations of 

the Greek CSI for k≥3 a significant variation is observed, 

with μθ values being very high when calculated as a func-

tion of thickness. This fact is more strongly observed in 

Greek CSI 2022. This differentiation of the results for k≥3 

is also present in the proposed analytical model of [7], but 

to an apparently much smaller extent. 

 

Figure 4 Ductility factor as a function of the FRP thickness-  

 Qs Section with ν=0.25 

 

 

Figure 5 Ductility factor as a function of the layers k of the FRP -  

 Qs Section with ν=0.25 

 

 

 

 

5 Conclusions 

In the present work, a series of analytical models from the 

literature for the determination of the ductility factor are 

presented and compared with each other and with relevant 

experimental results. The main conclusions from this com-

parison are the following: 

 The analytical models of the Greek CSI 2013 lead on 

average to the most conservative ductility values in 

all cases, in comparison with the other models, while 

the 2022 version has a much better convergence with 

the experiments. At the same time, the 2022 version 

results in more conservative values compared to the 

respective ones from the semi-empirical relationships 

of EC8-3 (2005) and EC8-3 draft (2022). 

 The results according to [7] have better convergence 

compared to the Greek CSI 2022, particularly in pro-

posal (b), when the multiple layers reducing coeffi-

cient ψ is ignored. In this case, the mean value was 

found to be almost the same as in the experimental 

results.  

 The ductility values obtained through the semi-em-

pirical relations given in Eq. (2) and Eq. (1)+(3) of 

the EC8-3 (2005) and Eq. (6)+(7) of the EC8-3 

(2022) have no substantial differences compared 

with each other and have fairly good convergence 

with the experiments. On the contrary, the theoreti-

cal relation in Eq. (15) of the EC8-3 (2022) draft is 

very conservative.  

 The results of the Greek CSI 2022 and of [7] show a 

dispersion of around 40%, while their counterparts of 

EC8-3 show a smaller dispersion of around 30%. 

 In the analytical models of EC8-3 (2005), an unreal-

istic response occurs after the application of a certain 

thickness of reinforcement material. As after the ap-

plication of this limiting thickness the value of the 

ductility factor appears to decrease. In EC8-3 (2022), 

the semi-empirical relation of Eq. (6)+(7) produces 

similar results to those of the aforementioned rela-

tions, while at the same time the unrealistic reduction 

in ductility observed in EC8-3 (2005) is restored, in-

troducing a limit to the confinement efficiency.  

 The theoretical relationship of the Eq. (15) of the 

draft of EC8-3 (2022) produces more conservative 

results compared to the rest of the models except for 

the one of Greek CSI 2013. 

 In Greek CSI 2022, for large thicknesses of confine-

ment material, the ductility values are unrealistically 

very high (compared to EC8-3). This anomaly is cor-

rected by the proposed Eq. (23) of the analytical 

model by [7]. 
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