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Abstract The paper shows the results of a large

experimental activity for the qualification of wet-lay-

up FRP products for structural repair and/or strength-

ening, required by the Italian national approval

authority. The qualification procedure and the corre-

spondent design rules are described in national

guidelines. The analysis of the experimental results

of a large number of qualification tests allows to

highlight some aspects in the national procedure that

could be addressed in a future revision of the

guidelines. In particular, statistical analyses were

carried out in order to assess the most suitable prob-

abilistic models able to describe the experimental

distribution of the tensile strength and the Young’s

modulus of FRP wet-lay-up materials falling in the

same class. The analyses were developed with refer-

ence to both ordinary and artificial environmental

conditions. Nevertheless the paper is focussed on the

case of wet-lay-up FRP materials, it can be considered

exemplary of a problem common to other products.

Keywords FRP wet-lay-up systems � Tensile
strength � Young’s modulus � Probabilistic models

1 Introduction

Due to the huge retrofitting activity following the

seismic events that struck Italy in the last decades and

especially after L’Aquila earthquake of 2009, Fibre

Reinforced Polymers (FRP), in the form of externally

bonded systems, have been extensively adopted in

Italy for strengthening and repairing damaged struc-

tures. FRPs have therefore left their market niche on

the Italian scenario of structural strengthening to

become a widely adopted system by professionals and

construction companies. Guidelines for the design of

strengthening interventions on concrete and masonry

elements with FRP materials are available since

several years in Italy [1–3] and are based on the wide

experimental, theoretical and analytical studies car-

ried out by several researchers in the last decades [4–9]

focussed on several aspects governing the design (i.e.,

bond behaviour, flexural and shear strength, confine-

ment, strengthening of beams-columns joints, service-

ability conditions).

In addition to the Guidelines for design [1], the
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published Guidelines [10] on the qualification of such

products in 2015, which were enforced by the end of

2016 and were recently reviewed and published again

in 2019. As a result, any FRP manufacturer interested

to put its products in the Italian market had to apply to

the Ministry for the corresponding qualification,

demonstrating the outcomes of the necessary testing

activity. A 1st wave of the qualification process,

through a joint effort between the ‘‘Servizio Tecnico

Centrale’’ (Central Technical Service of the Ministry)

and ITC CNR (the Construction Technologies Insti-

tute of the Italian National Research Council), was

concluded by the end of 2017. To the authors’

knowledge, this is the largest single testing campaign

on FRP systems, whose results, partially summarized

in the following, give some insight on both the

mechanical properties of commercial FRPs for con-

struction and the effectiveness of the Italian

guidelines.

It is interesting to note that the qualification process

prescribes tests under artificial ageing too in order to

check the durability of FRP materials. Such an aspect

is worth of investigation in order to assess the real

strength capacity for FRP applications on both con-

crete and masonry elements under environmental

conditions different from the standard ones [11–14].

The paper is aimed to provide a contribution to

current developments at European level in terms of

technical assessment procedures for material proper-

ties. Nevertheless the paper is focussed on a specific

case regarding FRP materials, it can be considered

exemplary of a problem that exists in many other

cases. Design approaches and reduction factors for

special effects are, indeed, often set on basis of a small

amount of data and a limited experience may lead to

misperceptions. Graduation of products into classes is

favoured in the course of European standardization

and the possibility of analysing experimental results of

a large number of qualification tests would allow to

identify the classes more reliably. The experimental

results herein examined highlight some aspects in the

national procedure that could be addressed in a further

revision of the current guidelines [10].

2 Testing activity

The Italian Guidelines for the design of structural

strengthening through FRP systems [1] are mainly

based on the first version of the document issued by the

Italian National Research Council published in 2004

[2], which was reviewed in 2013 [3]. In all documents

different provisions are made for preformed and

cured-in situ (or wet-lay-up) systems. The first typol-

ogy consists of fibres which have been impregnated

with resins in sheet form, characterized by an initial

axial stiffness and a generally unidirectional beha-

viour. They can be manufactured by pultrusion or

lamination processes in different shapes and thick-

nesses, in order to be bonded to structural elements

through an epoxy adhesive.

The wet-lay-up systems comprise a wider range of

products. They are usually made of dry or lightly

impregnated fabrics, to be finally impregnated in situ

concurrently to the gluing phase. For the cured-in situ

systems, the fabrics available on the market are made

of both unidirectional and multi-directional fibres

leading to a variable density of the overall mesh.

Moreover, wet-lay-up systems can rely on different

fibre materials, whereas preformed elements are

typically made up of carbon, glass or basalt. Accord-

ing to the Guidelines [10], the testing results in terms

of mean value of Young’s elastic modulus E and

characteristic value (5th percentile) of tensile strength

ftk allow to place a given product in a certain class.

Classes provided by the most recent version of [10] are

described in Table 1. It is worth noting that some

modifications in labels of classes and types of

classified products were introduced in the version

published in 2019 in comparison with the original one

of 2015.

For fabrics made of multidirectional fibres, the

values listed in Table 1 have to be referred to the main

direction. Furthermore, the FRP systems’ environ-

mental durability should also be checked. In particu-

lar, strength to freeze/thaw cycles, humidity, saltwater

and alkaline environment needs to be investigated

with further tensile tests.

The number of cured-in situ and preformed prod-

ucts qualified in the 1st wave are listed in Table 2 and

are all characterized by carbon fibres. Note that the

experimental tests were carried out before the new

version of Guidelines [10] were published, basing,

thus, on the classification given by the previous

version, but for products made of carbon fibres no

changes were done and both classes and labels were

the same.
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The number of single tensile tests required by [10]

is 15 for preformed products. Conversely, for the

classification of cured-in situ systems, the tensile tests

must be performed on two sets of 9 specimens each.

The first set (Group A) is made of three overlapped

layers of the same fabric, while the second one (Group

B) is made of a number of layers considered relevant

by the manufacturer. Almost all manufacturers chose

to test 1-ply specimens in group B.

Experimental data belonging to the more populated

class of cured-in situ products, namely 210C, have

been analysed and results are described in the follow-

ing, whereas preformed systems will be dealt with in a

separate article [15]. Data come from 8 different

laboratories, all of them located in Italian Universities.

Specimens are characterized by a width in the range

from 40 to 70 mm and a length from 250 to 350 mm

(grips excluded). The recommended speed for the

tensile tests is between 0.5 and 2.0 mm/min.

3 Analysis of experimental data: wet-lay-up

systems

For the wet-lay-up (cured-in situ) FRP systems, the

most numerous class is composed of 30 carbon fibre

products that fall within the 210C class. 270 experi-

mental pairs of values (E and ft) are available for 1-ply

specimens, whereas 288 couples are the results

measured on 3-ply specimens.

As for 1-layer specimens, experimental data were

utilized to construct recurrence normalized

Table 1 Classes for preformed and cured-in situ FRP systems given by Italian Guidelines [10]

Preformed FRP systems Cured-in situ FRP systems

Class Type of fibres E (GPa) ftk (MPa) Class Type of fibres E (GPa) ftk (MPa)

E17/B17 Glass/Basalt 17 170 60G/60B Glass/Basalt 60 1300

E23/B23 23 240 210C Carbon 210 2700

G38/600

B38/600

38 600 350/1750C 350 1750

G38/800

G38/600

38 800 350/2800C 350 2800

G45/B45 45 1000 500C 500 2000

C120 Carbon 120 1800 100A Aramid 100 2200

C150/1800 150 1800 180S UHTSS (ultra high

tensile strength) steel

180 2200

C150/2300 150 2300 190S 190 2200

C190/1800 190 1800

C200/1800 200 1800

A55 Aramid 55 1200

Table 2 Mechanical characterization of cured-in situ and preformed FRP products and number of single tests

Cured-in situ FRP products Preformed FRP products

Class 1 layer 3 layers Class No.

products

No. of

single tests
No. products No. of single tests No. products No. of single tests

210C 30 270 32 288 C150/1800 1 15

350/1750C 3 27 2 18 C150/2300 5 75

350/2800C 8 72 9 81 C190/1800 2 30

Total 41 369 43 387 C200/1800 3 45

Total 11 165
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histograms, where bins are 10 GPa wide for E and

200 MPa wide for ft (Figs. 1a, 2a, respectively).

Accordingly, the Empirical Cumulative Density Func-

tion (ECDF) was calculated and plotted in Figs. 1b

and 2b for E and ft, respectively.

As it is clear from figures, the experimental data are

more concentrated around values lightly greater than

the threshold values of 210 GPa for the elastic

modulus and 2700 MPa for the tensile strength and

yield non-symmetric distributions of the data. The

average experimental values are, indeed, 256 GPa and

3693 GPa for E and ft, respectively.

Therefore, data fitting considered the following

analytical distributions (i.e., Probability Density Func-

tion, PDF): Lognormal, 3-parameter Lognormal and

3-parameter Weibull [16–21]. Such distributions are

also plotted in Figs. 1 and 2, for comparison with

experimental data in terms of both PDF and CDF. The

Weibull distribution [16] is often used to describe the

strength of fibres [17, 18] and FRP composites

[19–21].

The standard lognormal distribution requires the

computation of the parameters l and r2. The three-

parameters lognormal distribution needs, in addition,

the prior determination of the threshold parameter h
(or location parameter) that defines the point where the

support set of the distribution begins. The latter can be

easily found through a Maximum Likelihood Estimate

(MLE).

The Weibull distribution is described by the scale

(k), shape (k), and threshold (h) parameters. The case

when the threshold parameter is zero is called the

2-parameter Weibull distribution. For our purposes,

the software SPC for excel [22] has been used for

computing the parameters associated with the proba-

bility law from the experimental data. This software

performs a best-fit parameter estimation through the

Maximum Likelihood Estimate (MLE) method.

Table 3 shows the value of the parameters adopted

for the data fitting.

The three probability models are superimposed on

the experimental data in Figs. 1 and 2. In order to have

a quantitative estimate of the fitting goodness for a

distribution whose parameters have been estimated

from the sample, the Kolmogorov–Smirnov (K–S) test

has been considered. This test is an effective tool that

allows to compare different distributions and choose

the best fit for data representation. The test is based on

the comparison between the maximum absolute dif-

ference between the Cumulative Distribution Function

related to the experimental data, ECDF, and the one

associated with each probability distributions; this

difference is computed as follows:

DMAX ¼ max F xð Þ � u xð Þj jf g ð1Þ

where F(x) is the ECDF of the sample, whereas u(x) is
the CDF of the examined probability distribution.

The hypothesis regarding the distributional form is

rejected ifDMAX is greater than a certain critical value,

Fig. 1 Distribution fitting for 1-layer cured-in situ FRP systems (class 210C): comparison between a empirical histograms and PDF

and b Empirical and theoretical CDF of the considered probabilistic distribution of E
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that depends on the sample size, N, and the level of

significance, a, of the test. There are several

tables available in literature, for our purpose we will

refer to the Massey [23] and Lilliefors [24] critical

values.

Typically, the Kolmogorov–Smirnov test is exe-

cuted with a level of significance of 0.05, which means

that one is willing to accept the fact that in 5% of

samples the null hypothesis (the estimate of the

difference between the experimental and the theoret-

ical CDF is based solely on chance) is rejected.

In order to have a quantitative evaluation of the

goodness of fit, Kolmogorov–Smirnov tests have been

conducted, comparing the maximum differences

obtained with the critical values.

Results reported in Table 4 show that for both

elastic modulus and tensile strength, the DMAX

obtained for the Lognormal and 3-p Lognormal

distributions do not reject the null hypothesis for all

significant levels and critical values provided by

Massey [23] (values of DMAX lower than the critical

value are those which satisfy the K–S test). The 3-p

Weibull distribution also turns out to be appropriate

for the representation of tensile strength, with a minor

accuracy for the elastic modulus. Lilliefors [24], on the

other hand, provides more restrictive critical values

that in some cases confirm the Massey’s outcomes.

The 3-p Lognormal appears to be the distribution that

best fits the experimental data. However, any of the

considered distributions appears to be fairly adequate

to describe the experimental data.

In the case of three-layers cured-in situ FRP

products, the distribution fitting analysis has also been

conducted for both Young’s elastic modulus and

tensile strength of the tested systems. The results are

reported in ESM Appendix A, where bins are 10 GPa

wide for E and 150 MPa wide for ft. Accordingly, the

Empirical CDF was also calculated and plotted in

ESM Appendix A. Also in the cases of tests on three-

layers specimens, the mean values of E and ft are

Fig. 2 Distribution fitting for 1-layer cured-in situ FRP systems (class 210C): comparison between a empirical histograms and PDF

and b Empirical and theoretical CDF of the considered probabilistic distribution of ft

Table 3 Parameters of

probability models: 1-layer

cured-in situ FRP systems

(class 210C)

Probability distributions Variable Values of fitting parameters

Lognormal E l = 5.54 r = 0.12

ft l = 8.20 r = 0.15

3-p Lognormal E l = 4.72 r = 0.27 h = 140.1

ft l = 6.90 r = 0.51 h = 2565

3-p Weibull E k = 85.3 k = 2.30 h = 181.8

ft k = 974 k = 1.50 h = 2816
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higher than the threshold ones (i.e., 262 GPa and

3658 MPa, respectively).

Data fitting was done considering again Lognormal,

3-p Lognormal, and 3-p Weibull distributions by

adopting the parameters shown in Table 5. However, a

good fit for the data regarding ft could not be found

with a 3-p Weibull distribution.

The probability models are superimposed on the

experimental data in Figs. 1 and 2 of ESM Appendix

in terms of both PDF and CDF. In order to have a

quantitative estimate of the fitting goodness for a

distribution whose parameters have been estimated

from the sample, the Kolmogorov–Smirnov (K–S) test

has been considered again, as shown in Table 6. For

3-layer specimens, the Lognormal and 3-p Lognormal

yield the same accuracy in fitting the experimental

data.

Table 7 summarizes the mean value of the Young’s

modulus E, the lower 5% fractile and the mean value

of the tensile strength, respectively ft5 and ftm,

according to the empirical data and the analytical

representations adopted for both tests on 1-ply and

3-ply specimens.

Differences in statistical descriptions of experi-

mental data of 1-ply and 3-ply specimens hardly

justify the need for a double series of tests, as

prescribed in [10]. Differences are, indeed, very light

(less than 1%). Furthermore, results corresponding to

the three considered distributions are relatively close

for practical applications. Thus, only the 3-p Lognor-

mal fitting will be considered in the following

analyses.

4 Effect of artificial ageing

According to the Italian Guidelines [10], the FRP

systems’ environmental durability should also be

checked. In particular, strength to freeze/thaw cycles,

humidity, saltwater and alkaline environment needs to

be investigated with further tensile tests.

For the strength to freeze/thaw cycles, the condi-

tioning procedure requires specimens to be placed in

environments characterized by relative humidity RH

C 90% and temperature T = 38 ± 2 �C for 7 days,

then 20 freeze/thaw cycles are to be performed. Each

cycle consists of 4 h at a - 18 ± 1 �C, followed by

12 h at RH C 90% and T = 38 ± 2 �C. After the 20

cycles, samples are visually examined to describe

surface changes, after which tensile tests can be

Table 4 K–S test for elastic modulus E and tensile strength ft of cured-in situ 1-layer products

K–S test Distribution DMAX Critical values (Massey, 1951) Critical values (Lilliefors, 1967)

a = 0.10 a = 0.05 a = 0.01 a = 0.10 a = 0.05 a = 0.01

Elastic modulus E Lognormal 0.066 0.070 0.078 0.093 0.046 0.051 0.059

3-p Lognormal 0.052

3-p Weibull 0.092

Tensile strength ft Lognormal 0.061

3-p Lognormal 0.043

3-p Weibull 0.044

Table 5 Parameters of

probability models –

3-layers cured-in situ FRP

systems (class 210C)

Probability distributions Variable Values of fitting parameters

Lognormal E l = 5.54 r = 0.12

ft l = 8.19 r = 0.14

3-p Lognormal E l = 4.43 r = 0.36 h = 166.3

ft l = 7.12 r = 0.39 h = 2319

3-p Weibull E k = 66.2 k = 1.90 h = 196.9

ft k = – k = – h = –
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carried out. The test success is determined by

comparing the average values of Young’s modulus

and strength (E and ft) of the conditioned samples with

a certain percentage (function of the conditioning

duration) of the average values of the unconditioned

samples.

For the artificial ageing, the conditioning proce-

dures are the following ones:

(a) Curing at RH C 90% and T = 38 ± 2 �C for

1000 or 3000 h (water resistance according to

ASTM D 2247-11 and ASTM E 104-02);

(b) Immersion in saltwater at 23 ± 2 �C for 1000 or

3000 h (saltwater resistance according to

ASTM D 1141-98 and ASTM C 581-03);

(c) Immersion in aqueous solution with pH = 12

and T = 23 ± 2 �C for 1000 or 3000 h (strength

to alkaline environment, according to ASTM

D7705/D7705M).

If average values of E and ft measured on samples

conditioned for 1000 h are higher than 85% (80% in

case of 3000 h) of the average values of the not

conditioned samples, the test is considered positive.

It is worth noting that for each conditioning

procedure, four conditioned and four unconditioned

specimens are involved; the unconditioned specimens

are extracted from the same batch but do not

correspond to the ones involved in the mechanical

characterization. Moreover, for the cured-in situ FRP

systems, tests under artificial environmental condi-

tions must be performed on specimens made of three

layers. Experimental data confirmed that the statistical

description of the results on unconditioned specimens

tested to compare ageing effects does not significantly

differ from the analytical representation of the popu-

lation made of the original 288 samples.

Artificial ageing effects are summarized in the

following section. In all cases, 10 GPa wide bins for

E and 150 MPa wide bins for ft have been adopted.

4.1 Discussion on artificial ageing effects

The experimental data and the analytical interpretation

of the 136 specimens exposed to different condition-

ing procedures, i.e., freeze/thaw cycles, humidity,

saltwater and alkaline environment (1000 h), are

reported in ESM Appendix A.

Table 8 shows the parameters adopted for the data

fitting of the sets of conditioned specimens, assuming

only the 3-p Lognormal law, as discussed in Sect. 3.

Table 6 K–S test for elastic modulus E and tensile strength ft of cured-in situ 3-layer products

K–S test Distribution DMAX Critical values (Massey, 1951) Critical values (Lilliefors, 1967)

a = 0.10 a = 0.05 a = 0.01 a = 0.10 a = 0.05 a = 0.01

Elastic modulus E Lognormal 0.059 0.070 0.078 0.093 0.046 0.051 0.059

3-p Lognormal 0.059

3-p Weibull 0.064

Tensile strength ft Lognormal 0.058

3-p Lognormal 0.058

Table 7 Mechanical parameters of 210C products

1-ply specimens 3-ply specimens

E (GPa)

Empirical 256 256

Lognormal 257 257

3-p Lognormal 256 256

3-p Weibull 257 256

ftm (MPa)

Empirical 3693 3658

Lognormal 3682 3640

3-p Lognormal 3695 3653

3-p Weibull 3695 –

ft5 (MPa)

Empirical 2988 2970

Lognormal 2843 2861

3-p Lognormal 2993 2969

3-p Weibull 2950 –

Materials and Structures (2020) 53:9 Page 7 of 14 9



The results of the K–S test for all the aforementioned

conditioning procedures are summarized in Table 9.

Table 10 summarizes the mean value of the

Young’s modulus E, the 5th percentile, ft5, and the

mean value, ftm, of tensile strength, according to the

empirical data and the analytical representation of the

3-p Lognormal distribution, calculated for the uncon-

ditioned and the variously conditioned samples.

Table 11 summarizes average values, standard

deviations and coefficients of variation for E and ft
in the case of unconditioned and variously conditioned

samples.

The mean value of Young’s modulus moderately

increases after artificial ageing. For empirical data, the

positive variation is in the range from 1.1% (alkali

environment) to 4.2% (freeze/thaw cycles), except for

saltwater conditioning that induced a slight reduction

(- 2.3%). The analytical variations are similar with

exception of the freeze/thaw cycles, where it is 18%

against 4.2%. Despite of the low variation of the

average values of the Young’s modulus, artificial

ageing makes the corresponding probabilistic descrip-

tion of the experimental data more scattered compared

to unconditioned samples. The coefficient of variation

jumps, indeed, from 0.13 to 0.23–0.26. This means a

significant reduction of the 5th percentile of tensile

strength associated with all the artificial aged test

results, ranging from - 26 to - 21%.

For the tensile strength, the average values reduce

moderately, i.e., 8–11%, for all the artificial condi-

tionings, but data scattering increases with any of the

ageing procedures and the corresponding coefficient

of variation jumps, indeed, from 0.15 to 0.20–0.22.

Such an increase of the coefficient of variation leads to

sensible variations of the 5th percentile of the tensile

strength that reduces by 21–26%, depending on the

artificial ageing.

Finally, it can be concluded that the 3-p Lognormal

distribution appears to be a satisfactory descriptor of

the test results, with exception of the Young’s modulus

for freeze/thaw artificial ageing.

In conclusion, ageing effects on the mean value of

the Young’s modulus of tested products seem to be

negligible, whereas a significant reduction of the 5th

percentile value of the tensile strength appears a

common consequence of all the artificial ageing

procedures.

5 Material partial factors in the Italian standards

According to the Eurocode 0 [25], the design value of

a product property can be expressed as:

Xd ¼ g
Xk

cm
ð2Þ

where Xd is the design value, Xk is the characteristic

value (herein the 5th percentile of the probability

distribution), g is a conversion factor related to

environmental conditions and cm is the material

partial factor.

By neglecting in a first stage the conversion factor

(g = 1), the material partial factor can be calculated as:

cm ¼ Xk

Xd

ð3Þ

Since the 3-p Lognormal distribution resulted a

suitable probability distribution for tensile strength

Table 8 Parameters of probability models: 3-layer 210C products exposed to different conditioning procedures

Conditioning procedure Variable Distribution Values of fitting parameters

Exposure to freeze/thaw E 3-p Lognormal l = 7.3 r = 0.05 h = - 1179.5

ft l = 8.0 r = 0.23 h = 317.5

Exposure to humidity E l = 6.58 r = 0.09 h = - 458.07

ft l = 7.82 r = 0.24 h = 627.82

Exposure to saltwater E l = 6.93 r = 0.06 h = - 756.6

ft l = 7.7 r = 0.31 h = 996.41

Exposure to alkaline environment E l = 6.52 r = 0.10 h = - 418.5

ft l = 7.74 r = 0.28 h = 936.2
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(see previous sections), the corresponding design

value can be expressed as follows:
Xd ¼ #þ ðlm � #Þ

� e
� 1

2
ln 1þ r2m

lm�#ð Þ2

� �
þaR�b

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ln 1þ r2m

lm�#ð Þ2

� �r� �

ð4Þ

Table 9 K–S test for E and ft of cured-in situ 3-layer products exposed to different conditioning procedures

Conditioning procedure Variable Distribution DMAX Critical values (Massey,

1951) with a:
Critical values (Lilliefors,

1967) with a:

0.10 0.05 0.01 0.10 0.05 0.01

Exposure to freeze/thaw E 3-p Lognormal 0.093 0.096 0.108 0.129 0.064 0.070 0.082

ft 0.061

Exposure to humidity E 0.114

ft 0.063

Exposure to saltwater E 0.127

ft 0.073

Exposure to alkaline environment E 0.121

ft 0.059

Table 10 Mechanical parameters of 3-ply 210C products: unconditioned and variously conditioned specimens

Unconditioned Freeze/thaw Humidity Saltwater Alkali envir.

E (GPa)

Empirical 262 273 (? 4.2%) 267 (? 1.9%) 268 (- 2.3%) 265 (? 1.1%)

Analytical 256 303 (? 18%) 265 (? 3.5%) 268 (? 4.7%) 263 (? 2.7%)

ftm (MPa)

Empirical 3658 3374 (- 7.8%) 3250 (- 11%) 3304 (- 9.7%) 3323 (- 9.2%)

Analytical 3653 3375 (- 7.6%) 3250 (- 11%) 3310 (- 9.4%) 3324 (- 9.0%)

ft5 (MPa)

Empirical 2970 2208 (- 26%) 2293 (- 23%) 2218 (- 25%) 2331 (- 21%)

Analytical 2969 2359 (- 21%) 2306 (- 22%) 2323 (- 22%) 2386 (- 20%)

Table 11 Statistical

description of tests on 3-ply

210C products:

unconditioned and

variously conditioned

specimens

Unconditioned Freeze/thaw Humidity Saltwater Alkali envir.

E (GPa)

Average 262 303 265 268 263

Standard deviation 33 74 65 62 68

Coeff. of variation 0.130 0.245 0.246 0.230 0.259

ft (MPa)

Average 3653 3378 3190 3313 3327

Standard deviation 541 713 624 736 683

Coeff. of variation 0.148 0.211 0.196 0.222 0.205
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where lm is the mean of the probability distribution of

the material property; rm is the standard deviation of

the probability distribution of the material property; h:
is the threshold parameter of the 3-p Lognormal

distribution; aR: is the FORM (First Order Reliability

Method) sensitivity factor; b is the target reliability

index.

According to the 3-p Lognormal analysis, the

characteristic value of the tensile strength of the tested

population is ftk = 2969 MPa, the mean value is

ftm = 3653 MPa, and the standard deviation is

541 MPa (see Table 7). It is worth noting that the

characteristic value equals the mean value minus

1.263 times the standard deviation. The acceptance

criteria described in the Italian Guidelines [10] assume

the characteristic tensile strength equal to the mean

value minus 2 times the standard deviation. Conse-

quently, the corresponding value of the characteristic

tensile strength is underestimated by [10].

By assuming a value of 0.8 for the FORM

sensitivity factor aR and a value of 3.8 for the target

reliability index b (Consequences Class CC2, Relia-

bility Class RC2, 50 years return period according to

EN 1990 [25], the design value can be calculated as:

ftd ¼ #þ ðlf � #Þ � e
� 1

2
ln 1þ

r2
f

lf�#ð Þ2

� �
þaR�b

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ln 1þ

r2
f

lf�#ð Þ2

� �s" #

¼ 2; 319þ ð3; 653� 2; 319Þ

� e
� 1

2
ln 1þ 5412

3;653�2;319ð Þ2

� �
þ0:8�3:8

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ln 1þ 5412

3;653�2;319ð Þ2

� �r� �

¼ 2; 697 MPa

ð5Þ

Thus, the material partial factor of the tested

population can be assumed as

cf ¼
ftk

ftd
¼ 2; 969

2; 697
¼ 1:10 ð6Þ

The design procedure according to the Italian

Guidelines [1] provides two different sets of values

for the material partial factor, one dealing with the

strength of reinforcing material and the other with the

debonding from a substrate. As for the tensile failure

for the fibres, a lower value, 1.10, is prescribed for

composite kits where both materials and the complete

applied system on a definite substrate are fully

qualified, whereas an higher value, 1.25, is suggested

for composite systems where only materials are

qualified. Dealing with the strength, the need of a

double partial factor seems to be suitable. In fact, the

lowest value, 1.10, exactly coincides with the strength

partial factor related to the experimental data pre-

sented before, while the highest one, 1.25, leads to a

more conservative design in order to take into account

uncertainties related to operations on the construction

site. It is worth to note that the most recent version of

document issued by CNR [3] provides the only value

1.1 as safety factor for the tensile strength of the fibres,

being, thus, in agreement with the experimental data

herein presented.

Both Guidelines [1] and CNR documents [2, 3]

prescribe environmental conversion factors equal to

0.95, 0.85 and 0.85 for, respectively, indoor, outdoor

and aggressive environments in the case of carbon

fibres. At least for aggressive environments, the 5th

percentile values of tensile strength listed in Table 10

due to artificial ageing show that an environmental

conversion factor equal to 0.75 should be utilized for

carbon fibres in the most common environmental

conditionings (freeze/thaw, humidity, saltwater, alkali

environmental).

6 Compliance to classification criteria

As already said, according to Italian Guidelines [10],

FRP materials are divided in several classes. In order

to belong to a certain class, the strength characteristic

value, ftk, and the mean Young’s modulus value, E,

must be both greater than the nominal values associ-

ated with each class. Both values have to be obtained

by tensile tests under standard environmental condi-

tions (temperature T = 20 �C, Relative Humidity

RH = 50%). The characteristic value ftk is conven-

tionally calculated by subtracting 2 times the standard

deviation from the mean value, assuming that the

resulting value is roughly equal to the lower 5th

percentile. The determination of the FRP system

effective class is gained comparing the outcomes

obtained from the comparison of both characteristic

tensile strength and mean Young’s modulus to the

nominal values, by choosing the most restrictive class.

As previously discussed, the class 210C turned out

to be the most populated class for cured-in situ FRP

systems, which comprises about 30 carbon fibre

products, while the total database was composed of

45 carbon fibre products. In ESM Appendix A, the
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average values of Young’s modulus, Em, and the

characteristic values of the tensile strength, ftk, of each

of the 30 products liable to fall in class 210C are

plotted. The values are obtained from tensile tests on

specimens made of one layer of CFRP (Carbon Fibre

Reinforced Polymer) fabric. The same parameters

were obtained with reference to specimens constituted

by three layers of the same CFRP fabric and are also

plotted in ESM Appendix A.

It can be noticed that differences between results on

specimens with one or three layers of the same CFRP

fabric are negligible. The mean values of E calculated

on the results of the groups B (1 layer) and A (3 layers)

are the same (i.e., 256 GPa), while for ftk the average

values are 3125 and 3189 MPa for 1 and 3 layers,

respectively.

Such outcomes highlight that, for most products,

both Em and ftk overcome the threshold values of the

specific class. In particular, it is worth noting that the

products with the highest values of the mean elastic

modulus, i.e., greater than 250 MPa, cannot be

classified according to class 350/1750 or 350/2800

since the threshold value Em = 350 MPa is not

reached, whereas the threshold values ftk = 1750 or

2800 MPa are largely exceeded. These results evi-

dence that either the class assignment criterion is not

effective or that a new class, identified by an

intermediate Em threshold value (between 210 and

350 GPa), should be added.

7 Effect of the adoption of classes

In the following, an example of design of flexural

strengthening for a simply supported reinforced con-

crete beam is described. The strengthening system is

made of a cured-in situ CFRP system falling in class

210C and the resistant flexural moment of the

strengthened section is calculated taking into account

the design formulations given by the Italian guidelines

[1] and the CNR document [3] for both intermediate

and end debonding failure. According to these docu-

ments, the nominal values of the class 210C, i.e.,

Em = 210,000 MPa and ftk = 2700 MPa, must be

adopted for the design.

A rectangular section with dimension b = 300 mm

and H = 500 mm is considered. The internal steel

reinforcement areas are 770 and 462 mm2 in tension

and compression, respectively. The characteristic

values of the concrete compressive strength and of

the yielding stress of the steel reinforcement are

assumed to be fck = 20 MPa and fyk = 450 MPa,

respectively. Under these assumptions, the ultimate

bending moment of the unstrengthened section is

Munstr = 128 kNm.

To strengthen the section, a cured-in situ CFRP

strip is supposed to be applied along the whole width

of the section, i.e., bf = b = 300 mm with equivalent

thickness1 tf = 0.164 mm. As suggested by [1, 3] for a

CFRP strengthening system operating in indoor con-

ditions, the environmental factor ga = 0.95 is

assumed, whereas the material safety factor is

cf = 1.10 for controlled in situ applications. These

assumptions lead to the following design tensile strain

of the fibres for the reinforcement in tension failure:

efd ¼ ga
ftk=Em

cf
¼ 0:95

2; 700=210; 000

1:10
¼ 0:011 ð7Þ

In the most stressed section of the strengthened

beam, the effective design strain of the strengthening

system has to take into account also the intermediate

debonding failure and, thus, the following limitation is

assumed:

efd ¼ min ga
efk
cf

; efdd

� �
ð8Þ

being efdd the maximum strain associated with the

intermediate debonding failure and calculated as

follows:

efdd ¼
ffdd;2

Em

ð9Þ

ffdd;2 ¼
kq

cf;d
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Em

tf
� 2 � kb � kG;2

FC
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fcm � fctm

pr
; with

kb ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
2� bf

b

1þ bf
b

s
� 1

ð10Þ

In Eq. (10), kG,2 is a corrective factor based on

experimental results and equal to 0.10 mm for every

type of FRP reinforcement, kq is a coefficient

depending on the load pattern (1.25 for distributed

load and 1.0 for other load configurations), FC is the

1 Thickness of an equivalent plate constituted only by the fibre

material; it is the ratio between the weight per unit area of the

dry fabric and the density of the fibre.
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‘confidence’ factor measuring the knowledge level of

the structure, fcm and fctm are the average values of

compressive and tensile strength of concrete, respec-

tively, and cf,d is the partial safety factor of the

reinforcement for debonding failure assumed equal to

1.2. For the case at hand, it is assumed FC = 1 and

kq = 1. The other symbols have the meaning already

introduced.

Under these assumptions, one obtains efdd-
= 0.0056, lower than the design strain associated

with the tension failure of the fibres and, therefore, it

rules the strength capacity of the FRP strengthened

section. The corresponding tensile stress in the CFRP

reinforcement is 1182 MPa. The ultimate bending

moment of the strengthened section is 157 kN m,

corresponding to an increment of the flexural capacity

of 23% compared to the unstrengthened section.

With reference to the end debonding failure veri-

fications, the maximum stress in the FRP reinforce-

ment at the anchorage zone is calculated, according to

[1, 3], as:

ffdd ¼
1

cf;d
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Em

tf
� 2 � kb � kG;1

FC
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fcm � fctm

pr
ð11Þ

where kG,1 is a corrective factor calibrated on exper-

imental results and equal to 0.037 for cured-in situ

systems. The maximum stress turns out to be ffdd
= 720 MPa.

The optimal bond length can also be calculated

through the following equation:

lfdd ¼
p
cR;d

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Em � tf

8
� s2u �

FC

kb � kG;1 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fcm � fctm

p
s

ð12Þ

where cR,d is a safety factor for the model, assumed

equal to 1.25, and su = 0.25 mm is the ultimate slip of

the bond shear stress—slip law suggested by [3].

Equation (12) yields a values of lfdd = 76 mm for the

bond length.

As already said, calculations above are made

adopting the values of Em and ftk assigned to the class

210C. For the sake of example, in the same class, the

tested product #31 shows an average Young’s mod-

ulus of 335,000 MPa, and a characteristic strength of

3251 MPa (mean value minus 2 times the standard

deviation of the set of 9 specimens). In the following,

calculations are repeated adopting the actual values of

modulus and strength.

In doing so, the design strain for tensile failure of

fibres, efd, varies from 0.011 (class values) to 0.0084

(actual values), the maximum strain related to inter-

mediate debonding failure in the most stressed section

efdd varies from 0.0056 to 0.0045, while the corre-

sponding tensile stress in the CFRP reinforcement,

fdd,2, increases from 1182 to 1494 MPa due to the

higher value of the actual Young’s modulus in

comparison with the class value of Em. Thus, the

inclusion of product #31 in class 210C leads to

underestimate the design value of the tensile stress in

the CFRP reinforcement, fdd,2, by about 20%. Based

on such a design stress, the ultimate bending moment

of the strengthened section varies from 157 (class

value) to 163 kNm (actual value), demonstrating that

the inclusion of product #31 in the class 210C yields a

slightly conservative value of the reinforced section

moment capacity (about -5%).

With reference to the verification against the end

debonding failure, the maximum stress in the rein-

forcement at the anchorage zone, ffdd, varies from

720 MPa to 909 MPa when the actual value of Em is

considered. This means that, if the class values are

used for the product #31, a sensibly conservative

prevision (-25%) of the end-debonding stress in the

CFRP reinforcement is obtained. Finally, the optimal

bond length lfdd varies from 76 to 96 mm. Although

such a result means a not conservative design when the

class values are used, it is worth noting that the Italian

guidelines provide a minimum optimal bond length of

200 mm, which is quite larger than both the theoretical

values.

8 Conclusions

A description of the experimental results obtained

from the product qualification of many different FRP

products yields a global perspective of mechanical

parameters of the most common FRP systems adopted

for structural repair and/or strengthening in the Italian

national market. Qualification procedures, as well as

the values of design parameters, are prescribed in a

relevant Italian standard [10].

The examination of a wide database of wet-lay-up

FRP products made of carbon sheets (30 different

products), liable to fall in the 210C class provided by

the Italian Guidelines on the qualification of FRP

systems [10], allowed to carry out several statistical
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inquires. Such analyses proved that the 3-p Lognormal

distribution is able to adequately describe the stochas-

tic distribution of mechanical properties of the tested

products, i.e., tensile strength and Young’s modulus,

mainly under standard environmental conditions. Also

the stochastic distribution of the mechanical properties

in case of several ageing effects (freeze/thaw cycles,

humidity, saltwater, alkali environment) is well

described by the 3-p Lognormal distribution. Only in

case of freeze/thaw cycles, a slight difference between

the experimental results and the probabilistic previ-

sions given by the 3-p Lognormal distribution was

observed.

The statistical and probabilistic analysis of the

experimental data showed also that the Italian guide-

lines [1] provide an accurate evaluation of the partial

factors, since the lowest suggested value, 1.10, exactly

coincides with the strength partial factor related to the

experimental data and the highest one, 1.25, leads to a

more conservative design in order to take into account

uncertainties related to operations on construction

sites. Such a value is, however, not mentioned in the

most recent version of the Italian document issued by

CNR [3].

Conversely, the environmental conversion factors

given by the Italian guidelines (0.95, 0.85 and 0.85 for,

respectively, indoor, outdoor and aggressive environ-

ments in the case of carbon fibres) are not conservative

in some cases. The 5th percentile values of tensile

strength due to artificial ageing show, indeed, that an

environmental conversion factor equal to 0.75 should

be utilized for carbon fibres for the most common

environmental conditionings (freeze/thaw, humidity,

saltwater, alkali environment).

The need for a double series of experimental data

on 1-ply and 3-ply specimens prescribed by the

qualification guideline [10] does not correspond to

any observed result, since the differences are

negligible.

The conventional definition of the characteristic

value (average value minus 2 times the standard

deviation) appears to be too conservative in compar-

ison with the experimental outcomes (i.e., the ampli-

fying factor of standard deviation is 1.26 instead of 2).

Italian national standard requires all products to be

categorized in a ‘‘class’’ and to consider the nominal

values of the specified class for the Young’s modulus

and the characteristic strength for the structural design.

By considering the classes defined by [10], such an

approach turns out to be potentially not conservative in

terms of bond length and conservative in terms of FRP

stress both for intermediate and end debonding failure.

Finally, the examination of experimental results of

similar CFRP products falling in the class 210C,

evidenced that a new definition of classes, identified

by an intermediate Em threshold value (between 210

and 350 GPa), should be added. This result evidenced

also that a review of the class assignment criteria is a

needed step of the standard.

Future developments of the research will be aimed,

indeed, to investigate the reliability of the other classes

for both wet-lay-up and preformed FRP systems, to

validate, as done for the class 210C, the suggested

values for partial and conversion factors and to assess

the characteristic values of the tensile strength.

Finally, it is worth noting that, nevertheless the

paper is focussed on a specific case regarding FRP

materials, it can be considered exemplary of a

problem, the technical assessment procedures for

material properties aimed to material standardization,

that can be generalized for many other products.
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