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Abstract

This paper presents design procedures for fibre reinforced polymer (FRP) sys-
tems inserted in the cover of concrete elements according to the near-surface
mounted (NSM) technique. Such strengthening system depends greatly on
their bond strength. Two existing design formulations to estimate the bond
strength of NSM FRP systems in concrete are studied. A reliability anal-
ysis is conducted with the purpose of making the design formulations con-
sistent with the partial safety factors philosophy, including the Eurocodes.
Hence, the necessary probabilistic distributions are calibrated based on a
large database of bond tests. The results presented herein show that the
existing guidelines can be extended and adopted under the framework of the
Eurocodes. However, mainly due to their limitations in addressing individ-
ually all the possible failure modes, the variability of the probabilistic dis-
tributions found are quite high, leading to high partial coefficients of safety.
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Thus, in the future, new and improved formulations should be developed.

Keywords: FRP, NSM, Bond, Partial Safety Factors, Reliability

1. Introduction

This work is developed within the framework of strengthening concrete
structures with fibre reinforced polymers (FRP). One of the most effective
techniques to do so consists on the insertion of FRP bars into grooves opened
on the concrete cover of the element to be strengthened. Typically, these
FRP bars are fixed to concrete with an epoxy adhesive. These procedures
are commonly designated as near-surface mounted technique (NSM). Despite
the progress that has been made in the past years, design formulations to
safely apply NSM FRP systems in the strengthening of concrete structures
are still incipient [1, 2].

One of the most critical aspects regarding the NSM technique is related
to the bond behaviour of the composite system [3], i.e. the stresses transfer
between concrete and the FRP reinforcing bar. To better understand that
behaviour, extensive bond tests have been carried out worldwide. Despite
the existence of a manifold of test setups, those can be grouped in two main
types: (i) direct and (ii) beam pullout tests [1]. In this work only the first
type of pullout test setup is addressed as explained in further sections.

Considering the bond behaviour of a direct pullout specimen (see an ex-
ample in Fig. 1), five local failure modes can be identified. Two have cohesive
nature and occur either within the adhesive layer binding FRP to concrete
(A) or into the concrete surrounding the groove (C). Other two failure modes

have adhesive nature since they occur in the existing two interfaces, namely,
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between FRP and adhesive (F/A) or between adhesive and concrete (A/C).
Finally, if none of the previous four failure modes occurred, failure will hap-
pen by FRP tensile rupture (F) [1].

In a previous work, a database of each one of the referred two types
of bond tests was gathered [1]. Based on it, two of the most important
guidelines for the design of NSM FRP systems were tested. One guideline is
proposed for the design and construction of externally bonded FRP systems
for strengthening concrete structures by the American Concrete Institute [4]
referred in the present paper as ACI. The other is the Design handbook for
reinforced concrete structures retrofitted with FRP and metal plates: beams
and slabs from Standards Australia [5], referred herein as SA. Especially, the
formulations included in these two guidelines to estimate the bond strength
were analysed and improvements were suggested [1].

According to the authors’ best knowledge, nowadays there are no Eu-
ropean guidelines for NSM FRP systems, even though the draft version of
the new annex of EN 1992-1-1 (Eurocode 2: Part 1-1) [6] refers to NSM
FRP systems. On the other hand, the formulations to estimate the bond
strength of NSM FRP systems included in both ACI and SA guidelines are
not consistent with the partial safety factors framework.

Hence, this work presents a modification of ACI and SA formulations to,
consistently with the partial safety factors methodology, yield designs with
acceptable reliability indexes.

The philosophy behind the partial safety factors method recognizes that
not all the designers should be familiar with reliability concepts which, in

any case, must be followed in order to have safe structures. In the partial
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safety factor method, both actions and resistances are considered by their
nominal values multiplied and divided, respectively, by partial safety factors.
The way those partial factors are derived is responsible for introducing the
reliability component into design. This means that, even without knowing,
designers are indeed considering reliability in their projects. This philosophy
is transversal to all EC thus, no matter what type of structure is being
designed, the correspondent EC includes a set of partial factors to take into
account the required reliability for all the design situations, designated as
limit states, foreseen in that EC.

The Eurocode 0 (ECO0) [7] describes in detail the background to the cali-
bration of partial safety factors and the reliability analysis and targets used.

Those are summarized in the next section.

2. Partial safety factors method

The objective of the partial safety factors method is to design structures
resulting in a safety level, quantified by the reliability index, acceptable for
society and similar for all types of structures. In the Eurocodes, for structures
with a normal class of consequences, the target reliability index is defined
equal to 3.8 for a fifty years reference period.

The reliability index is given by Eq. 1, where R is the resistance of the
structure and E is the effect of actions. This probability can be computed
using the first order reliability method (FORM). The reliability index is de-
fined as the distance between the design point (i.e., the most likely failure

point) and the origin in the normalized space, as shown in Fig. 2.
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B=—0"(ps) =—¢ (P(R-E<0) (1)

For a design corresponding to the lowest admissible value of the reliability
index, the design point has coordinates (—agrf; —agf) in the normalized
space. The corresponding resistance in the original space is such that P(R =
Ry) = ®(—arp).

Although the values of the cosines a vary from design to design, a value
of agp = 0.8 usually leads to acceptable results. Consequently, the design

value of the resistance, R4, can be computed according Eq. 2.

P(R=Ry) = (—apB) = ®(—0.8 x 3.8) (2)

Once the probabilistic distribution of R is found, Eq. 2 can be used
directly to compute the design point and, afterwards, to define partial safety
factors that result in this design strength.

In the context of the present work, the partial safety factors method
was adopted to calibrate ACI and SA formulations for predicting NSM FRP
systems bond strength, using the database of direct pullout tests mentioned

previously. To do that, the following main tasks were conducted:

(i) classify the specimens according their observed experimental failure
mode and apply the corresponding theoretical limit state resistance

function (R;) to each specimen;

(ii) for each specimen, estimate the error (6) of the theoretical resistance

function using Eq. 3, where R. is the experimental resistance value.
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(iv)

Then, adjust a probabilistic distribution to the theoretical resistance

function errors obtained for all specimens;

§=R./R, (3)

compute the distribution of the probabilistic resistance function (R)
defined in Eq. 4. If the only random variable in that function is the
theoretical resistance function error, its probabilistic distribution can
be estimated analytically. Otherwise, Monte Carlo simulation can be
used to estimate the joint probabilistic distribution of all the random

variables present in the probabilistic resistance function;

R=R, (4)

compute the design value of the limit state resistance function (Rg).
This should be obtained in order to have a probability of failure as
defined in Eq. 5. In Eq. 5, ag is the first order reliability method
sensitivity factor for resistance and f§ is the reliability index. In this
work those parameters were taken as 0.8 and 3.8, respectively, according

to ECO [7] suggestion;

P(R =R < Ry) = ®(—agpp) (5)

rewrite the resistance function in its design form and define the safety
factors to be included. This should be done taking into account that
some variables are common to other applications foreseen in the EC and

are expected to maintain the same partial safety factors throughout the

EC;
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(vi) replace (iv) in (v) and calibrate the values of the safety factors defined

in the previous step.

The method explained above is similar to the generic approach of the
design assisted by testing method, defined in the ECO [7]. The main difference
between them is that the method presented herein uses the probabilistic
models of all the random variables, which can be of any type, and Monte
Carlo simulations [8] to achieve the joint probabilistic distribution of the
limit state resistance function in analysis. Contrarily, the design assisted by
testing method defined in the ECO is designed for resistance functions with
normal and lognormal random variables which can be handled analytically.

The design assisted by testing method has already been successfully used
in the context of RC members with FRP internal shear reinforcement [9] or
with FRP applied by the externally bonded strengthening technique either
to concrete [10-13] or to masonry [14]. However, according to authors’ best
knowledge, this paper presents the first attempt of applying it to calibrate the
reliability parameters of the bond strength resistance functions suggested by
ACT and SA, including the resistance models errors. In the following sections,
the major details of the application and the obtained reliability parameters

are presented.

3. Data and models

As previously referred, a database of direct and beam pullout tests was
gathered in order to assess the accuracy of ACI and SA formulations to esti-
mate the bond strength of NSM FRP systems in concrete [1]. Even though

not always clear, the authors of the direct pullout tests presented a single

7
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critical experimental failure mode. Contrarily, in beam pullout tests, the au-
thors normally provided several failure modes based on the final appearance
of the tested specimen.

Since the failure mode needs to be clearly identified in the analyses carried
herein, only direct pullout tests were selected for this study. Moreover, since
the amount of tests using carbon FRP (CFRP) with rectangular cross-section
is larger than the other types of FRP fibres/cross-sections, it was decided to
conduct this work considering rectangular CFRP bars only.

Hence, Appendix A summarizes the main parameters of the 128 direct
pullout tests that were used in the analyses presented in this work. They
were grouped according to the failure mode obtained in the experimental
tests. As it can be seen, all the possible five local failure modes (A, C, A/C,
F/A and F) were found [1].

While in the analysis of ACI formulation all the 128 tests were used,
with SA formulation some could not be used due to the lack of required

information. Those specimens are identified in the notes of Appendix A.

3.1. Mechanical bond strength models

Table 1 summarizes the formulations to estimate NSM FRP systems bond
strength suggested by ACI and SA guidelines (see notation section for details
regarding the parameters included in this table). Both formulations are based
on the assumption that a minimum development length (L,) exists. If the
existing bonded length (L) is equal or larger than L;, the maximum pullout
force (Ffmas) can be achieved. Otherwise, it should be reduced according to
the actual bonded length.

ACI formulation estimates (Ffqz) considering two potential failure modes.

8
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The first is associated with FRP rupture. The second failure mode is related
with any debonding failure of the strengthening system, thus accounting for
the failure modes A, C, F/A and A/C (see Fig. 1).

In turn, SA formulation considers three failure modes: (i) concrete co-
hesive failure; (ii) debonding failure of the strengthening system; (iii) FRP
failure. Similarly to ACI formulation, the debonding failure includes failure
within the adhesive or at one of the two interfaces.

In a previous work [1], both ACI and SA formulations were calibrated
using a database of pullout tests more extensive than that used at the time
both formulations were developed. Based on this, some modifications were
suggested for both ACI and SA formulations in order to improve their pre-
diction accuracy. Since it was proved that the pullout force depends on the
FRP bar cross-section, the calibrations conducted in that work [1] considered
the pullout tests separated according to the existing FRP bar cross-section.
That database included pullout tests with rectangular, square and round
FRP bars [1].

In this work, the modified ACI and SA formulations for pullout tests with
FRP rectangular bars suggested in [1] were also analysed. The main purpose
of this was to checking the effect of adopting more accurate formulations on
the reliability analysis and partial safety factors discussed herein.

Regarding ACI, Coelho et al. [1] suggests that the value of the average
bond strength (7,,,) should be 9.25 MPa rather than 6.9 MPa, as recom-
mended by ACI. Moreover, Coelho et al. [1] also proposed that 7,,, should
not be constant but, alternatively, given by the ratio between FRP cross-

section area (Ay) and the FRP/adhesive contact area, as shown in Eq. 6.
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The latter area is defined by the product of the FRP perimeter (ps) and the
bonded length (L,).

Af )0.55
Tovg = 162 | —— 6
) (prb 6)

Apart from these two differences in the assessment of 74,4, no other
changes were proposed to ACI formulation. This latter formulation, using
Eq. 6, will be designated as “ACI modified” herein.

For the case of SA, the only improvement suggested in [1] resulted from
recalibrating the expressions of its original formulation. The obtained expres-
sions are not reproduced herein since, as will be further explained, the results
obtained in the reliability analysis with those expressions are similar to the
results obtained with the original expressions suggested in SA guideline and

reproduced in Table 1.

3.2. Material probabilistic models

In order to conduct a reliability analysis it is necessary to define the
probability distribution of all random variables. Three different probability
distributions are considered in this paper, namely, normal (N), lognormal
(LN) and Weibull (W); in what follows of this work they are presented as
N,LN (mean; standard deviation) and W («; 3), respectively. In the Weibull
distribution « is the scale parameter and [ is the shape parameter.

It was considered that all the geometric parameters were deterministic,
following the EC practice, while all mechanical parameters were considered
as random variables. As shown in the previous section, ACI and SA for-

mulations together require only three mechanical parameters, namely, FRP

10
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modulus of elasticity (Ey) and tensile strength (f7,) and concrete compres-
sive strength (f,).

The probabilistic models for the first two parameters were obtained from
the literature [15]. For both Ef and fy, they consist of Weibull distributions

as:

Ef ~ W (26.2;180.9) GPa (7)
fru ~ W (15.9;2777) MPa (8)

Regarding f., the adopted probabilistic model consisted on a lognormal
distribution with 6% coefficient of variation, adapted from [16], as shown in
Eq. 9. This distribution depends on the concrete class, thus the analyses
were conducted taking into account the concrete mean compressive strength
of each specimen according to the concrete classes defined in EC2 (fen. po2)

[6]-

fc ~ LN (fcm,ECQ; O'O6fcm,EC2) MPa (9>

3.8. Probabilistic uncertainty for mechanical bond strength models

The uncertainty associated with the mechanical bond strength models,
considered as a random variable, was defined by comparing the experimental
maximum pullout force and the corresponding prediction according ACI and
SA formulations.

Considering the mechanical bond models defined in section 3.1, it can
be seen that, for both ACI and SA formulations, the theoretical limit state
function associated with the FRP rupture (F) is defined by Eq. 10. This

11
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function was applied to the 32 specimens available in the database which

presented FRP rupture failure mode.

Rrpacrysa)y = Af fru (10)

Regarding ACI formulation, the remaining failure modes are all grouped
in the debonding limit state (B). To obtain its theoretical function, the second
branch of ACI formulation was firstly re-written by replacing Lq and 7,,4 in
Ftmas expression (see Table 1), as presented in Eq. 11. This expression was

applied to the remaining 96 specimens.

Rpacr = 6.9Lypy (11)

Regarding SA formulation, the theoretical limit state functions associated
with concrete cohesive failure (C) and debonding failures (B) were also ob-
tained by re-writing the expressions presented in Table 1 yielding to Eqs. 12
and 13, respectively. According to the failure modes reported in the database

used, these functions were applied to 35 and 39 specimens, respectively.

Reosay = \/0-73<P2'e3fco'67LperEfAf (12)

2L
RB(SA) = ?b (OS + 0'078()01767“) Lperfco.6 (13>

In addition to ACI and SA formulations, Eq. 14, corresponding to the
ACT modified formulation referred in Eq. 6, was also used. It was applied to

the same 96 specimens as Eq. 11.

A 0.55
Rp(act modified) = 162 (]Tib) Lyps (14)

12
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The expressions presented above, were applied to the corresponding spec-
imens and the prediction errors were estimated as the ratio between experi-
mental (Fpaz grp) and numerical (Frpaqp Num) pullout forces. Then, a prob-
ability distribution was fitted to the errors associated with each limit state.

Fig. 3 presents the probability distributions obtained for all limit state
functions errors. The caption of each distribution includes also the corre-
sponding probability parameters. It can be seen that, except for FRP rup-
ture limit state, all other limit state errors were better fitted by lognormal
distributions. This is mainly due to the asymmetry that those limit state
functions present, and the need to guarantee a null probability of negative
values for large coefficients of variation.

The coefficients of variation associated with the errors probability distri-
butions were 8%, 53%, 18%, 61% and 30% for the limit states defined in Eqs.
10 to 14, respectively. Those are considerably high when compared with the
coefficients of variation for the materials models which were 5%, 8% and 6%,
for FRP modulus of elasticity and tensile strength and concrete compressive
strength, respectively.

The results also show that ACI modified (Eq. 14) results in a significantly

lower uncertainty than the original expression proposed by ACI (Eq. 11).

4. Safety factors calibration

Following the characterization of all random variables influencing the
NSM FRP bond resistance, the partial safety factors were computed as de-
scribed in section 2.

Table 2 summarizes the results obtained after applying the partial safety

13
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factors method to each limit state function. In the following paragraphs some
specific aspects of each limit state analysis are highlighted, while in section
5 a critical analysis of the obtained results is presented.

Regarding the FRP rupture limit state, the expression to be used in
design (R;) is obtained from Eq. 10 by replacing CFRP tensile strength by
its characteristic value (fy;) divided by the partial safety factor of CFRP
tensile stress (7). This characteristic value was obtained by computing the
5% quantile of Eq. 8.

Regarding both ACI and modified ACI debonding limit states (which
correspond to the same physical phenomenon), since only the average bond
strength is not deterministic, in the sense that it is an assumed value, the
reliability of the resistance function was applied to it.

Both concrete cohesive failure (C) and debonding (B) limit states of SA
formulation depend on the concrete class. Hence, the results of these limit
states were compiled in Table 3 per concrete class, considering all concrete
classes available in the database used. Those concrete classes were estimated
on the basis that the characteristic concrete strength could be obtained by
subtracting 8 MPa to its mean value (provided by the authors of the exper-
imental studies and shown in the Appendix A for each specimen) [6].

In both C and B limit states of SA formulation, the expression to be used
in design is similar to their corresponding theoretical limit state functions.
The only two differences are that concrete mean strength was replaced by its
characteristic value (fe) divided by concrete’s partial safety factor (7. = 1.5)
[6] and that a new safety factor was added in each expression. This parameter

behaves as a global safety factor and was computed per concrete class. The

14



o2 obtained values were also shown in Table 3.

213 4.1. Proposed design formulations

274 With the reliability parameters calibrated in the previous section, the
a5 expressions of ACI formulation presented in Table 1 should be replaced by
e BEgs. 15 and 16, in which vy = 1.4 and 7y = 1.77 MPa. Regarding the
27 ACI modified formulation the only difference is that 7; should be defined
s according to Eq. 17.

AL

Ly = oy (15)
PyTad

Afffk if Lb Z Ld

Af];fk éb if Ly < Ly

Ay > '
T4 = 61.6 17
1= oo (2L (17)
279 Similarly, SA formulation should be applied using Eqgs. 18 to 20 to replace

Ffma:r,d =

20 the corresponding ones in Table 1. In these equations vy = 1.4 and the

21 parameters 7. and 7, should be taken from Table 3.

f 0.6
72 = (0.8 + 0.078ppcr) (—’“) (18)

[

0.67
4= [0 73005 <%) ] /T4 (19)

C

Tle TdédeerEfA < Af lf Lb > Ld
TdadeerEfA Ly < Af ffk if Ly < Ly

Ffmax,d - (20)

15



282

283

284

285

286

287

288

289

290

291

292

293

294

296

297

298

299

300

301

302

303

304

305

5. Results analysis

The results obtained in the reliability analysis presented in the previous
sections are discussed in the following. The discussion begins by presenting in
Section 5.1 the performance of the guidelines’ original formulations in terms
of failure mode prediction. Then, the remaining sections detail the major

aspects related with the reliability analysis.

5.1. Specimens separated by guidelines’ failure mode

According to EC philosophy, a theoretical resistance function should be
developed based on the physics of the phenomenon in analysis. This means
that the developed theoretical resistance function should be capable of pre-
dicting the real failure mode, even if the predicted strength results inaccurate.

To verify that aspect, both ACI and SA formulations as defined in the
corresponding guidelines were applied to the database. Fig. 4 presents a
comparison between the failure modes obtained in the experimental pullout
tests (horizontal axis) and those predicted by ACI and SA guidelines (vertical
axis). As can be seen, while in the experimental tests all the possible five
failure modes occurred, in the guidelines’ predictions only two failure modes
were observed (F or B in ACI and C or B in SA). Remind that whilst this
corresponds to all the failure modes that ACI considers, in the case of SA,
the failure by FRP rupture was not predicted in any test.

Regarding ACI, it can be seen that its predictions fail more frequently
when the real failure occurs by FRP rupture than when it occurs by one of the
other four failure modes (all grouped in the debonding failure mode of ACI).

Taking into account that the failure by FRP rupture is expected to occur for

16
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329

330

the highest pullout force that a specimen can sustain [1], when ACI predicts
debonding and the real failure mode was FRP rupture, the prediction can
be considered safe. Contrarily, when ACI predicts FRP rupture and the
real failure occurred by any debonding mechanism, the prediction is unsafe.
Hence, even though ACI fails more frequently when the real failure mode
is FRP failure, the major problem is related with those specimens in which
ACI predicted debonding failure and it actually occurred by FRP rupture.
Regarding SA, the first aspect to be mentioned is that, even though there
are 32 specimens failing by FRP rupture in the database used, SA formula-
tion did not predict any FRP rupture. Considering that the concrete failure
is expected to occur for pullout forces larger than those occurring for any
debonding failure (in SA this includes A, F/A and A/C) [1], the main prob-
lem regarding this formulation is also related with the prediction of debonding
failure mode. In fact, there are several specimens in which the failure oc-
curred by one of the three debonding mechanisms and SA predicted a failure

within concrete.

5.2. Specimens separated by experimental failure mode

As already mentioned, a reliability analysis must be conducted taking
into account the real failure mode occurred in each specimen. Hence, the
specimens presented in Appendix A were separated by experimental failure
mode regardless to the fact that, as referred in the previous section, the
guidelines predict different failure modes in many cases.

Fig. 5 presents the relationship between experimental pullout force and
that foreseen by each guideline for each specimen. Note that the later was

obtained by applying directly the limit state function corresponding to the

17
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experimental failure mode and not the formulation as described in each guide-
line.

For both guidelines it can be seen that the limit state function related
with FRP rupture (F) is the one presenting the lowest dispersion in the
predictions. In the case of SA formulation, this dispersion was followed by the
limit state functions for concrete cohesive failure (C) and, finally, debonding
failure (B).

The limit state function associated with FRP rupture in NSM FRP sys-
tems coincides with the limit state function for the FRP rupture in tensile
tests of FRP bars alone. The latter can be estimated using a classical and
well established mechanical model (the product of the bar cross-section area
by its normal strength). Hence, in this case, the dispersion of results should
be mainly related with the different support conditions that exist in NSM
FRP pullout tests when compared with those of a tension FRP bar test
(together with the uncertainty in FRP mechanical properties).

The debonding limit state function addresses several failures using a single
expression. Since the debonding mechanisms associated with each of these
debonding failure modes are different, it is expectable that the same function
predicts more accurately one of them and less accurately the reaming ones.
This conclusion can be shown with the results in Fig. 5b. Since SA has
an individual limit state function for concrete failure, its dispersion is lower
than that found for debonding failures. Moreover, since ACI debonding limit
state function addresses four failure modes while in SA it addresses three, the
dispersion of predictions is larger in the former (Fig. 5a) than in the latter

(Fig. 5b). This, naturally, has implications on the partial safety factors that
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were determined.

5.3. Bond strength according to the theoretical resistance models

Again according to the principals defined in ECO [7], a theoretical resis-
tance function should be capable of predicting the phenomenon it is repre-
senting on average. This means that, the value of the theoretical resistance
function error (&), expressed as the ratio between experimental (Ffpaz, £zp)
and numerical (Fmnaq num) pullout forces, should have an average equal to
one, being its distribution approximately symmetric. Fig. 6 presents the
referred error obtained after applying both guideline’s formulations to the
database in Appendix A (red bars in each figure).

In both ACI (Fig. 6a) and SA (Fig. 6b) guidelines, about % of predictions
have a ratio inferior to one while the remaining % stand above one. This
means that both formulations are conservative, eventually already including
some type of safety factors while those should be obtained a posteriori.

Contrarily, the modification proposed by the authors for ACI formulation
(Fig. 6¢) presents 45% and 55% of the predictions equal or below and above

the unit, respectively, resulting in a centred prediction.

5.4. Partial safety factor for CFRP (vy)

From the available data the 32 specimens that failed by FRP rupture were
used in the calibration of ;. Since both ACI and SA formulations present
the same function for this limit state, a single value of 7y = 1.4 was obtained
for both guidelines.

According to EC philosophy, each material should have a single partial

safety factor to be used in all the situations where that material can be
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applied and regardless to the resistance model being used. The obtained vy
matches that requirement.

The value of v found herein corresponds to an upper bound of those
suggested in the literature. According to the authors’ best knowledge, there
are only two guidelines for the strengthening of concrete structures with FRP
systems in which values of v; are explicitly provided.

The first one, referred herein as Italian guideline [17], addresses the
strengthening using the externally bonded technique. It presents values of
¢ depending on the type of failure mode that can be influenced by the FRP
properties. Hence, if the relevant failure mode is by FRP rupture (which is
influenced by FRP properties) then its 77 can be 1.1 or 1.25, depending on
the type of certification of the strengthening system. If the critical failure
mode is by debonding, 7; can be 1.2 or 1.5, again depending on the certifi-
cation type. Even though a single value should exist for 7, the authors of
the Italian guideline decided for the use of different values for different limit
states. Nevertheless, the important aspect is that the value suggested herein
is in the range of those suggested by the Italian guideline thus harmonization
of v value could be easily achieved in the future.

The second guideline, is the Canadian Highway Bridge Design Code [18].
This guideline presents the values for 7, in the form of a global factor to be
applied to FRP tensile strength. It suggests the use of 0.85 for Aramid and
Carbon FRP and 0.75 for glass FRP, corresponding to «; of 1.18 and 1.33,

respectively, which are also similar to the value of 1.4 suggested herein.

20



403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

5.5. ACI debonding safety factor (t4)

Regarding the debonding limit state defined by ACI guideline it was de-
cided to guarantee the required safety margin by reducing the bond strength.
This resulted in replacing the value of the average bond strength proposed
in ACI, 7,,4 = 6.9 MPa, by its design value 75 = 1.77 MPa, calibrated in sec-
tion 4. As referred before, this very large decrease (about 70%) in the bond
strength results from the large uncertainty in the prediction models, a con-
sequence of having a single expression addressing four different phenomena.
Besides, as discussed in [1], the use of a single bond strength value, regardless
of the FRP cross-section type, introduces a higher level of uncertainty than
when the bond strength is estimated as a function of the FRP cross-section.

To verify that, the alternative designated ACI modified was also tested
in this work (see section 4). The design bond strength obtained with that
different and more accurate model was about 60% lower than the original
value. This smaller reduction proves that, even if a single limit state function
is used to address all four failure modes, a more accurate prediction model

can result in a significant increase in design strength.

5.6. SA global safety factors (n. and np)

Regarding SA limit states related with concrete and debonding failure
modes, it was decided to provide them with reliability features by applying
global safety factors. The reason for this decision is related with the type
of variables their resistance functions include. Besides geometry variables,
which are treated as deterministic, both resistance functions contain two
mechanical variables only. Namely, the compressive strength of concrete and

the FRP modulus of elasticity (just in concrete limit state).
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Regarding concrete compressive strength, it already has a well-established
partial safety factor of 1.5 which, according to EC philosophy, should be
maintained in all the applications of concrete material. Regarding the FRP
modulus of elasticity, it is not usual to affect the elasticity modulus of a ma-
terial with partial factors. Instead, the usual procedure consists on applying
such factors to material’s stresses and strains thus, by Hooke’s law, the elas-
ticity modulus remains unaffected by safety factors. In order to maintain this
approach, thus addressing the compatibility between codes recommended by
EC, it was also decided to do not apply partial safety factor to the FRP
modulus of elasticity.

Hence, the solution adopted was the use of global safety factors as defined
in section 4 for concrete and debonding limit states. As expected, comparing
the magnitude of values obtained, it can be seen that the safety factors are
lower for debonding than for concrete limit state. This is mainly related with
the former addressing several failure modes, as mentioned before.

For design purposes it would be better to have a single global safety
factor for each limit state, regardless to the concrete class. In fact, EC also
presents a single partial safety factor for concrete regardless to its class. On
the other hand, the global safety factors obtained herein (see Table 3) are
quite similar, thus the lowest value of each safety factor can be used for each
limit state and for all concrete classes. The impact of this option would be
a more conservative design for those specimens using concrete classes bellow

C55/67, which is the class presenting the lowest global safety factors.
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5.7. Bond strength in the theoretical resistance models with reliability param-

eters

Contrarily to what was referred before for the theoretical models, the
models with reliability parameters are not expected to necessarily predict
the real failure mode. In fact, these models will produce prediction values
lower than the real ones, thus safer.

Fig. 6 presents, as blue bars, the ratio between the experimental maxi-
mum pullout force and that estimated using the proposed design formulations
(including the corresponding safety factors). The obtained results show, as
expected, that all these ratios are larger than one. The only exception occurs
for SA guideline (see Fig. 6b) where only one specimen attained a ratio of
0.94 mainly due to decimals rounding.

Comparing the magnitude of the ratios obtained, those are in agreement
with the reliability parameters estimated for each formulation. The higher
the reductions applied to each limit state function, the larger the ratios are. It
should be mentioned that, from a design viewpoint, larger ratios correspond
to less economical designs, thus it would be better if the ratios were as small
as possible, yet larger than one.

Concerning ACI formulation as defined in the guideline (Fig. 6a) or its
modified version (Fig. 6¢), it can be confirmed that the lower reduction on
the design bond strength associated with the better accuracy of the latter,
resulted in less conservative predictions. In other words, the blue bars in Fig.
6a present a larger dispersion and are available in larger numbers in the right
side of the figure than the ones shown in Fig. 6c.

Regarding SA guideline (Fig. 6b), the ratios are lower than 2.5 for about
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40% of the specimens while for the remaining specimens the ratios increase
up to 16.5. This should be related with the global reliability parameters
applied for concrete and debonding failure limit states in SA formulation.
In fact, the reductions applied to these limit states were as high as 35%
and 77% of their theoretical prediction, respectively. This emphasizes the
fact that safety factors should be applied to individual material properties,

rather than to the entire resistance function.

5.8. Probability models adopted for CFRP parameters

Despite the considerable range of the two CFRP properties required
in the resistance models analysed in this work (E; = [123 — 182] GPa,
fru = [1850 — 3100] MPa), the same model was used for each parameter
and for all specimens. Even though this could seem to be a limitation of
the present study, the range of values referred above are within the range of
values used in the development of the probabilistic models for CFRP prop-
erties used herein. Eqs. 7 and 8 were defined by using CFRP bars with Ey
ranging between 118 to 218 GPa and fy, ranging between 1780 to 3310 MPa
[15]. Note that these CFRP bars correspond to a single brand from a single
manufacturer. However, assuming that the production processes adopted by
different manufacturers would be similar, the coefficients of variation regard-
ing £y and fy, for other CFRP bars’ brands, should be also similar, differing
mainly in the average values.

It has been proved that CFRP tensile properties (E; and fy,) are well
described by Weibull probability distributions [15, 19-21], which have a co-
efficient of variation, ¢,, estimated according Eq. 21, where I' is the Gamma

function and « is the Weibull distribution scale parameter. In the Weibull
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distributions presented in Eqs. 7 and 8 it can be seen that the shape param-
eter 5 (which does not appear in the expression of ¢,) roughly coincides with

the average value of each property.

YU (1+2) -T2 (1+1)
r(1+1)

Taking all of these into account, it can be assumed that since differ-

o = (21)

ent CFRP brands would have different mechanical properties average values
(related with the material composition) but similar coefficients of variation
(related with the fabrication process), and that the average value has no
influence on the coefficient of variation, the same model can be used for
different CFRP brands, which validates the analyses presented in this work.

In any case, the results obtained in this work were found satisfactory. In
the future, as new probabilistic models for these CFRP parameters become
available, the analyses presented herein can be easily updated and these

assumptions validated.

5.9. Influence of the mechanical model

As referred in section 3.1, in a previous work both ACI and SA were
recalibrated [1]. Namely, in the case of ACI formulation its average bond
strength value was recalibrated. In the case of SA formulation the expressions
that were developed by SA authors based on experimental data were also
recalibrated. This includes the expressions for 7,4, and 0,4, (see Table 1).

These recalibrated formulations were also object of a reliability analysis
using the methodology described in this work.

Regarding ACI, the recalibrated average bond strength value was equal
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to 9.25 MPa. As expected, it was found that the use of this value in the
theoretical resistance function lead to the same value of 7, = 1.77 MPa in
the design function. In fact, using 9.25, 6.9 or any other scalar as theoret-
ical average bond strength, would lead to the same average bond strength
design value. Using different scalars, one is just shifting the mean of the
error being the coefficient of variation the same. Hence, unless the latter,
which is the important statistical parameter in the reliability analyses, sig-
nificantly changes, the design value would always be the same regardless to
the theoretical value adopted.

An example of that change could be achieved by replacing the scalar av-
erage bond strength by an expression. That was already verified before when
the ACI modified version was presented. In the end, the resistance design
values obtained for ACI formulation with any scalar (6.9, 9.25, ... MPa) was
always 0.26 while it increased to 0.39 for ACI modified version.

Regarding SA, the recalibrated expressions lead also to similar design
values. In fact, the mechanical models were the same, but with lower average
prediction errors. Hence, only the original version of this formulation was

referred in the previous sections.

6. Conclusions

This paper presented a reliability analysis over two of the most important
guidelines for the design of concrete structures strengthened with NSM FRP
systems. A formulation for calibrating the reliability parameters necessary
to make the referred guidelines consistent with the partial safety factors

philosophy was shown and the correspondent reliability parameters deduced.
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From the work presented herein, the following major conclusions can be

drawn:

e the absence of probabilistic models for the different types of FRP lim-

ited this study to carbon FRP. A large scale analysis of the probabilis-
tic models for FRP properties is paramount for defining reliable design

codes;

the amount of experimental data available is still very low. This has
direct influence in the definition of the errors associated with each
limit state function. For this reason, in this work only direct pull-
out specimens with CFRP rectangular bars were considered. Hence, it
is necessary to continue performing direct pullout tests, specially using

combinations of parameters and materials that were not tested yet;

due to the non-existence of a standard NSM FRP direct pullout test,
part of the theoretical resistance models errors should be associated
with the differences between tests conditions rather than with the mod-
els. In fact, aspects like specimen size, setup configuration or even
support conditions could influence the experimental maximum pullout
force value. That will naturally also influence the magnitude of the
errors associated with the perdition models. Hence, the definition of a

standard NSM FRP direct pullout test is urgent;

while in the case of ACI formulation it was possible to define reliabil-
ity parameters affecting directly specific properties (either FRP tensile
strength or strengthening system bond strength), in the case of SA the
reliability had to be included by means of global safety factors in order
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to maintain the partial safety factor of concrete in agreement with that

already in the Eurocodes;

e it was confirmed that, mainly due to the difficulty of ACI and SA
guidelines to predict separately all the five local failure modes existing
in a NSM FRP system, more accurate resistance models should be
developed for estimating the bond strength of NSM FRP systems in

the future;

e finally, regardless to the limitations of ACI and SA guidelines, the
necessary reliability parameters were estimated and can be used in
order to design NSM FRP systems according to Eurocodes philosophy,
thus attaining a strengthening with the reliability index recommended

by Eurocodes.
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s Appendix A.

502 The following table contains the data used in the analyses presented in this paper.
Paper Specimen by dg Ly fem pf Ay E; fru Ftmaz
ID ID [mm] | [mm] | [mm] | [MPa] | [mm] | [mm?] | [GPa] | [MPa] [kN]

FRP tensile rupture failure mode, F (32 specimens)

[22] 48 MPa-200-10 3.28 | 12.10 | 200.00 | 48.20 | 22.76 | 12.93 | 161.80 | 2643.00 | 33.70
[22] 49 MPa-200-10 3.26 | 12.56 | 200.00 | 49.20 | 23.64 | 13.31 | 161.80 | 2643.00 | 33.30
[22] 49 MPa-200-20 3.28 | 22.43 | 200.00 | 49.20 | 43.42 | 26.15 | 162.30 | 2796.00 | 68.60
[22] 49 MPa-300-20 3.24 | 21.79 | 300.00 | 49.20 | 42.06 | 24.54 | 162.30 | 2796.00 | 68.10
[22] 53 MPa-200-20 3.26 | 22.47 | 200.00 | 52.80 | 43.46 | 25.79 | 162.30 | 2796.00 | 77.90
[22] 53 MPa-200-20 3.27 | 22.10 | 200.00 | 53.00 | 42.74 | 25.53 | 162.30 | 2796.00 | 72.50
[22] 53 MPa-100-10 3.26 | 12.37 | 100.00 | 53.00 | 23.26 | 13.07 | 161.80 | 2643.00 | 29.50
[22] 53 MPa-300-10 3.27 | 12.30 | 300.00 | 53.00 | 23.14 | 13.08 | 161.80 | 2643.00 | 37.90
[22] 53 MPa-300-20 3.25 | 22.15 | 300.00 | 53.00 | 42.80 | 25.19 | 162.30 | 2796.00 | 66.30
[22] 33 MPa-300-20 3.24 | 21.85 | 300.00 | 33.40 | 42.18 | 24.61 | 162.30 | 2796.00 | 67.80
[23] C-1.4x10-S-1 5.00 | 15.00 | 300.00 | 18.40 | 22.80 | 14.00 | 177.00 | 2221.00 | 31.16
[23] C-1.4x10-S-2 5.00 | 15.00 | 300.00 | 18.40 | 22.80 | 14.00 | 177.00 | 2221.00 | 32.93
[23] C-1.4x10-S-3 5.00 | 15.00 | 300.00 | 18.40 | 22.80 | 14.00 | 177.00 | 2221.00 | 34.73

Continued on next page
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Specimen by dyg Ly fem Pf A E; fru Ftmaz
ID ] | ] | [mm] | [MPa) | [mm) | n?] | [GPa) | [MPa] | [kN]
8-31[R/60/L/6.4p] | 10.00 | 24.00 | 230.00 | 56.24 | 36.00 | 32.00 | 123.00 | 2043.00 | 61.60
8-31]R/60/L/6.4p]c | 10.00 | 24.00 | 230.00 | 56.24 | 36.00 | 32.00 | 123.00 | 2043.00 | 62.10
Lb90X12_a 5.00 | 22.00 | 90.00 | 25.03 | 22.02 | 13.86 | 156.10 | 2879.00 | 37.32
Lb90X12_b 5.00 | 22.00 | 90.00 | 25.03 | 22.02 | 13.86 | 156.10 | 2879.00 | 34.61
Lb120X12_a 5.00 | 22.00 | 120.00 | 25.03 | 22.02 | 13.86 | 156.10 | 2879.00 | 37.95
Lb150X12_b 5.00 | 22.00 | 150.00 | 25.03 | 22.02 | 13.86 | 156.10 | 2879.00 | 38.39
Lb90X6_a 5.00 | 22.00 | 90.00 | 25.03 | 22.02 | 13.86 | 156.10 | 2879.00 | 34.38
Lb90X6-b 5.00 | 22.00 | 90.00 | 25.03 | 22.02 | 13.86 | 156.10 | 2879.00 | 33.50
Lb120X6_a 5.00 | 22.00 | 120.00 | 25.03 | 22.02 | 13.86 | 156.10 | 2879.00 | 36.15
Lb120X6_a 5.00 | 22.00 | 120.00 | 25.03 | 22.02 | 13.86 | 156.10 | 2879.00 | 34.26
Lb150X6_-b 5.00 | 22.00 | 150.00 | 25.03 | 22.02 | 13.86 | 156.10 | 2879.00 | 36.47
Lb120X0_a 5.00 | 22.00 | 120.00 | 25.03 | 22.02 | 13.86 | 156.10 | 2879.00 | 33.78
Lb120X0-b 5.00 | 22.00 | 120.00 | 25.03 | 22.02 | 13.86 | 156.10 | 2879.00 | 35.39
Lb150X0_a 5.00 | 22.00 | 150.00 | 25.03 | 22.02 | 13.86 | 156.10 | 2879.00 | 37.29
Lb150X0-b 5.00 | 22.00 | 150.00 | 25.03 | 22.02 | 13.86 | 156.10 | 2879.00 | 32.05

Continued on next page
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Specimen by dyg Ly fem Pf A E; fru Ftmaz

ID ] | ] | [rm) | [MPa) | fmm) | un?] | [GPa) | [MPa] | [kN]
TS1-3.6-C20 NA | 25.00 | 350.00 | 38.80 | 27.20 | 36.00 | 165.00 | 2700.00 | 79.60
TS1-3.6-C20R NA | 25.00 | 350.00 | 38.80 | 27.20 | 36.00 | 157.00 | 2700.00 | 95.00
TS1-3.6-C30 NA | 35.00 | 350.00 | 38.80 | 27.20 | 36.00 | 156.00 | 2700.00 | 101.80
TS1-3.6-C40 NA | 45.00 | 350.00 | 38.80 | 27.20 | 36.00 | 160.00 | 2700.00 | 105.70

Cohesive failure mode at concrete, C (50 specimens)

30 MPa-100-10b 3.20 | 12.00 | 100.00 | 30.00 | 22.40 | 12.00 | 161.80 | 2643.00 | 22.60

1€

30 MPa-100-10 3.22 | 12.02 | 100.00 | 30.00 | 22.48 | 12.22 | 161.80 | 2643.00 | 20.40

30 MPa-150-10 3.23 | 12.33 | 150.00 | 30.00 | 23.12 | 12.71 | 161.80 | 2643.00 | 23.20

30 MPa-200-10 3.22 | 12.48 | 200.00 | 30.00 | 23.40 | 12.79 | 161.80 | 2643.00 | 27.90

30 MPa-250-10 3.22 | 12.29 | 250.00 | 30.00 | 23.02 | 12.55 | 161.80 | 2643.00 | 26.60

30 MPa-300-10 3.22 | 12.38 | 300.00 | 30.00 | 23.20 | 12.66 | 161.80 | 2643.00 | 26.00

30 MPa-350-10 3.22 | 12.35 | 350.00 | 30.00 | 23.14 | 12.63 | 161.80 | 2643.00 | 23.00

42 MPa-200-10 3.27 | 12.29 | 200.00 | 41.80 | 23.12 | 13.07 | 161.80 | 2643.00 | 30.60

30 MPa-100-20 3.20 | 22.00 | 100.00 | 30.00 | 42.40 | 24.00 | 162.30 | 2796.00 | 51.40

30 MPa-200-20 3.20 | 22.00 | 200.00 | 30.00 | 42.40 | 24.00 | 162.30 | 2796.00 | 57.80

Continued on next page
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Specimen by dg Ly fem Df A Ey ffu Ftmax
ID [mm] | [mm] | [mm] | [MPa] | [mm] | [mm?] | [GPa] | [MPa] [kN]

30 MPa-300-20 3.20 | 22.00 | 300.00 | 30.00 | 42.40 | 24.00 | 162.30 | 2796.00 | 66.70

65 MPa-200-10 4.88 | 12.08 | 200.00 | 64.80 | 25.92 | 29.03 | 144.60 | 2634.00 | 45.00

65 MPa-200-20 4.97 | 21.77 | 200.00 | 64.80 | 45.48 | 58.72 | 162.30 | 2796.00 | 108.80

53 MPa-200-10 3.24 | 12.23 | 200.00 | 52.80 | 22.94 | 12.69 | 161.80 | 2643.00 | 31.90

53 MPa-200-10 3.30 | 12.43 | 200.00 | 53.00 | 23.46 | 13.56 | 161.80 | 2643.00 | 34.00

53 MPa-100-20 3.25 | 22.23 | 100.00 | 53.00 | 42.96 | 25.29 | 162.30 | 2796.00 | 63.80

(43

33 MPa-200-15 3.26 | 17.65 | 200.00 | 33.40 | 33.82 | 19.72 | 162.05 | 2643.00 | 47.10

33 MPa-300-15 3.26 | 17.31 | 300.00 | 33.40 | 33.14 | 19.29 | 162.05 | 2643.00 | 51.60

65 MPa-200-10 4.90 | 11.95 | 200.00 | 64.80 | 25.70 | 28.86 | 144.60 | 2634.00 | 45.10

33 MPa-200-20 3.20 | 22.00 | 200.00 | 33.40 | 42.40 | 24.00 | 162.30 | 2796.00 | 52.40

P2 5.00 | 20.00 | 300.00 | 50.00 | 36.00 | 45.00 | 157.00 | 2580.00 | 57.30
P4 5.00 | 20.00 | 300.00 | 50.00 | 36.00 | 45.00 | 157.00 | 2580.00 | 56.74
P6 5.00 | 25.00 | 300.00 | 50.00 | 45.00 | 50.00 | 153.00 | 2500.00 | 62.40
E-RT-1 6.40 | 21.00 | 152.00 | 40.70 | 36.00 | 32.00 | 141.50 | 2775.50 | 50.60
E-RT-2 6.40 | 21.00 | 152.00 | 40.70 | 36.00 | 32.00 | 141.50 | 2775.50 | 52.20

Continued on next page
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Paper Specimen by dyg Ly fem Pf A E; fru Ftmaz
ID ID [mm] | [mm] | [mm] | [MPa] | [mm] | [mm?] | [GPa] | [MPa] [kN]
[28] E-RT-3 6.40 | 21.00 | 152.00 | 40.70 | 36.00 | 32.00 | 141.50 | 2775.50 | 55.40
[28] E-RT-4 6.40 | 21.00 | 152.00 | 40.70 | 36.00 | 32.00 | 141.50 | 2775.50 | 55.70
[29] GONSM1 3.00 | 21.00 | 350.00 | 35.50 | 42.40 | 24.00 | 161.00 | 2720.00 | 61.20
[29] GONSM2 3.00 | 21.00 | 350.00 | 35.50 | 42.40 | 24.00 | 161.00 | 2720.00 | 64.80
[30] N150-1 7.10 | 20.00 | 150.00 | 24.00 | 39.20 | 57.60 | 160.00 | 2800.00 | 88.26
[30] N200-1 7.10 | 20.00 | 200.00 | 24.00 | 39.20 | 57.60 | 160.00 | 2800.00 | 90.21
[25] Lb70X0_a 5.00 | 22.00 | 70.00 | 25.03 | 42.80 | 28.00 | 165.00 | 1850.00 | 36.53
[25] Lb70X0-b 5.00 | 22.00 | 70.00 | 25.03 | 42.80 | 28.00 | 165.00 | 1850.00 | 34.58
[25] Lb90X0_a 5.00 | 22.00 | 90.00 | 25.03 | 42.80 | 28.00 | 165.00 | 1850.00 | 42.00
[25] Lb90X0_b 5.00 | 22.00 | 90.00 | 25.03 | 42.80 | 28.00 | 165.00 | 1850.00 | 41.70

[29]** C150NSMb NA | NA | 350.00 | 35.50 | 84.80 | 96.00 | 173.00 | 2720.00 | 205.10

[26]** TS1-3.6-CO NA 5.00 | 350.00 | 38.80 | 27.20 | 36.00 | 150.00 | 2700.00 | 40.00

[26]** TS1-3.6-COR NA 5.00 | 350.00 | 38.80 | 27.20 | 36.00 | 160.00 | 2700.00 | 39.20

[26]** TS1-3.6-C10 NA | 15.00 | 350.00 | 38.80 | 27.20 | 36.00 | 165.00 | 2700.00 | 61.80

[26]** TS2-6.0-CO NA 5.00 | 350.00 | 38.80 | 32.00 | 60.00 | 166.00 | 2700.00 | 54.80

Continued on next page
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Paper Specimen by dyg Ly fem Pf A E; fru Ftmaz
D D ] | ] | [mm] | [MPa] | fmm] | [mm?] | [GPa] | [MPa] | [kN]
[26]** TS2-6.0-C10 NA | 15.00 | 350.00 | 38.80 | 32.00 | 60.00 | 165.00 | 2700.00 | 86.10
[26]** TS2-6.0-C20 NA | 25.00 | 350.00 | 38.80 | 32.00 | 60.00 | 169.00 | 2700.00 | 136.00
[26]** TS2-6.0-C30B NA | 35.00 | 350.00 | 38.80 | 32.00 | 60.00 | 159.00 | 2700.00 | 108.80
[26]** TS2-6.0-C50 NA | 55.00 | 350.00 | 38.80 | 32.00 | 60.00 NA 2700.00 | 81.80
[26]** TS2-6.0-C55 NA | 60.00 | 350.00 | 38.80 | 32.00 | 60.00 | 160.00 | 2700.00 | 138.20
[26]** TS3-6.0-C15 NA | 20.00 | 350.00 | 38.80 | 32.00 | 60.00 | 160.00 | 2700.00 | 89.80
[26]** TS3-6.0-C25 NA | 30.00 | 350.00 | 38.80 | 32.00 | 60.00 | 161.00 | 2700.00 | 117.00
[26]** TS3-6.0-C30 NA | 35.00 | 350.00 | 38.80 | 32.00 | 60.00 | 160.00 | 2700.00 | 129.90
[26]** TS3-6.0-C40 NA | 45.00 | 350.00 | 38.80 | 32.00 | 60.00 | 154.00 | 2700.00 | 130.60
[26]** TS3-6.0-C50 NA | 45.00 | 350.00 | 38.80 | 32.00 | 60.00 NA 2700.00 | 90.00
Cohesive failure mode at adhesive, A (10 specimens)

[22] 49 MPa-100-20 3.27 | 22.37 | 100.00 | 49.20 | 43.28 | 25.87 | 162.30 | 2796.00 | 64.10
[22] 49 MPa-200-20 3.28 | 22.22 | 200.00 | 49.20 | 43.00 | 25.88 | 162.30 | 2796.00 | 75.00
[22] 33 MPa-100-15 3.26 | 16.93 | 100.00 | 33.40 | 32.38 | 18.81 | 162.05 | 2643.00 | 31.90
[31, 32] C_STR_2x16 8.00 | 25.00 | 300.00 | 35.00 | 36.00 | 32.00 | 124.00 | 2068.00 | 46.50

Continued on next page
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D D ] | foom] | ] | [MPa) | ] | (um?] | (GPa] | [MPa] | [<N]
24] | 7-25[R/60/S/1.6p] | 6.00 | 20.00 | 58.00 | 57.52 | 36.00 | 32.00 | 123.00 | 2043.00 | 28.10
[24] 7-26[R/60/S/3.2p] | 6.00 | 20.00 | 115.00 | 55.68 | 36.00 | 32.00 | 123.00 | 2043.00 | 34.30
[24] 7-27[R/60/S/6.4p] 6.00 | 20.00 | 230.00 | 55.68 | 36.00 | 32.00 | 123.00 | 2043.00 | 50.80
24] | 7-28[R/60/S/12.7p] | 6.00 | 20.00 | 460.00 | 49.92 | 36.00 | 32.00 | 123.00 | 2043.00 | 57.10
[24] 8-29[R/60/L/1.6p] | 10.00 | 24.00 | 58.00 | 56.24 | 36.00 | 32.00 | 123.00 | 2043.00 | 26.20
[24] 8-30[R/60/L/3.2p] | 10.00 | 24.00 | 115.00 | 57.52 | 36.00 | 32.00 | 123.00 | 2043.00 | 43.40

FRP/Adhesive interface failure mode, F/A (19 specimens)
[33] CS-200 9.00 | 22.00 | 200.00 | 23.20 | 40.00 | 64.00 | 151.00 | 2068.00 | 54.50
[33] CS-250 9.00 | 22.00 | 250.00 | 23.20 | 40.00 | 64.00 | 151.00 | 2068.00 | 64.00

[31, 32] C-2.5x15-S1 8.00 | 25.00 | 300.00 | 34.00 | 35.00 | 37.50 | 165.00 | 3100.00 | 60.60

[31, 32] C-2.5x15-S2 8.00 | 25.00 | 300.00 | 34.00 | 35.00 | 37.50 | 165.00 | 3100.00 | 60.90

[31, 32] C-2.5x15-S3 8.00 | 25.00 | 300.00 | 34.00 | 35.00 | 37.50 | 165.00 | 3100.00 | 58.10
[25] Lb40X12_a 5.00 | 22.00 | 40.00 | 25.03 | 22.02 | 13.86 | 156.10 | 2879.00 | 19.93
[25] Lb40X12_b 5.00 | 22.00 | 40.00 | 25.03 | 22.02 | 13.86 | 156.10 | 2879.00 | 19.81
[25] Lb70X12_a 5.00 | 22.00 | 70.00 | 25.03 | 22.02 | 13.86 | 156.10 | 2879.00 | 31.43

Continued on next page
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Paper Specimen by dyg Ly fem Pf A E; fru Ftmaz
D D ] | from] | foom] | [MPa] | from] | fmm?] | [GPa) | [MPa] | [iN]
[25] Lb70X12_b 5.00 | 22.00 | 70.00 | 25.03 | 22.02 | 13.86 | 156.10 | 2879.00 | 29.40
[25] Lb40X6_a 5.00 | 22.00 | 40.00 | 25.03 | 22.02 | 13.86 | 156.10 | 2879.00 | 18.58
[25] Lb40X6_b 5.00 | 22.00 | 40.00 | 25.03 | 22.02 | 13.86 | 156.10 | 2879.00 | 18.59
[25] Lb70X6_a 5.00 | 22.00 | 70.00 | 25.03 | 22.02 | 13.86 | 156.10 | 2879.00 | 27.70
[25] Lb70X6-b 5.00 | 22.00 | 70.00 | 25.03 | 22.02 | 13.86 | 156.10 | 2879.00 | 26.74
[25] Lb90X0_a 5.00 | 22.00 | 90.00 | 25.03 | 22.02 | 13.86 | 156.10 | 2879.00 | 27.92
[25] Lb90X0_b 5.00 | 22.00 | 90.00 | 25.03 | 22.02 | 13.86 | 156.10 | 2879.00 | 27.80
[25] Lb50X0_a 5.00 | 22.00 | 50.00 | 25.03 | 42.80 | 28.00 | 165.00 | 1850.00 | 31.27
[25] Lb50X0_b 5.00 | 22.00 | 50.00 | 25.03 | 42.80 | 28.00 | 165.00 | 1850.00 | 31.55
[34] Rectangular_200 6.00 | 25.00 | 200.00 | 34.86 | 42.80 | 28.00 | 165.00 | 2300.00 | 24.00
[34] Rectangular_250 6.00 | 25.00 | 250.00 | 34.86 | 42.80 | 28.00 | 165.00 | 2300.00 | 31.00
Adhesive/Concrete interface failure mode, A/C (17 specimens)
[23] C-2.5x15-S-1 8 25 300 18.4 35 37.5 182 2863 52.97
[23] C-2.5x15-S-2 8 25 300 18.4 35 37.5 182 2863 56.03
[23] C-2.5x15-S-3 8 25 300 18.4 35 37.5 182 2863 46.26

Continued on next page
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ID ID ] | ] | [rm) | [MPa) | fmm) | un?] | [GPa) | [MPa] | [kN]
[35] C1.4x108-1 4.64 | 15.54 | 300 34.8 | 228 14 165 1850 36.6
[35] C1.4x10S-2 4.64 | 15.54 | 300 34.8 | 228 14 165 1850 39.4
[35] C1.4x10S-3 4.64 | 15.54 300 34.8 22.8 14 165 1850 41.4
[35] C2.5x158 7.65 | 23.56 | 300 34.8 35 37.5 165 3100 49.6
[35] C2.5x158 7.65 | 23.56 | 300 34.8 35 37.5 165 3100 48.3
[35] C2.5x158 7.65 | 23.56 | 300 34.8 35 37.5 165 3100 48
[34] Rectangular_300 6 25 300 34.86 | 42.8 28 165 2300 51
[26]** TS2-6.0-C40 NA 45 350 38.8 32 60 153 2700 150
[36]** DP600NS-1 6.4 19 152 NA 36 32 130 2500 43.6
[36]** DP600NS-2 6.4 19 152 NA 36 32 130 2500 54.3
[36]** DP600NS-3 6.4 19 152 NA 36 32 130 2500 50.7
[36]** DP600NS-4 6.4 19 152 NA 36 32 130 2500 41.8
[36]** DP600NS-5 6.4 19 152 NA 36 32 130 2500 48
[36]** DP600NS-6 6.4 19 152 NA 36 32 130 2500 48

Notes: * specimens not used in the analyses with SA formulation as in this guideline but used in the




8¢

sos analyses with SA by failure mode; ** specimens not used in the analyses with SA formulation as in the

sos guideline nor in the analyses with SA by failure mode.
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Table 1. Summary of ACI and SA formulations to estimate NSM FRP systems bond strength.

Parameter

ACT as defined in its guideline

SA as defined in its guideline

Development length [Lg]

(Affra) / (PyTavg)

7/ |2v/ (e Lyer) | Gnaa B A7)

Maximum pullout force [Fpaq]

Agpfraif Ly > Ly
Afffdé—z if Lb < Ld

\/Tmax(smaa:LperEfAf S Afffd if Lb Z Ld

\/Tmax(smaa:LperEfAfi_Z S Afffd if Lb < Ld

Other relevant information

Tavg = 6.9 MPa

Tonaz = (0.8 4 0.078p,0, ) £06
Omaz = (0.730%5. £57) [ Tinaa
Pper = (dg +1) / (by + 2)
Lper = 2(dy + 1) + by + 2
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Table 2. Results obtained in the partial safety factors method.

Step in the partial safety factors method described in section 1 !

(1) (ii) (v) (vi)
Probabilistic
Theoretical Design
ist
Limit resistance | Random TSIS anee resistance Safety
.
state function variables q un(]; on function factors
istribution
(R:) ") (Ra)
F
Eq. 10 fru i ~ N(2554.33;298.18 2 sk =14
(ACI/SA) ! Ay~ ) 5 g
B
Eq. 11 - 90— ~ LN(1.32;0.70) Talups T, =177
(ACI) oeps
C . R 2.4 0.5 ( fer0.67 4
(SA) Eq 12 Ef, fc \/W ~ 770\/07390])67“(?) LpeTEfAf
B R 2.4 2L, fe1: 0.6 4
(SA) Eq 13 fc %(0-84’0.078@@%)[@67‘ nb ™ (08 —I_ 0'07890])67“)Lp8’r‘< Ve )
B (ACI 0.55
( Eq. 14 - | ——A—— ~ LN(0.97;0.20)° 17162 (A—£> Lopy = 0.38
modified) 162(prb)O'55prf prLy

Lstep (ii) is depicted in Fig. 3 while step (iv) was achieved by applying Eq. 5 to each distribution of step (iii).

2 joint probability obtained in 106 Monte Carlo simulations using the error § and the existing random variables.

3 equal to the error probability distribution (see Fig. 3) since that is the only random variable.

4 see Table 3.
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Table 3. Results obtained in the reliability analyses of SA limit states depending on the concrete class.

Concrete class

Concrete cohesive failure limit state

Debonding limit state

Probabilistic resistance function model | 7. | Probabilistic resistance function model | 7,
C12/15 LN(1088.39;197.8) 0.73 LN(6.62;4.06) 0.29
C16/20 LN(1156.37;210.15) 0.71 LN(7.38;4.54) 0.27
C20/25 LN(1217.96;220.92) 0.69 LN (8.08;4.96) 0.26
C25/30 LN (1287.07;233.71) 0.68 LN(8.92;5.48) 0.25
C30/37 LN (1348.87;244.79) 0.67 LN(9.73;5.98) 0.25
C35/45 LN(1406.82;255.2) 0.66 LN(10.47;6.44) 0.24
C40/50 LN (1458.9;264.79) 0.66 LN(11.2;6.89) 0.24
C45/55 LN (1507.47;273.62) 0.65 LN(11.88;7.29) 0.24
C50/60 LN (1553.57;281.64) 0.65 LN(12.53;7.71) 0.23
C55/67 LN(1597.68;289.77) 0.65 LN(13.18;8.12) 0.23
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741 The following acronyms and symbols are used in this paper:
Acronyms
A Adhesive cohesive failure mode
ACT American concrete institute guideline
B Debonding failure mode (This includes C, A, F/A and A/C in
the case of ACI, and A, F/A and A/C in the case of SA)
C Concrete cohesive failure mode
(C)FRP (Carbon) Fibre reinforced polymer
EC Eurocode
F FRP rupture failure mode
NSM Near-surface mounted technique
R Probabilistic resistance function
R, Experimental resistance value
R, Theoretical limit state resistance function
Ry Design value of the limit state resistance function
SA Standards Australia guideline
A/C Adhesive/concrete interface failure mode
F/A FRP /adhesive interface failure mode
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Symbols

dq

(Smax

fcyfcmafck

Ffmaz
Ffmaac,d
Jrus Fres fa

Ly
Ly
Lper

Dy

Error

Design maximum bond slip

Maximum bond slip

Concrete partial safety factor

FRP partial safety factor

Debonding limit state global safety factor (SA guideline)
Concrete failure limit state global safety factor (SA guideline)
Failure perimeter ratio

Design bond strength

Average bond strength

Maximum bond strength

FRP cross-section area

Groove width

Groove depth

FRP modulus of elasticity

Concrete cylinder compressive strength, mean and character-
istic values, respectively

Maximum pullout force installed in the FRP

Design maximum pullout force installed in the FRP

FRP tensile strength ultimate, characteristic and design val-
ues, respectively

Bonded length

Development length

SA failure plane perimeter

FRP perimeter
57
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