Available online at www.eccomasproceedia.org
Eccomas Proceedia COMPDYN (2021) 1345-1367

ECCOMAS S ECCOMAS Thermaic Conference n

Computational Methods in Structural Dynamics and Earthquake Engineering

P ro ceedi a M. Papadrakakis, M. Fragiadakis (eds.)

Streamed from Athens, Greece, 28 - 30 June 2021

INFLUENCE OF THE EFFECTIVENESS FACTORS IN ASSESSING
THE SHEAR CAPACITY OF RC BEAMS STRENGTHENED WITH FRP

Piero Colajanni, and Salvatore Pagnotta

Department of Engineering, University of Palermo
Viale delle Scienze, Ed. 8, 90128, Palermo, Italy
email: {piero.colajanni, salvatore.pagnotta}@unipa.it

Abstract

Shear failure of RC beams strengthened with composite textiles is often affected by the differ-
ent failure modes characterizing the FRP reinforcement. The most relevant analytical models
for evaluating the shear capacity of RC beams strengthened with FRP take into account these
failure modes by introducing an effectiveness factor “R”, which reduces the ultimate FRP
tensile stress. Moreover, the interaction between stirrups and FRP reinforcement leads to a
reduced efficiency of the transverse steel reinforcement due to the brittle failure of composite
textile which hinders the yielding of all the stirrups involved by critical crack. In this regard,
some analytical models introduce an effectiveness factor “r”, aiming at reducing the yielding
stress of stirrups. The procedures to calculate the above two parameters represent the main
differences characterizing most of analytical models, significantly influencing their results.
For this reason, the present paper focuses on the comparison of the different procedures to
assess the effectiveness factors, proposing a new procedure for each effectiveness factor by
modification of already existing formulations. Influence of the arrangement of composite rein-
forcement on the efficacy of stirrups, affected by brittle failure of FRP, is considered by
means of the ratio between effective strain of composite to yielding strain of steel. The pro-
posed procedures are employed in a design-oriented analytical model able to calculate the
shear strength of RC beams retrofitted with FRP reinforcement arranged in any direction.
The model is formulated aiming at representing an extension of EN1992 shear model to
beams strengthened with FRP. The efficacy of the proposed procedures is assessed by com-
paring the experimental results against the predictions obtained via the design-oriented mod-
el and the above-mentioned analytical models.
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1 INTRODUCTION

Over the last years, several research groups have made significant efforts to develop inno-
vative structures, able to significantly reduce structural damage caused by destructive earth-
quakes [1-6]. Nevertheless, due to different factors (e.g. costs, business disruption, design
limitations), a considerable share of construction market is still devoted to retrofit existing RC
structures, especially those built between 1950s and 1970s, whose seismic performances are
unsatisfactory if compared to recently built structures. To this aim, among the different tech-
niques used, externally bonded Fiber-Reinforced Polymer (EB-FRP) is one of the most em-
ployed, thanks to its excellent mechanical performance to density ratio.

During the last two decades, several mechanical models have been developed to assess
flexural capacity and confinement effect of RC members retrofitted with externally wrapped
composite reinforcement (e.g. [7, 8]). On the contrary, it is challenging to develop analytical
models able to accurately account for all the resisting mechanisms influencing shear behavior
of RC members (e.g. aggregate interlock, shear span to depth ratio, size effect, dowel effect,
ductility demand), and the topic is still widely debated in the literature [9-11]. Some shear ca-
pacity models (such as [12, 13]) were developed on the basis of the strut-and-tie resisting
scheme, by using an additive approach. However, these models assume that there is no inter-
action between shear contributions provided by concrete, steel stirrups and FRP reinforcement,
and each contribution is achieved at shear failure. Nevertheless, experimental results showed
that this interaction occurs, and may lead to both a reduced shear contribution provided by
steel stirrups due to brittle failure of FRP which can be achieved before that all stirrups pass-
ing through shear critical crack yield, and a reduced shear contribution provided by FRP due
to possible limitation of the ultimate strain [14-16].

Differently from the American codes, those developed in Europe (e.g. [17-20]) evaluate
shear capacity of retrofitted RC members by means of truss mechanism with variable inclina-
tion of concrete strut, consistently with that used by [21] for ordinary RC members. However,
uncertainty arises when assessing shear capacity provided by concrete strut, being no common
solution in the selection of the angle of reinforcement to be used in the case of simultaneous
presence of steel stirrups and FRP reinforcement arranged with different inclinations.

In this framework, the present paper focuses on the comparison of the different procedures
to assess the effectiveness factors, proposing new procedures for the effectiveness factors ded-
icated to FRP and steel stirrups, by modification of already existing formulations. Influence of
the arrangement of composite reinforcement on the efficacy of stirrups, affected by brittle
failure of FRP, is considered by means of the ratio between effective strain of composite to
yielding strain of steel. The proposed procedures are employed in a design-oriented analytical
model able to calculate the shear strength of RC beams retrofitted with FRP reinforcement
arranged in any direction. The model is formulated aiming at representing an extension of
EN1992-1-1 shear model to beams strengthened with FRP. The main advantage of this model
is the capability of simultaneously taking into account the presence, and their mutual influ-
ence, of steel stirrups, FRP reinforcement and concrete strut, in assessing shear capacity of
retrofitted members. Closed-form equations are provided, for any amount and arrangement of
shear reinforcement, able to calculate stress acting at failure on steel stirrups, FRP reinforce-
ment and concrete strut, as well as angle of inclination of concrete stress field with respect to
member axis. The accuracy of the proposed procedures is assessed by comparing the experi-
mental results against the predictions obtained via the design-oriented model and the above-
mentioned analytical models.

Moreover, a modified version of the model suggested by CNR is proposed and validated,
aimed at overcoming the inaccuracy of the original model when assessing shear capacity of
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concrete strut. In fact, in this case CNR model considers the angle of inclination of FRP rein-
forcement only, neglecting the presence of stirrups. The modified version of CNR, named
CNRm, proposes to calculate an equivalent angle of shear reinforcement included in the eval-
uation of shear strength of concrete strut, obtained as a weighted average between shear ca-
pacity provided by steel stirrups and FRP reinforcement.

2  DESIGN-ORIENTED MODEL

Colajanni et al. [22] proposed a model based on the stress field approach, able to assess the
shear capacity of RC members having transverse reinforcement arranged with two different
inclinations. Here, that model is modified to be applied in the case of RC beams retrofitted
with FRP reinforcement inclined in any direction. The proposed model also represents the ex-
tension of a model based on the stress field approach, able to assess shear strength of retrofit-
ted RC beams with vertically-oriented FRP reinforcement only [23]. On the basis of the same
assumption of the models proposed in [22, 24], shear capacity of a strengthened RC beam can
be assessed by means of three different equations, obtained by calculating the vertical equilib-
rium of beam segments, identified via three different sections parallel to stress field directions
of concrete strut, steel stirrups, and FRP reinforcement, respectively (Figure 1).

A Ao

Figure 1: Different beam segments identified through three sections parallel to stress field direction of: concrete
strut (a); steel stirrups (b); FRP reinforcement (c).

By doing so, each of the three equilibrium equations, which are given below, depends only
on two stress fields, and can be easily solved:

v=RG,, o, (cot@+cota, )sin’ o, +r6,, o, (cotd+cota, )sin’ a, (1)
v=5,,(cot@+cota,)sin’ @+ R 6, o, (cota, —cota, )sin’ ¢, )
v=5,,(cotd+cota, )sin’ O+r6,, m,, (cota, —cota, )sin’ a, 3)

In the above equations v is the shear strength made non-dimensional with respect to
b,z f, ( b, section width), 5_fw =0, /f P , 6, =0,/ fsyw ,

W, = (2bftfffu ) / (bwsf sin a,ﬂm) , and @, = (Aswfsyw)/(bwsw sin azﬂm) are the non-
dimensional stresses and the mechanical ratios of FRP reinforcement and steel stirrups, re-
spectively, f5 1s the nominal rupture stress of the fiber, R the strain and stress “effective” coef-
ficient (effective strain g.=&u R, effective stress f.=fu R=Er &), and r is the reduction factor
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of the efficiency of the steel stirrups. The values of these efficiency coefficients will be inves-
tigated and assessed in the following sections.

The shear capacity of an RC beam is computed via the static theorem of theory of plasticity,
which gives an assessment of the shear capacity as the maximum value among the possible
solutions satisfying both the equilibrium condition (1)-(3) and the following inequalities of
plastic admissibility:

cw?

0<o,,,0, <1 -1<0,,<1 4)
A plastic admissible condition is obtained by combining (1), (2) and (4), as follows:

OS&CW=(R6/wa)/wsin2al+ra o 51n2052)(1+co‘[2 9)31 (5)

sw sSw

The above inequalities clarify the relation between the stress fields of the web concrete,
steel stirrups and FRP reinforcement.

In this paper, only the case of major practical interest is considered, namely «; and o, <
90°. According to Colajanni et al. (2020), to evaluate the shear strength and cot@ initially it is
supposed that, at failure, the stress limit is reached simultaneously in the three stress fields (i.e.
0., =05 =0,,=1). Thus, on the basis of the upper limit imposed by Eq. (5), the first tenta-

tive Value of the inclination of the web concrete stress field is obtained as follows:

cotd = \/( Ray, sin’ a, +r o, sin’ a, )_1 -1 (6)

Based on the results of the above equation, assuming coté;» = 2.5, three cases are defined:
e 1 < cotf < 2.5: the stress limit is reached simultaneously in the three stress fields, and
shear resistance can be calculated by using Eq.(1) assuming 6, =6, =0, =1;

e cot@> 2.5: the amount of FRP reinforcement and steel stirrups is not sufficient to induce
attainment of the maximum resistance in the web concrete stress field. Thus, cot@= 2.5 is
assumed, and the shear capacity is computed through Eq. (1), assuming 6, =6, =1.

The stress value in the web concrete field can be calculated by using Eq. (5), in which
cotfd=12.5;

e cotd < 1: shear failure is due to attainment of the stress limit in the web concrete stress
field and in one of the two shear reinforcements. Therefore, the other shear reinforcement
is in the elastic range at beam failure. Now it is assumed that ; < az. With the aim of de-
termining if the maximum shear is given by Eq. (2) with the FRP reinforcement reaching
the effective strain in tension (& s = 1) or (unlikely event) by Eq. (3) with the steel stir-
rups yielding in compression (& s = -1), the following inequality is employed:

R, sin’ o, <0.5+rw,, sin’ a, (7)

If the inequality is true, then the FRP reinforcement attains its stress limit, and the stress
acting on the steel stirrups is computed as follows:

G, = (0.5 -Rw,,sin’ ¢ ) / (r o, sin’ a, ) (8)

Conversely, if the inequality is false, then the steel stirrups yield in compression, and the
stress acting on the FRP reinforcement is calculated as follows:

G = (05+ra) s1n2a2)/(Ra3msin2al) )
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3 FRP EFFECTIVENESS FACTOR

Several experimental observations have shown that the failure of shear-strengthened RC
beams with bonded FRP is often associated with achievement of a specific failure mode in-
volving the textile material. The most common FRP failure modes reported in the literature
[25, 26] are the following: failure of the FRP; debonding at the FRP-concrete interface; exces-
sive width of the shear cracks and consequent loss of aggregate interlock; separation of the
concrete cover along a vertical plane (peeling off) (e.g. [27]). To take these effects into ac-
count a reduced effective FRP design strength f. = Er X &e, smaller than its nominal design
strength f;, = Er X &, was assumed. It was assessed by applying the effectiveness coefficient
R to the nominal ultimate fiber strain. Over the last two decades, several formulations have
been developed in order to estimate the above coefficient. In the proposed model, six different
approaches to assessing the reduced effective FRP design strength are considered, with the
aim of comparing their efficiency when introduced in the proposed model. Two of these six
approaches are reported below, being assembled by using different equations reported in sev-
eral papers, while the other four approaches are those suggested by ACI [12], CNR [17], fib
[20], and Mofidi and Chaallal [30].

3.1 First approach: Khalifa and Nanni [28, 29] and Pellegrino and Modena [27]

According to the first approach, already used in [23], the value of R is the minimum among
the three effectiveness coefficients R; (i=1,2,3) proposed in [28, 29] and the fourth R4 reported

in [27], i.e. R=min{R,R,,R,R,} .

The equations selected to describe the four modes of failure are reported below. The effi-
ciency coefficient R, which takes into account the tensile failure of the FRP, is computed by
means of the following equation:

R =0.56(p,E

) ~1.22(p,E,)+0.78 (10)

where Ef is the elastic modulus of the fibers. The coefficient R2, representing the debond-
ing phenomenon, is calculated using the following equation:

2

(fu)(d, —nLe)[738.93 ~4.06(E,1, )]

R. =
: &,d ,10°

(an

where L. is the effective length, which is evaluated using the expression provided by ACI
and CSA:

L,=23300/(Et,)" (12)

n is a parameter that takes into account the anchorage conditions, equal to 1 or 2 if the
shear strengthening is U-shaped or side-only, respectively. The range of validity of Eq. (12) is
20 < Ertr < 90. In case of complete wrapping or U-shaped strengthening with anchorages able
to prevent a debonding effect, the coefficient R> is not taken into account. The coefficient R3,
limiting the shear crack width, is set equal to:

R, =610 /¢, (13)

In the case of side-bonding and U-jacketing reinforcement, FRP failure often involves the
separation of the concrete cover along a vertical plane (peeling off). Hence, the coefficient
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proposed in [27] is assumed equal to:
2f., A, cos’ pb,,

Con L E (b -1)/ (k) by,

R

(14)

Further details about the parameters involved by Eq. (14) can be found in the above-
mentioned paper.

3.2 Second approach: Chen and Teng [25, 26]

According to [25, 26] the coefficient of effectiveness is the minimum between two effec-
tiveness coefficients, namely R = mln{RS,RG} . The effectiveness factor Rs takes into account

the tensile rupture of FRP, which usually occurs across the critical crack, correlating it with
non-uniform strain distribution in the FRP along a shear crack. The authors, assuming propor-
tionality of the fiber strain to the width of the shear crack, supposed an approximate strain lin-
ear distribution, where the FRP strain increases linearly from a minimum at the crack tip to a
maximum at the lower end. Thus, Rs can be expressed as:

R = 1+(h,—d,)/z

2
where dr = height of the FRP. Since experimental observations show that this kind of fail-
ure mode usually occurs in fully wrapped or U-wrapped RC beams, this coefficient must be
considered only for these arrangements. Instead, the coefficient Re takes into account failure
through debonding of FRP, which may occur when the bond length is not sufficient. Accord-

ing to [25] the stress in the FRP is variable along the bond length, and its maximum stress
(07.max) can be evaluated as:

(15)

£ <Ee, (16)

Iy

O =04278,8,

where f, = coefficient of the FRP-to-concrete width ratio; S, = bond length coefficient.
These values can be calculated by using the following equations:

ﬁw=\/2_w”sfs.mﬂ (17)
l+w, /s, sinf
1 if A>1

- 18

& sin”—; if 1<1 (18)

where 4 = Lyua/Le= normalized maximum bond length; in which the maximum (Lma) and
the effective bond length (L.) are respectively:

—Lwe for U - wrap
_|sin p
Lmax - (19)
hﬁ e :
— e for side bonded
2sin
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L=\E I\f (20)

where /¢ 1s the effective height of the FRP (further details can be found in [25]). Thus,
the effectiveness reduction factor R can be expressed as:

A

) 1—cos—

o for A <1
R, = Zpmax [T i T Q1)

E. ¢ 2
< fu

l——ﬂ_2 for A>1

A

4 STEEL STIRRUPS EFFECTIVENESS FACTOR

As recognized in several studies [14-16] the simultaneous presence of steel stirrups and
FRP reinforcement leads to a reduction in the peak resistance provided by each shear rein-
forcement. The interaction between the two materials is expressed both in the decrease of the
FRP shear contribution with the increase of the axial rigidity ratio between the internal steel
and the external FRP [27] and in the inability of some or all of the steel stirrups, affected by
critical fracture, to reach the yield strength due to FRP brittle rupture [14-16]. To overcome
these drawbacks many models have been developed, connecting the interaction between the
two reinforcement systems to their rigidities [30], or the shear crack width [31] or simply as-
suming a fixed reductive coefficient a = 0.75 [15].

On the basis of the parameter proposed by [15], in this paper the r reduction parameter is
defined by means of a bi-linear expression that relates the reduction of the contribution to the
shear strength given by the steel reinforcement to the ratio between the component of FRP
effective strain in the direction of the internal steel reinforcement & s« and the internal steel
reinforcement yield strain &yw:

€ fosd .
0.75— ife, /&, <1.33

syw

r= Egpw (22)

1 ife, ,/é&,,>133

where &0 = &. cosp with ¢ equal to the angle between FRP reinforcement direction and
steel stirrups. The reduction coefficient thus defined is able to take into account both that the
strain of the most elongated steel stirrup, at beam failure, can be limited by the effective strain
of the fiber, and that not all the stirrups along the critical crack are able to reach the yield
strain. In particular, when &g s4s/e5y = 1, only the most elongated stirrup, which intercepts the
shear crack at the point of maximum width, can reach the yield strain (assuming perfect adhe-
sion with concrete). It is also noted that » can take on a value less than 1 even if the ratio
&fe,sdl€sy 18 greater than 1. This makes it possible to take into account the second effect men-
tioned above, i.e. the non-uniform distribution of tension in the steel stirrups intercepted by
the shear crack.

As will be seen in the following sections, the modulation of the reduction coefficient a =
0.75 proposed in [15], through the ratio between the deformations of the interacting materials,
makes it possible to minimize the inaccuracy of the proposed models due to overestimation of
the steel resistance contribution.

The above effectiveness factor for steel stirrups is used in conjunction with effectiveness
factors reported in sections 3.1 and 3.2 only. This is due to the fact that the effectiveness fac-
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tor proposed by Mofidi and Chaallal [30] already considers reduction of contribution provided
by steel stirrups, while models proposed by investigated codes do not suggest any effective-
ness factor and are used in their original formulation.

S MODIFIED VERSION OF CNR-DT 200 R1/2013 [17]

Shear capacity model suggested by CNR is developed with the purpose of representing a
direct extension of the model proposed by EN1992-1-1 to evaluate shear capacity of ordinary
RC members. Shear capacity of each element constituting the truss mechanism can be written
in non-dimensional form, as well as shear capacity of retrofitted members, as given below:

v, =, (cotd+cota)sin® a

Sw

v, =@, (cotd+cot f)sin’ B
« . i (23)
v, = (cot0+COtl//)/(1+C0t 0)

V= mm(vs +vf,vc)

In the third of (23), the angle o provided by CNR model is substituted with the to-be-
determined angle . In fact, considering the angle & would consequently neglect the presence,
and its influence, of the other shear reinforcement when assessing shear strength of concrete
strut. For this reason, a simple iterative procedure is proposed below to calculate angle w.

According to the suggestion of CNR code, in the original version of CNR model the angle
w is set equal to angle S, while the inclination of concrete strut is assessed aiming at maximiz-
ing shear capacity of retrofitted RC member. Therefore, the sum of the first and second equa-
tion of (23) is equated to the third of (23), yielding:

3 c 22 c 2 2 c 2 c 22
cot Q(a)sw sin” @ + @, sin ﬂ) +cot H(a)sw sin” @ cota + @y, sin ﬁ'cot,[a’) + 24)
+cot H(a)‘w sin’ o + @, sin® f§ - 1) =coty — @, sin’ a cota —w,, sin® Bcot B

In the proposed version of CNR model, angle y contained in (24) is calculated by means of
the following iterative procedure:
e A tentative cot@ value is assumed, based on the sum of the mechanical ratios of each
shear reinforcement @+ @y, (alternatively a value of 1.75 can be used, being the average
value of the range of variation of cot@ suggested by CNR);

¢ By means of the first and second equation of (23) are computed shear capacities v’y and
v’rprovided by steel stirrups and FRP reinforcement, respectively. These values are em-

ployed to calculate a weighted angle v’ as v = (a v, + BV PRI (V'S +v f) ;
e The angle i/ obtained is inserted in (24), yielding a new cot@ value.

This procedure can be used iteratively until the difference between two consecutive values
of cot@ is negligible. However, numerical analysis performed by means of the above proce-
dure showed that one iteration is sufficient to obtain accurate values of cot6.

6 DATABASE DESCRIPTION

With the aim of comparing the accuracy of the model described above, a database contain-
ing 158 specimens of RC beams having rectangular or T-shaped cross-sections, strengthened
in shear by means of FRP strips or sheets was collected [14-16, 27, 32-51]. The specimen
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characteristics and the test results are reported in in Table 1. The database contains beams
strengthened with U-jacketing or complete wrapping schemes using carbon or glass fibers.
The effective depth of the cross-section of the beams ranges between 155 and 831 mm, while
the shear span is between 2.3 and 3.8. The transverse internal reinforcement is constituted by
vertical steel stirrups whose maximum geometrical ratio is 0.48%. As regards FRP reinforce-
ment, the ultimate tensile strength ranges between 106 and 4361 MPa, while the elastic modu-
lus is comprised between 8 and 640 GPa. Lastly, the FRP geometrical ratio ranges between
0.04% and 3.00%.

The database was divided into two partial databases: DTB1, consisting of 138 specimens,
in which the FRP reinforcement is arranged at right angles to the longitudinal axis of the
member; DTB2, consisting of 20 specimens, in which the FRP reinforcement is arranged at an
angle S different from 90°.

7 INFLUENCE OF EFFECTIVENESS FACTORS

The effectiveness factors described in previous sections are used to assess accuracy of the
proposed design-oriented model, which is evaluated by means of the ratio between experi-
mental shear capacity vey, and theoretical prediction v of tests reported in Table 1. The pa-
rameters used to quantify the accuracy and reliability of the model are the average ratio
between experimental and analytical values of shear capacity (Avg) and the Coefficient of
Variation (CoV).

Generally speaking, all the approaches used to calculate effectiveness factor provide satis-
factory results, as showed in Figure 2. Nevertheless, significant differences in the average and
scatter values given by the analyzed approaches can be observed, highlighting the paramount
influence of effectiveness factors in assessing shear capacity of RC beams. In fact, effective-
ness factor suggested by ACI provides the best average value (0.99), while that of fib gives
the worst one (0.83), overestimating significantly, in average, the shear capacity of beams. On
the contrary, effectiveness factor provided by Mofidi & Chaallal leads to an overall underes-
timation of the shear capacity, with an average value of 1.12. With regard to effectiveness fac-
tors described in sections 3.1 and 3.2, and that suggested by CNR, they provide similar
average values, showing an overall slight overestimation of shear capacity. Concerning CoV
values, it can be observed that FRP effectiveness factor proposed by Chen & Teng combined
with that for steel stirrups proposed in this paper provides the lowest scatter (0.20). Even if
ACTI effectiveness factor gives the best average value, it leads to the highest scatter (0.31),
similar to that obtained by using Mofidi & Chaallal equations (0.29). As for effectiveness fac-
tor named as “first approach”, as well as those proposed by CNR and fib, scatter values range
between 0.24 and 0.27. All that said, it can be stated that the procedure to calculate effective-
ness factors which combines the best average accuracy (Avg value close to 1) and the highest
reliability (low CoV value) is the one named “second approach”, which uses the equations
proposed by Chen & Teng to evaluate effectiveness factor for FRP, and the equations pro-
posed in section 4 to assess effectiveness factor for steel stirrups.

To provide an insight into the above-described differences, in Figure 3 are plotted the ef-
fectiveness factor values provided by the above-mentioned procedures for each specimens of
the database. Moreover, power regression in the form y = Ax®, as well as coefficient of de-
termination R’, are given for each group of effectiveness factors in the case of U-shaped
strengthening configuration. The results showed in Figure 3 help to explain the average and
scatter values plotted in Figure 2. As a matter of fact, fib and Mofidi & Chaallal procedures,
which averagely overestimates and underestimates the shear capacity of beams, respectively,
are characterized by parameters 4 of power regression equal to 0.20 and 0.08, respectively.

Moreover, the high scatter in shear capacity assessment provided by ACI procedure is
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Figure 2: Experimental vs. theoretical shear capacity by using the proposed design-oriented model calculating
effectiveness factors as suggested by: ACI (a); CNR (b); fib (c); Chen & Teng (second approach, sections 3.2
and 4) (d); Khalifa & Nanni, Pellegrino & Modena (first approach, sections 3.1 and 4) (e); Mofidi & Chaallal (f).
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Figure 3: Effectiveness factors for FRP calculated as suggested by: ACI (a); CNR (b); fib (c); Chen & Teng (sec-
tion 3.2) (d); Khalifa & Nanni, Pellegrino & Modena (section 3.1) (e); Mofidi & Chaallal (f).

confirmed by R’ value, which is the lowest among those given by the analyzed procedures.
With reference to complete wrapping configuration, it can be observed substantial differences
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among the procedures. In fact, equations proposed by fib and Chen & Teng tend to provide R
values higher than those given in the case of U-shaped configuration. On the contrary, equa-
tions proposed by CNR, Mofidi & Challal, and those listed in section 3.1, give R values simi-
lar to those for U-shaped strengthening scheme. With regard to ACI procedure, no trend can
be noted, the R values being highly scattered.

Once the procedure to calculate effectiveness factors was selected, the proposed design-
oriented model is validated against analytical results provided by code models suggested by
ACI and CNR, as well as the proposed modified version of CNR, named CNRm.

In Figure 4 and Figure 5 are showed the results of the ratio between the experimental shear
capacity and the theoretical prediction for each specimen belonging to the database and for
each of the above-mentioned models, considering the two partial databases. Regarding results
reported in Figure 4, all the models provide reliable results, even if some substantial differ-
ence can be observed. In fact, CNR model provides the best average value (1.00), to which
correspond, however, the worst CoV value (0.24). With reference to the proposed model and
ACI one, they provide similar values, characterized by low scatter and with a slight average
overestimation of shear strength of beams. It is worth recalling that, in the case of FRP rein-
forcement and steel stirrups arranged with the same inclination, CNRm model gives the same
results of the original CNR one.

Concerning beams having FRP reinforcement arranged with different inclination with re-
spect to that of steel stirrups, the proposed model gives the best results. Although all the mod-
els overestimate in average shear capacity of beams, the proposed model gives the closest
average to 1 and the lowest scatter. These results prove the accuracy and reliability of the pro-
posed design-oriented model, and its superior performance in the case for which it was formu-
lated, namely when FRP reinforcement and steel stirrups are oriented with different
inclinations. It should be stressed that, in this latter case, the proposed model is the only one
derived from a consistent physical model.

The results obtained in the two partial databases confirm that the use of an effectiveness
factor that takes into account the strain experienced by FRP reinforcement oriented in any di-
rection, leads to superior performance of the proposed model, which is thus able to account
for the main interactions characterizing the shear resistance of a strengthened RC beam. On
the contrary, model codes consider the brittle failure of FRP reinforcement, but neglect the
interaction of the retrofitting system with both steel stirrups and concrete strut.

With regard to the results provided by CNR model and its modified version, CNRm, in
Figure 5 it can be observed that the proposed calibration of y angle, which is the angle used in
the evaluation of shear strength of concrete strut, slightly improves the performance of CNR
model, reducing the scatter from 0.19 to 0.17. However, the proposed version of CNR model
still significantly overestimates shear capacity beams, with an average value of 0.73.

To shed light on how the calibration of y angle influences the assessment of concrete strut
inclination, in Figure 6 are illustrated cotd values for specimens having FRP reinforcement
and steel stirrups oriented with different inclinations. It can be noted that, for high amount of
mechanical ratios of shear reinforcements, cotd values are lower when y angle is computed
by means of the simple procedure proposed. This contributes to reduce the overestimation of
shear capacity affecting CNR model, increasing its reliability. It is worth noting that the pro-
posed design-oriented model provides cot@ values which are equal to 2.5 in most of the ana-
lyzed cases. This is due to the different formulation used to calculate effectiveness factor for
FRP, and to the presence of the effectiveness factor for steel stirrups, which reduces the de-
nominator value of Eq. (6).
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Figure 4: Experimental vs. theoretical shear capacity for DTB1: proposed design-oriented model with second
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DTB2: proposed design-oriented model with second approach (a); CNR (b); CNRm (c).

8 PARAMETRIC ANALYSIS

Once the accuracy and reliability of the proposed design-oriented model were proved, in
this section a parametric analysis is carried out, by varying inclination of FRP reinforcement,
with the aim of evaluating its influence on shear capacity of retrofitted RC beams, calculated
by means of the above-mentioned models based on variable inclination of concrete strut.

Among the several parameters influencing evaluation of shear capacity, mechanical ratios
of shear reinforcements (@s, and @yw), as well as inclination of steel stirrups (o = 90°), are
assumed, while inclination of FRP reinforcement can vary in the range 45° < < 90°. To
highlight some peculiar aspects of the proposed model, CNR one and its modified version
CNRm, four different arrangements of shear reinforcement are assumed, considered repre-
sentative of real applications: the first two, @y, = 0.15; @y = 0.05 and @y = 0.15; @y = 0.15,
are selected to compare the influence of the increment of steel shear reinforcement having low
amount of FRP shear reinforcement; the other two, @s, = 0.20; @y = 0.40 and @y, = 0.40; @y
= 0.20, are selected to compare shear strength in the case of high amount of steel/FRP shear
reinforcement. In Figure 7 are showed curves of theoretical prediction of shear capacity ob-
tained by means of the above models, calculated by varying angle of inclination of FRP rein-
forcement.

Generally speaking, the proposed model provides shear capacity values which are in most
cases lower than those given by the two versions of CNR model, confirming the findings of
Figure 5 against experimental results. Moreover, the proposed version of CNR model pro-
vides shear capacity values which are close to that of original CNR models for low amount of
steel stirrups, while approach to those of the proposed design-oriented model when increasing
amount of steel stirrups. With the exception of the case with very low amount of steel shear
reinforcement (i.e. ax = 0.15; @y = 0.05), the difference between shear capacity values given
by CNR and CNRm increases when angle of inclination of FRP approaches to 45°. As already
stated above, this difference is due to the inability of CNR model to properly take into account
the inclination of both steel stirrups and FRP reinforcement when assessing shear strength of
concrete strut. This difference is magnified when contribution to shear capacity provided by
steel stirrups is significant. More precisely, considering only the angle of inclination of FRP
in evaluating shear capacity of concrete strut, CNR model provides shear capacity values of
retrofitted beams closer to those of the other models when contribution given by FRP rein-
forcement prevails (@5 = 0.40; @y = 0.20), while substantial differences can be noted when
mechanical ratio of steel stirrups is considerably greater than that of FRP (as = 0.20; @y =
0.40).
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Figure 7: Shear capacity curves obtained with the proposed design-oriented model (black dotted line), CNR
model (red dashed line), and CNRm model (green dash-dotted line), by varying angle of inclination of FRP rein-
forcement.

Focusing the attention on the variation of shear capacity by changing angle of inclination
of FRP reinforcement, it can be observed that the optimal angle to obtain maximum shear
strength varies on the basis of mechanical ratios of steel stirrups and FRP reinforcement as-
sumed. For low amount of shear reinforcement, maximum shear strength is obtained for angle
between 65° and 90°, while in the case of high amount of shear reinforcement, shear strength
is maximized when FRP reinforcement is arranged with an angle less than 55°.

9 CONCLUSIONS

In the present paper was carried out a comparison between different procedures able to as-
sess the effectiveness factors used to reduce shear contribution provided by FRP reinforce-
ment when calculating shear capacity of retrofitted RC beams. In this regard, new procedures,
by modification of already existing formulations, were proposed both for FRP reinforcement
and steel stirrups. Concerning the latter, the proposed effectiveness factor aims to limit the
strain of stirrups on the basis of the effective strain of FRP arranged in any direction. The
above procedures were compared, together with those suggested by ACI, CNR, fib, and
Mofidi and Chaallal [30], by calculating theoretical shear capacity of a group of 158 experi-
mental tests, by using a proposed design-oriented model based on stress fields with variable
inclination of concrete strut. This model has the advantage to simultaneously take into ac-
count the presence, and their mutual influence, of FRP reinforcement, steel stirrups, and con-
crete strut, when assessing the shear capacity, as well as the concrete stress field inclination.
The model was formulated in order to accurately take into account FRP reinforcement and
steel stirrups arranged with different inclinations in evaluating shear strength of concrete strut.
In this latter case, other models based on truss mechanism, such as that proposed by CNR, fail
to consider the presence of both FRP reinforcement and steel stirrups when evaluating shear
capacity of concrete strut. For this reason, a new simple formulation developed for CNR
model was proposed, aimed at obtaining an equivalent angle of inclination to be used in eval-
uation of shear capacity of concrete strut, weighted on the basis of shear contributions provid-
ed by FRP reinforcement and steel stirrups. To highlight the improvement given by the
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prop

osed modification to CNR model, a parametric analysis was carried out, by varying incli-

nation of FRP reinforcement, with the aim of evaluating its influence on shear capacity of ret-
rofitted RC beams, calculated by means of the above-mentioned models based on variable
inclination of concrete strut.

Once the effectiveness factors providing the best results were selected, the proposed model

was

compared against models proposed by ACI and CNR, as well as the proposed modified

version of CNR, named CNRm. The main findings are summarized below:

The procedure to calculate effectiveness factors which combines the best average accura-
cy (Avg value close to 1) and the highest reliability (low CoV value) is the one named
“second approach”, which uses the equations proposed by Chen & Teng to evaluate ef-
fectiveness factor for FRP, and the equations proposed in section 4 to assess effective-
ness factor for steel stirrups.

Concerning beams having FRP reinforcement arranged with different inclination with re-
spect to that of steel stirrups, the proposed model gives the best results. Although all the
models overestimate in average shear capacity of beams, the proposed model gives the
closest average to 1 and the lowest scatter. These results prove the accuracy and reliabil-
ity of the proposed design-oriented model, and its superior performance in the case for
which it was formulated, namely when FRP reinforcement and steel stirrups are oriented
with different inclinations.

With regard to the results provided by CNR model and its modified version, CNRm, re-
sults showed that the proposed calibration of y angle, which is the angle used in the
evaluation of shear strength of concrete strut, slightly improves the performance of CNR
model. However, the proposed version of CNR model still significantly overestimates
shear capacity of RC beams.

Regarding the parametric analysis, the proposed version of CNR model provides shear
capacity values which are close to those of original CNR models for low amount of steel
stirrups, while approach to that of the proposed design-oriented model when increasing
the amount of steel stirrups.

Focusing the attention on the variation of shear capacity by changing angle of inclination
of FRP reinforcement, it can be observed that the optimal angle to obtain maximum shear
strength varies on the basis of mechanical ratios of steel stirrups and FRP reinforcement
assumed. For low amount of shear reinforcement, maximum shear strength is obtained
for angle between 65° and 90°, while in the case of high amount of shear reinforcement,

shear strength is maximized when FRP reinforcement is arranged with an angle less than
55°.

10 APPENDIX

Jem bw xd psw by tr B opw S Er ey
Spec.no.  (MPa) (mm) (%) (mm) (mm) (°) (%) (MPa) (GPa) (-)
Sato et al.
(1997)[51] No.2 357  150x240 042 C  0.11 90 0.15 3480 230 0.39
a/d=25
Es =183 GPa N3 353 150x240 042 C  0.11 90 0.15 3480 230 0.46

Jfsvw =387 MPa

Deniaud &
Cheng (2001) T6S4-C90 44.1 140 x 528 0.10 50 0.11 90 0.08 3400 230 0.19
a/a[’3:8]2 3 T6S4-G90 44.1 140 x 528 0.10 C 1.80 90 2.57 106 18 0.20
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fém by, x d Psw bf tj ,B Pfw ﬁ'u Ef Vexp

Spec.no.  (MPa) (mm) (%) (mm) (mm) (°) (%) (MPa) (GPa) ()
Eyw=260 GPa

520 MPa T6S2-C90  44.1  140x528 020 50 0.11 90 0.08 3400 230 0.21

Deniaud &  T484-G90  30.0 140x362 0.10 50 1.80 90 2.57 106 18 0.30
Cheng (2003)

[39] T4S2-G90 303 140x362 020 C 180 90 257 106 18 0.33

a/d=3.0  T4$2.C45 294 140x362 020 C 070 45 050 442 45 033
Eq =200 GPa

S =520 MPa T4S2-Tri 304 140x362 020 C 210 60 3.00 124 8 035
Bousselham &

Chaallal (2006) SB-SI1-0.5L 25.0 152x356 038 C 0.06 90 0.08 3100 243 0.46

a/fj]w SB-SI-IL 250 152x356 038 C 0.1 90 0.14 3100 243 042
Eqw=215 GPa

o 650 MPa SB-SI-2L 250 152x356 038 C 021 90 028 3100 243 0.44

A-UI-C-17 414 150x250 039 C 0.17 90 022 3450 230 0.34

Pellegrino & A-U1-C-20 414 150x250 034 C  0.17 90 022 3450 230 0.32

Modena (2006) A-U1-S-17 414 150x250 039 C  0.17 90 022 3450 230 0.35

[27] A-U1-S-20 414 150x250 034 C 0.17 90 022 3450 230 0.34

a/d=30  A-U2-C-17 414 150x250 039 C 033 90 044 3450 230 0.35

Ew=210GPa A-U2-C-20 414 150x250 034 C 033 90 0.44 3450 230 0.33

fow=534MPa A-U2-S-17 414 150x250 039 C 033 90 044 3450 230 0.31

A-U2-S-20 414  150x250 034 C 033 90 0.44 3450 230 0.30

SB-U1 274  75x155 028 20 0.11 90 0.10 4200 235 0.45

SB-F1 274  75x155 028 20 0.11 90 0.10 4200 235 0.46

Leungetal. SB-F2 274  75x155 028 20 0.11 90 0.10 4200 235 0.46

(2007) [43]  MB-UI 274  150x305 028 40 022 90 0.10 4200 235 0.27

a/d=29 (SB) MB-U2 274  150x305 028 40 022 90 0.10 4200 235 0.28

a/d=3.0 (MB) MB-F1 274 150x305 028 40 022 90 0.10 4200 235 0.42

a/d=2.7(LB) MB-F2 274 150x305 028 40 022 90 0.10 4200 235 0.44

Eq=210GPa LB-Ul 274  300x660 0.14 80 0.44 90 0.10 4200 235 0.23

fow=550 MPa LB-U2 274  300x660 0.14 80 0.44 90 0.10 4200 235 0.23

LB-F1 274  300x660 0.14 80 0.44 90 0.10 4200 235 0.36

LB-F2 274 300x660 0.14 80 0.44 90 0.10 4200 235 0.36

UF90 11.0 250x410 0.10 C 022 90 0.18 2600 390 0.25

US60 11.0  250x410 0.10 150 0.22 60 0.08 2600 390 0.22

US45+ 11.0  250x410 0.10 150 0.22 45 0.06 2600 390 0.25

US45++ 11.0  250x410 0.10 50 0.22 45 0.06 2600 390 0.26

Monti & Liotta UF45+ A 11.0  250x410 0.10 C 022 45 0.18 2600 390 0.33

(2007)[14] UF45++B  11.0 250x410 0.10 C 022 45 0.18 2600 390 0.34

a/d=35  UF45++C  11.0 250x410 0.10 C 022 45 0.18 2600 390 0.36

Ew=210GPa US45+D 11.0  250x410 0.10 150 022 45 0.08 2600 390 0.32

fow=500MPa US45++E  11.0 250x410 0.10 150 022 45 0.08 2600 390 0.32

US45++F  11.0  250x410 0.10 150 022 45 0.08 2600 390 0.29

WS45+ 11.0  250x410 0.10 50 022 45 0.06 2600 390 0.31

USVA 10.6  250x410 0.10 150 022 38 0.05 2600 390 0.25

USVA+ 106 250 x410 0.10 150 0.22 38 0.05 2600 390 0.28

Pellegrino & -~ B_.y1.C-14 462 150x240 048 C 0.7 90 022 3450 230 0.34
Modena (2008)

[15] B-U2-C-14 462 150x240 048 C 033 90 0.44 3450 230 0.35
Ea/d;ggp B-UI-C-17 462 150x240 039 C 0.17 90 022 3450 230 0.32
ﬁ;::534MP2 B-U2-C-17 462 150x240 039 C 033 90 044 3450 230 0.33
Grande ctal. RS4Wa 21.0 250x411 0.10 C  0.19 90 0.15 2600 392 0.6
(2009) [16] RS3Wa 210 250x411 013 C  0.19 90 0.15 2600 392 0.34

a/d=34  RS2Wa 21.0 250x411 020 C  0.19 90 0.15 2600 392 0.31
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Jem byxd  pw by v B o Ja Er Ve

Spec.no.  (MPa) (mm) (%) (mm) (mm) (°) (%) (MPa) (GPa) (-)

E.=210GPa RS4Ub 21.0 250x411 0.10 C 0.9 90 0.15 2600 392 023

Jow=476 MPa pg31y, 210 250x411 0.13 C 0.9 90 0.15 2600 392 0.8

RS2Ua 21.0 250x411 020 C  0.19 90 0.15 2600 392 0.29

Belarbi o al. SNA 207 457 x831 0.15 254 022 90 0.06 3792 228 024

(2012 [34] SPMA 238  457x831 0.15 254 022 90 0.06 3792 228 023

s 12:NA 289 457x831 0.10 254 022 90 0.06 3792 228 0.15

b0 Gpa 12DMA 30.5  457x831 0.10 254 022 90 0.06 3792 228 0.18

376 Mpa 12PC 192 457x831 0.10 254 022 90 0.06 3792 228 0.9

o 12-HS-PC 183  457x831 0.10 254 022 90 0.06 3792 228 0.7

U90S5-a(L) 37.0 250x420 0.11 300 029 90 0.14 4000 240 0.16

U90S5-a(S)  37.0 250x420 0.11 300 0.29 90 0.14 4000 240 0.14

U90S5-b(L) 28.0 250x420 0.11 300 0.29 90 0.14 4000 240 021

U90S5-b(S)  28.0 250x420 0.11 300 0.29 90 0.14 4000 240 0.20

U90C5-a(L) 24.5 250x420 0.11 C 029 90 0.23 4000 240 0.22

U90C5-a(S) 245 250x420 0.11 C 029 90 023 4000 240 0.20

U90C5-b(L) 22.6 250x420 0.11 C 029 90 023 4000 240 0.6

U90C5-b(S) 22.6 250x420 0.11 C 029 90 023 4000 240 0.24

U90S3-a(L) 20.5 250x420 0.11 300 0.17 90 0.08 3800 240 0.25

At ot U9083-a(S) 205 250x420 011 300 0.7 90 0.08 3800 240 0.23

(01332 UO0S3b(L) 226 250420 011 300 017 90 0.08 3800 240 022

i35 U90S3-b(S) 226 250x420 0.1 300 0.7 90 0.08 3800 240 0.24

o0 apa U90S3-c(L) 280 250420 0.11 300 0.17 90 0.08 3800 240 0.20

f”f: 500 Mpa U90S3-c(S) 280 250420 0.1 300 0.7 90 0.08 3800 240 0.16

v U90C3-a(L) 302 250x420 0.1 C  0.17 90 0.13 3800 240 0.17

U90C3-a(S) 302 250x420 0.1 C  0.17 90 0.13 3800 240 0.18

U90C3-b(L) 302 250x420 0.11 C  0.17 90 0.13 3800 240 0.16

U90C3-b(S) 302 250x420 0.11 C 0.7 90 0.13 3800 240 0.17

U45S5(L)  30.7 250x420 0.11 300 029 45 0.14 4000 240 0.17

U45S5(S) 307  250x420 0.11 300 029 45 0.14 4000 240 0.18

U45S83-a(L)  20.5 250x420 0.11 300 0.17 45 0.08 3800 240 0.3

U45S3-a(S)  20.5 250x420 0.11 300 0.17 45 0.08 3800 240 0.24

U45S3-b(L) 30.7 250x420 0.11 300 0.17 45 0.08 3800 240 0.17

U4583-b(S)  30.7 250x420 0.11 300 0.17 45 0.08 3800 240 0.17

Panda etal.  S300-U-90 404 100x230 0.19 C 036 90 0.72 160 13 0.2

(23(]113)£429] S300-UA-90 404 100x230 0.19 C 036 90 072 160 13 023
a =J.

E..—200GPa S200-U-90 421 100x230 028 C 036 90 072 160 13 022

Jow=232MPa $300.UA-90 42.1 100x230 028 C 036 90 0.72 160 13  0.23

Baggioetal.  6-G-N 50.1 150x310 021 100 0.51 90 034 575 26 0.16

(2%4_)?93] 7-PD-G-N 501 150x310 021 100 051 90 034 575 26 0.15

E“fl=2oo'GPa 8-PD-G-CA 50.1 150x310 021 100 0.51 90 034 575 26 0.15

fow=384MPa 9-PD-G-GA 50.1 150x310 021 100 0.51 90 034 575 26 0.16

Colalillo &  S5-US 47.6 400 x 545 0.07 100 1.00 90 025 961 95 0.11

Sheikh (2014)  g5.yA 47.6  400x545 007 C 1.00 90 0.50 961 95 0.13

a/6[13:7]3_1 S5-CS 47.6 400 x 545 0.07 100 1.00 90 025 961 95 0.16

F..=195Gpa S2-US 475 400 x545 0.14 100 1.00 90 025 961 95 0.13

fow =501 MPa  S2-UA 475 400x545 0.14 C 1.00 90 050 961 95 0.15

Osden ot FBWO-C 124  120x339 0.14 20 0.13 90 0.05 4300 238 027

014 (48] FBWC 124 120x339 0.14 20 0.3 90 0.05 4300 238 0.36

i ss  PBwC 124 120x339 0.14 20 0.13 90 0.05 4300 238 0.9

E 00 Gpa FBWO-G 124 120x339 0.14 20 0.16 90 0.06 3400 73 0.27

49 Mpa TBWG 124 120x339 0.14 20 0.6 90 0.06 3400 73 034

w PBw-G 124 120x339 0.14 20 0.16 90 0.06 3400 73 034
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Sem by xd  pw by v Bopw S Er Vey
Spec.no.  (MPa) (mm) (%) (mm) (mm) (°) (%) (MPa) (GPa) ()
FBwo-Hi-C 124 120x339 0.14 20 0.14 90 0.05 2600 640 0.24
FBw-Hi-C 124 120x339 0.14 20 0.14 90 0.05 2600 640 0.27
PBw-Hi-C 124 120x339 0.14 20 0.14 90 0.05 2600 640 0.31
Mofidi &
Chaallal 2014y WTST-50 310 152350 038 88 0.1 90 007 3450 230 033
a/a['4=4::|5.0 WT-ST-70  31.0 152x350 038 88 0.11 90 0.10 3450 230 0.34
Ey\, =206 GPa
o Sqompa WTSH-I00 3100 152x350 038 C 0.1 90 014 3450 230 034
Mofidietal.  g; 1S NE 337 152x350 038 40 2.00 90 0.60 1350 90 0.34
(2014) [45]
a/d=3.0  SI-LS-PE 337 152x350 038 40 2.00 90 0.60 1350 90  0.37
fy:gﬁgﬁii SI-EB-NA 337 152x350 038 C 0.1 90 0.14 3450 230 0.36
El-Saikalyet  S1EB 28.0 152x350 025 C 038 90 050 894 65 032
al 2014) [do] SIS 28.0 152x350 025 20 140 90 021 2250 120 0.30
d—30 | SI-LS-Rope 280 152x350 025 20 140 90 021 2250 120 0.38
EoC 000 Gpa S3EB 28.0 152x350 038 C 038 90 050 894 65 038
ff ~igoMpa S3LS 28.0 152x350 038 20 140 90 021 2250 120 0.36
o S3-LS-Rope  28.0 152x350 038 20 140 90 021 2250 120 0.42
Qin et al.
(2015) [50]
a/d=31  S00 29.6 125x295 029 C 100 90 1.60 986 96 0.37
Eye=210 GPa
firw =542 MPa
Chenetal  ggyy 461 200x320 025 50 0.17 90 0.08 4361 226 0.23
(2016) [36]
a/d=3.0  S8-UFAIl 46.1 200x320 025 50 0.17 90 0.08 4361 226 0.4
fy: f?gﬁgi S8-UFA2 46.1 200x320 025 50 0.17 90 0.08 4361 226 028
Frederick et al.
2017)[42]  TB2 272 130x235 0.17 C 0.15 90 023 1400 119 0.37
a/d=3.2
Eyv=200 GPa  TRg 272 130x235 0.17 C 0.5 90 023 1400 119 0.42
firw=415 MPa
El-Saikalyet EBSNA 280 152x350 025 C 038 90 0.50 894 65 032
al 2017y [41] EBLNA 28.0 152x350 025 20 2.00 90 030 1350 90 0.30
"d—30 | EBS-BL 28.0 152x350 025 C 038 90 050 894 65 037
00 Gpa EBSER 28.0 152x350 025 C 038 90 050 894 65 0.40
f‘.“’: 530 Mpa EBLRF 28.0 152x350 025 20 2.00 90 030 1350 90 0.41
o EBL-RW 28.0 152x350 025 20 200 90 030 1350 90 0.38
A1-23-C 30.6 120x406 0.16 75 1.00 90 083 98 96 0.4l
A1-23-G 30.6 120x406 0.16 75 130 90 1.08 575 26  0.40
A1-23-G-C. 30.6 120x406 0.16 C 130 90 2.17 575 26 043
A1-23-C-C. 30.6 120x406 0.16 C 1.00 90 1.67 98 96 0.5
Neuyen-Minh  A223-C 30.6 120x406 0.16 75 2.00 90 1.67 98 96 0.43
otal (2018) B123C 444  120x406 0.16 75 1.00 90 0.83 98 96 0.32
(461 B1-2.3-G 444  120x406 0.16 75 130 90 1.08 575 26 032
vi—s3 BI23:G-C. 444 120x406 016 C 130 90 217 575 26 034
05 Gpy BI-23-C-C. 444 120x406 016 C  1.00 90 1.67 986 96 036
fsw:342MPa B2-2.3-C 444  120x406 0.16 75 2.00 90 1.67 98 96 0.34
S C1-2.3-C 58.7 120x406 0.16 75 1.00 90 0.83 98 96 029
C1-23-G 58.7 120x406 0.16 75 130 90 1.08 575 26 027
Cl1-23-G-C. 587 120x406 0.16 C 130 90 2.17 575 26 031
Cl1-23-C-C. 587 120x406 0.16 C 1.00 90 1.67 98 96 032
C2-2.3-C 58.7 120x406 0.16 75 2.00 90 1.67 98 96 030
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Sem byxd  pw by v B S Er  Vew
Spec.no.  (MPa) (mm) (%) (mm) (mm) (°) (%) (MPa) (GPa) ()
Ml-a 42.8 200x493 0.12 50 0.17 90 0.04 2739 263 0.18
MIl-b 42.8 200x493 0.12 50 0.17 90 0.04 2739 263 0.17
MI1A 39.0 200x493 0.12 50 0.17 90 0.04 2739 263 0.19
MIB 385 200x493 0.2 50 0.17 90 0.04 2739 263 0.19
Oller et al. M2A 39.0 200x493 0.12 100 0.17 90 0.07 2739 263 0.20
(2019)[47] M2B 385 200x493 0.2 100 0.17 90 0.07 2739 263 0.19
a/d=3.0 Hl-a 444  200x493 0.12 50 0.17 90 0.04 2739 263 0.17
Eqw=200 GPa H2-a 444  200x493 0.12 100 0.17 90 0.07 2739 263 0.17
Jfow=0646 MPa H2-b 49.7 200 x493 0.12 100 0.17 90 0.07 2739 263 0.15
H2A 447  200x493 0.12 100 0.17 90 0.07 2739 263 0.20
H2B 49.6  200x493 0.12 100 0.17 90 0.07 2739 263 0.18
H3A 447 200x493 0.2 C 017 90 0.17 2739 263 0.19
H3B 49.6  200x493 0.12 C 0.17 90 0.17 2739 263 0.19

Table 1: Characteristics of specimens and experimental results
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