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Abstract: The application of externally bonded fiber-reinforced polymer (EB-FRP) as shear
transverse reinforcement applied in vulnerable reinforced concrete (RC) beams has been proved to
be a promising strengthening technique. However, past studies revealed that the effectiveness of
this method depends on how well the reinforcement is bonded to the concrete surface. Thus,
although the application of EB-FRP wrapping around the perimeter of rectangular cross-sections
leads to outstanding results, U-jacketing in shear-critical T-beams seems to undergo premature
debonding failures resulting in significant reductions of the predictable strength. In this work, five
shear-critical RC beams with T-shaped cross-section were constructed, strengthened and tested in
four-point bending. Epoxy bonded carbon FRP (C-FRP) sheets were applied on the three sides and
along the entire length of the shear-strengthened T-beams as external transverse reinforcement.
Furthermore, the potential enhancement of the C-FRP sheets anchorage using bolted steel
laminates has been examined. Test results indicated that although the C-FRP strengthened beams
exhibited increased shear capacity, the brittle failure mode was not prevented due to the
debonding of the FRP from the concrete surface. Nevertheless, the applied mechanical anchor of
the C-FRP sheets delayed the debonding. Moreover, the design provisions of three different code
standards (Greek Code of Interventions, Eurocode 8 and ACI Committee 440) concerning the shear
capacity of T-shaped RC beams retrofitted with EB-FRP jackets or strips in U-jacketing
configuration are investigated. The ability of these code standards to predict safe design
estimations is checked against 165 test data from the current experimental project and data
available in the literature.

Keywords: reinforced concrete (RC); T-shaped beams; externally-bonded fiber-reinforced-polymer
(EB-FRP); shear; U-shaped retrofitting

1. Introduction

Shear failure of reinforced concrete (RC) structural members is characterized by the brittle
nature and the formation of crucial diagonal cracking. It has been experimentally verified that the
ratio of the transverse reinforcement combined with the amount of the tension reinforcing bars and
the span-to-depth ratio controls the inclined shear cracking and the overall behavior. It is also well
known that the initial shear cracking capacity of a RC member is governed by the tensile strength of
concrete and, for this reason, any enhancement of the deficient concrete behavior under tension
would improve the shear performance of the member. Thus, the effectiveness of non-traditional
shear reinforcement such as steel fibers and spirals instead of common steel stirrups has been
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indicated as a potential alternative technique which provides noticeable improvement of the shear
response [1-5].

Strengthening of existing low-capacity RC structures using externally bonded fiber-reinforced
polymers (EB-FRP) has become very popular because of the advantages of these materials such as
their superior strength-to-weight ratio, their easy-to-apply character, their durability and their
chemical and corrosion resistance [6-8]. For shear-critical RC elements with rectangular
cross-sections in particular, full jacketing application of EB-FRP sheets wrapping around the
cross-section and along their entire length provides increased strength and enhanced structural
performance since it alters the shear brittle response to a ductile one [9-12]. However, common
constructional limitations, such as the existence of a slab, usually prevent the wrapping of EB-FRP
sheets around the cross-section. Thus, most RC beams with a T-shaped cross-section are shear
strengthened using EB-FRP sheets (jackets or strips) on the three sides of the web of the beam
(U-shaped retrofitting). A significant deficiency of this technique is the premature failure of the
strengthened member due to the debonding of the EB-FRP at the adhesive composite and concrete
interface [13-20].

Several experimental studies have demonstrated the effectiveness of the use of EB-FRP sheets in
strengthening procedures of shear-deficient RC members. Chaallal et al. [21] proposed one of the
first models for predicting the shear contribution of the EB-FRP based on the assumption that the
composite fibers contribute to the shear capacity similar to internal transverse reinforcement. It
further assumes that the limiting EB-FRP tensile strength is reached when the composite is
intersected by the shear failure crack if the bond length is sufficient. Triantafillou [22] used the truss
theory to estimate the effective strain on FRPs, which developed from a regression of experimental
data. This model disregards the different strengthening schemes and failure modes. Triantafillou
and Antonopoulos [23] proposed an extension of Triantafillou’s model, in which different effective
strain expressions and coefficients were adopted for carbon FRP wrapping and other schemes, based
on regression of a larger database (75 tests).

Khalifa et al. [24] and Khalifa and Nanni [25] amended the previous models by introducing
coefficients to consider the reduced strain developed due to an increase of shear crack width and
loss of aggregate interlock. Deniaud and Cheng [26,27] proposed a model assuming a uniform strain
distribution among the composite fibers crossing the concrete shear crack. Pellegrino and Modena
[28], assuming the EB-FRP strains were equal to those of internal stirrups, introduced a reduction
factor for Khalifa’s model [24] considering the interaction between the EB-FRP and the internal shear
steel reinforcement according to experimental results. Chen and Teng [29,30] analyzed shear failure
in RC beams strengthened with EB-FRP and concluded that the stress distribution of the fibers along
the crack is non-uniform. They proposed an analytical model for failure by EB-FRP rupture [29] and
another for failure by EB-FRP debonding [30], in which the limiting stresses are determined by the
effective bond length and the width coefficients of the applied EB-FRP. Carolin and Téljsten [31]
presented an expression to predict the contribution of the EB-FRP based on a refinement of the truss
model theory. Strain limitations are prescribed for the principal strain in the concrete instead of the
fiber strain. Monti and Liotta [32] proposed a debonding model for EB-FRP shear-strengthened RC
beams. This model has three core components: a generalized constitutive mode for the EB-FRP
concrete bond, boundary limitation and shear crack opening provision. It also introduced a
generalized criterion for EB-FRP failure. The design proposal described in this model and relative
aspects of some of the aforementioned models have been incorporated into the Italian design Code
CNR-DT 200 R1/2013 and the guidelines of fib Bulletin 90 [33,34].

Lavorato et al. [35] tested two “real” RC beams which have been properly extracted during
retrofitting works from an old existing RC building and then strengthened against shear using
inclined U-shaped carbon EB-FRP strips. EB-FRP sheets have also been applied in RC beams and
beam-column joints that suffer shear stresses. Constructional difficulties and limitations in RC
beam-column joints and frames also caused undesirable shear failure in the joint specimens
retrofitted with EB-FRPs [36—40].
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This paper investigates the shear strengthening of T-shaped RC beams using EB-FRP U-jackets
and its aim is twofold: firstly, to present new test results of an experimental project concerning the
shear behavior, the cracking performance and the failure mode of RC T-beams retrofitted with
U-shaped carbon FRP (C-FRP) sheets. The effectiveness of a mechanical anchor of the EB-FRP sheets
using bolted laminates on the debonding and overall response is also examined; secondly, to
evaluate the results of the design provisions of three different code standards; Greek Code of
Interventions [41], Eurocode 8 part 3 [42] and ACI Committee 440 [43] for the design of shear
strengthened RC T-beams with EB-FRP materials using 165 test data available in the literature.

2. Experimental Program

The experimental program consisted of 5 beams with a common T-shaped cross-section, total
length and shear span equal to 1.40 m and 0.5 m, respectively. The cross-section dimensions of the
specimens were bw/h/bihy = 150/200/300/50 mm, as shown in Figure 1, whereas the effective depth
was equal to d = 175 mm. The steel longitudinal reinforcement of the web of the tested beams
comprised 2 bars 16 up and 4 bars J16 down in order to avoid bending failure. The reinforcement
of the flange of the specimens was 2 steel longitudinal bars (J8 and transversal horizontal steel bars
4 at a uniform spacing of 150 mm (Figure 1).

All specimens, except beam TS, had no stirrups or other steel shear reinforcement. Specimen T
was used as the control specimen whereas three specimens (T2], T3] and T2J-A) have been
strengthened using EB-FRP sheets with carbon fibers that have been bonded continuously along the
entire length of the beams. In these specimens C-FRP sheets wrapped the vertical sides and the
bottom width of the beams (U-wrapped beams). The fiber direction of the C-FRP sheets oriented
perpendicular to the longitudinal axis of the beam, as external shear transversal reinforcement.
Specimens T2J and T3] comprised 2 and 3 plies of C-FRP sheets, respectively, whereas specimen
T2J-A comprised 2 plies of C-FRP sheets that were additionally anchored using two bolted steel
laminates (Figure 1). Two 40 mm wide and 10 mm thick mild steel 5275 laminates have been epoxy
bonded at each vertical side of the web of the beam and bolted with 10 mm diameter bolts spaced
longitudinally at 400 mm. All retrofitted beams and the control specimen had no stirrups in order for
the contribution of the C-FRP sheets as the only transverse reinforcement on the shear capacity of the
tested beams to be investigated. For comparison reasons, the experimental program also includes
one specimen (beam TS) with mild steel shear reinforcement. The steel transversal reinforcement of
beam TS was 4 mm diameter closed plain stirrups at a uniform spacing of 140 mm, as shown in
Figure 1.
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Figure 1. Cross-section dimensions and reinforcement details of the tested beams.



Fibers 2020, 8, 13 4 of 22

2.1. Materials

In order to determine the compressive and the tensile strength of the concrete used,
supplementary compression and splitting tests of six 150 x 300 mm cylinders for each test were also
carried out. The mean values of the compressive and the tensile strength of the concrete were fon =
35.15 MPa and fum = 3.01 MPa, respectively. The values of standard deviation and coefficient of
variation for the compressive strength were 2.96 and 0.08, respectively, whereas for the tensile
strength were 0.28 and 0.09, respectively.

The shear non-metallic reinforcement of the strengthened beams T2], T3] and T2J-A was
unidirectional carbon fiber sheets with thickness 0.13 mm per ply (Sikawrap Hex 230 C). According
to data provided by the FRP supplier, the elastic modulus, the ultimate tensile strength and the
elongation at failure of the sheets were Ef = 230 GPa, fu = 3500 MPa and eu = 1.5% mm/mm,
respectively. A two-component rubber-toughened cold-curing-construction epoxy adhesive with
density 1310 kg/m?® and tensile strength 30 MPa was used for bonding the FRP sheets to concrete
(Sikadur-330).

2.2. Test Setup and Instrumentation

The beams were simply supported on two roller supports 1.20 m apart and tested in monotonic
load, as shown in Figure 2. The load applied in a steel distribution beam in order to generate two
concentrated loads 200 mm apart in the midspan of the beam as a four-point loading. This way, the
ratio of the shear span to the effective depth ratio was equal to a/d = 2.86. The load was imposed
consistently in a low rate and was measured by a load cell with accuracy equal to 0.05 kN. Midspan
deflection of the tested beams was measured by a linear variable differential transducer with
accuracy equal to 0.01 mm. Measurements for load and deflection were read and recorded
continuously.

X

Figure 2. Test setup (control specimen T).

3. Test Results and Commentary

All tested beams exhibited diagonal cracks and eventually failed in a brittle manner due to
shear as shown in Figure 3. Figure 3a,b illustrate, in particular, the typical shear cracking of the
control beams without transverse reinforcement (specimen T) and with inadequate steel stirrups
(specimen TS), respectively. Both beams exhibited typical inclined cracking through the shear span.
Figure 3c,d show the failure of the FRP-strengthened beams T2] and T3], respectively. These beams
demonstrated severe brittle diagonal failure right after the debonding of the epoxy bonded C-FRP
sheets. The failure of the FRP-strengthened specimen T2J-A with bolted steel laminates is depicted in
Figure 3e. Although in this case the concrete diagonal cracking is not visible since it has occurred
behind the C-FRP sheets, there is no doubt about the shear failure of the beam obtained. This is
based on the fact that the loading bearing capacity of the beam has been abruptly decreasing along
with the debonding failure of the C-FRP sheets and the concrete interface. Nevertheless, the installed
mechanical anchor delayed the debonding failure and prevented the peeling-off of the C-FRP sheets
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in specimen T2J-A (Figure 3e), whereas the debonding and the peeling-off of the C-FRP sheets are
apparent in specimens T2J] and T3] (Figure 3c,d). It is noted that in the study of Bae and Belarbi [44]
the application of a sandwich discontinuous mechanical anchorage system succeeded in altering the
failure mode of EB-FRP strengthened RC T-beams from debonding to fiber rupture under certain
circumstances.

Figure 3. Cracking and shear failure of the tested beams: (a) T; (b) TS; (c) T2J; (d) T3J; (e) T2J-A.
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The total applied load at shear cracking (Per) and the corresponding midspan deflection (0rcr), as
well as the ultimate applied load (Px) and the corresponding midspan deflection (or«) as measured
from the tests, are reported in Table 1. It is noted that values at cracking and at ultimate load are
equal in the cases of beams T3] and TS. Further, Figure 4 shows the entire shear response of the
tested beams in terms of the total applied load versus midspan deflection experimental curves. The
first graph of Figure 4 presents and compares the behavior of the control beam T with the behavior
of the strengthened beams T2J and T3] with 2 and 3 plies of C-FRP sheets, respectively. The effect of
the special anchorage of the C-FRP sheets on the shear performance of the beams is shown in the
second graph of Figure 4 that compares the experimental curves of the beam T2J-A with bolted steel
laminates and the beam T2] without laminates.

220 + 3 plies of C-FRP sheets
- (beam T3J) 2 plies of C-FRP sheets:
200 + o n
L AR closed steel stirrups AN Beam T2J-A
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Figure 4. Total applied load versus midspan deflection experimental curves.
Table 1. Test results.
Beam Shear Reinforcement Po (kN)  6pr (mm)  Pu(kKN)  6pu(mm)
T - 97.5 3.45 117.5 7.45
T2] 2 plies of C-FRP sheets 161.0 4.80 163.5 7.00
T3] 3 plies of C-FRP sheets 202.5 6.98 202.5 6.98
2 pli f C-FRP sheet hored
Toj.a 2 plies of C-FRP sheets anchore 192.0 5.20 202.0 7.70
with bolted steel laminates
TS closed steel stirrups ©¥4/140 mm 186.0 7.15 186.0 7.15

Based on the experimental results reported in Table 1 and presented in Figure 4 it can be
deduced that all the U-jacketed specimens using EB-FRP sheets exhibited increased shear capacity.
Values of the ultimate shear load of the strengthened beams T2], T3] and T2J-A were 1.39, 1.72 and
1.72 times higher than the ultimate shear load of the beam without shear reinforcement (control
specimen T), respectively. It is noted that the conventionally shear-reinforced beam TS with rather
inadequate amount of closed steel stirrups exhibited 1.58 times higher shear capacity.

Furthermore, the comparison of the load versus deflection behavioral curves of the tested
beams (see also Figure 4) reveals that the failure load of the conventionally reinforced beam TS is
close to the ultimate load of the retrofitted beams, although the ratio of the steel stirrups provided in
beam TS is about 3 and 4 times lower than the shear reinforcement ratio of the C-FRP sheets applied
in beams T2] and T3], respectively (see also Table 2). Nevertheless, the experimentally obtained
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increase of the shear strength due to the external application of EB-FRP U-jacketing is noticeable
since the C-FRP sheets form the only transverse reinforcement.

In order to evaluate the effect of the epoxy-bonded U-shaped C-FRP sheets on the shear
strength of the tested beams, Table 2 and Figure 5 have been drawn. Table 2 presents the volume of
the shear reinforcement, the ultimate shear strength, the contribution of the shear reinforcement
(C-FRP sheets or stirrups) to the shear strength and the percentage increase of the shear strength due
to the shear reinforcement, for each tested beam.

Moreover, the volume of each beam’s shear reinforcement and the corresponding values of the
concrete contribution (V) and the shear reinforcement contribution (Vs for the beams with C-FRP or
Vs for the beam TS with stirrups) to the total shear strength (V.) are plotted in Figure 5. It is noted
that the contribution of FRP sheets to the shear capacity (V) is obtained by subtracting the total shear
strength (V) of the strengthened beams with C-FRP from the shear capacity of the control beam
without shear reinforcement (specimen T). The total shear strength of the control beam T represents
the concrete contribution (V).
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Figure 5. Concrete and fiber-reinforced polymer (FRP) contribution in shear strength.

Table 2. Effect of FRP sheets on the shear strength.

Beam Code Ratio of Shear Increase of
Name Reinforcement ! Vi (k) Vi (or V) (kN) Shear Strength
T - 58.75 - -
T2J 0.347% 81.75 Vr=23.00 39%
T3] 0.520% 101.25 Vr=42.50 72%
T2]-A 0.347% 101.00 Vi=42.25 72%
TS 0.120% (stirrups) 93.00 s=34.25 58%

1 pr=2 x tbw; bw =150 mm and #r=0.26 mm (beams T2] and T2]-A), tr=0.39 mm (beam T3]J).

Based on the shear strength values of Table 2 and Figure 5 it can be observed that the presence
of U-wrapped C-FRP sheets as transversal reinforcement increases the shear load carrying capacity
of the tested T-beams. Beams T2] and T3] with volume of C-FRP reinforcement equal to 0.347% and
0.520%, respectively, exhibited 39% and 72% increased shear strength with reference to the
non-strengthened beam T (control beam), respectively. It is noted that the steel-reinforced beam TS
with volume of steel stirrups equal to 0.120% showed 58% higher shear strength than the control
beam.
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Furthermore, from the comparison of the experimental curves and the shear strength values of
beams T2] and T2J-A (Figures 4 and 5, Table 2) it is observed that a significant increase in the shear
capacity was achieved due to the use of the special anchorage of the C-FRP sheets using bolted steel
laminates. Beam T2J-A with 2 plies of C-FRP sheets and bolted steel laminates exhibited 23% higher
shear strength than the beam T2] without laminates and 72% than the control beam T. Besides, the
entire shear performance of the beam T2J-A was more improved and ameliorated even than the
response of beam T3] with 3 plies of C-FRP sheets.

4. Design Provision

Several guidelines and design provisions for the shear strengthening of RC beams using
EB-FRP materials have been proposed. Based on them, the nominal shear strength of an EB-FRP
retrofitted RC beam, V&, is calculated by adding the contribution of the EB-FRP to the shear
resistance, Vy, with the corresponding resistance of the concrete, V, and the steel shear reinforcement
(stirrups or/and bent-up bars), Vs

VH:VC+VS+Vf, (1)

The strength components of Ve and Vs are usually calculated according to the provisions of the
existing design codes for a non-strengthened RC member. The contribution of the EB-FRP materials
to the shear resistance is usually obtained by multiplying the ultimate vertical stress developed in
the EB-FRP by the area of the fibers that cross a potential shear crack. Thus, the EB-FRPs that are
intersected by this diagonal shear crack are assumed to contribute the same effective strain. Most of
the design guidelines and models use a similar design relationship with different definitions or
estimations of the EB-FRP effective design strain or/and the corresponding stress.

4.1. Greek Code of Interventions (KAN.EPE.)

The Greek Code of Interventions, also known as KAN.EPE. [41], adopts the model proposed by
Chen and Teng [29,30] and estimates the EB-FRP contribution using the following expression:
V,=0,pb h.f(cott9+c0ta)sin2u, )

jw e

where pj is the reinforcement ratio of the EB-FRPs; bw is the width of the web of the RC beam; ;e is
the effective depth of EB-FRP that can be assumed to be equal to hjer = 2/3d; d is the effective depth of
the beam; 0 is the strut inclination angle that can be taken as 0 = 45°; « is the angle between the fiber
direction and the longitudinal axis of the member; oj« is the EB-FRP effective design stress at failure:

0, < & , for fiber rupture failure ©)]

m

where fir= Ej¢jeit is the design tensional strength of the EB-FRP; E; is the modulus of elasticity of
EB-FRP; ¢jcrit= ko jmax is the design (critical) strain of the EB-FRP; kv= 0.5; &jmur= €jup < 1.5% is the
ultimate strain of the EB-FRP; i =k~ if k >4 and ¢ = 1 if k <4 is a degrease coefficient of multiple
EB-FRP plies; k is the number of the EB-FRP plies; ym = 1.2 is the partial safety factor.

jcrit

o, <

, for debonding failure 4)

Rd

where ojerit = ko 0jmax is the design (critical) stress of the EB-FRP; yr¢ = 1.2 is the safety factor for
modeling uncertainty; ko= 0.4 + 0.25A < 0.65; gjmax is the ultimate stress of the EB-FRP as calculated by
the following expression; A = Lw/Le < 1; Lo = hje is the available bond length of the EB-FRP; L. is the
effective bond length of the EB-FRP that can be calculated by the following empirical expression:
_ 5 g Som
o-j,max - ﬂwﬁL t_tLe 4 (5)

j
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Et

— i’

’ 2 fcfm

where fom is the mean compressive strength of concrete; # = ¢ k tj1 is the thickness of the EB-FRP; #j1 is
the thickness of one EB-FRP ply.

(in mm where E; and fem given in MPa and #j given in mm), (6)

?)

where wj and s; are the width and the spacing of the EB-FRP strips, respectively, that in the case of
jackets sj = wj.

Concerning the parameter fi, it can be calculated according to Neubauer and Rostasy [45]
equation for the case of C-FRP plates as: fr = A(2-A), which has been modified as follows [46,47]:

. (7
B, =sin (?j = A2-1), (8)
where A is the ratio between the bonded length, Ls«, and the effective bond length, L., as mentioned

above.
It is noted that the ratio of the applied EB-FRP is calculated based on the following expression:

2tw,
=—]1 9
P s,b, sina ©)
Thus, Equation (2) can be written in the form of:
w, _
de :h],'gfadetj . (Cot6+cota)sma, (10)
]

4.2. Eurocode 8 Part 3

Eurocode 8 part 3 [42] adopts the model proposed by Monti and Liotta [32] and estimates the
EB-FRP contribution by the following expression:

2

w

Via,s =0.9df ,, 2t {S—fJ (cot&+cot §)sin 3, (11)
f

where d is the effective depth of the beam; #is the total thickness of the EB-FRP; wris the width of the
EB-FRP strips that in the case of EB-FRP jackets it is equal to wy=min(0.94d, hv) sin(6 + B)/sin0; sris the
axial spacing of the EB-FRP strips that in the case of jackets sf=wy, hw is the height of the web of the
beam; 0 is the strut inclination angle; § is the angle between the fiber direction and the longitudinal
axis of the member; fu. is the effective design stress of the EB-FRP that depends on the type of the
retrofitting scheme (fully wrapped, U-shaped and side bonded) and in the examined case of
U-shaped retrofitting it is calculated by:

- (12)

L sinf
ffdd,c,u = ffdd {1_ k :| ,

where fua is the design debonding strength of the case of U-shaped EB-FRP that equals:

1 |0.6E ﬂ mk
foa =—,|—=, (13)
Vi t
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where ys=1.5 is the partial safety factor for EB-FRP debonding; fui is the mean compressive strength
of concrete; Eris the modulus of elasticity of EB-FRP; k= (1-2/m); z= 0.94; ks is the covering coefficient;
L. is the effective bond length of the EB-FRP as calculated by the following expressions:

k, = \/1.5(2—wf/sf )(1+wf/100mm) (wr and s given in mm), (14)

L = ff (in mm where Erand Tma given in MPa and # given in mm), (15)
47

max

Tmax="1.8fetm kv is the maximum bond strength.

4.3. ACI Committee 440

ACI Committee 440 [43] is based on the design equations derived by Khalifa et al. [24] and
estimates the EB-FRP contribution by the following expression:

A, f.(sina + cosa)d
v, =2 L, (16)
i

where Ap = 2ntauy is the area of the EB-FRP; dy is the effective depth of the EB-FRP; n is the number of
the EB-FRP plies; tfis the thickness of one EB-FRP ply; wr and sf are the width and the spacing of the
EB-FRP strips, respectively, in the case of continuous jackets s = wy; a is the angle between the fiber
direction and the longitudinal axis of the member; fr = Erer is the effective design stress of the
EB-FRP; Ef is the modulus of elasticity of the EB-FRP; ¢ = ko & < 0.4% is the EB-FRP effective strain;
&fu is the ultimate rupture strain of the EB-FRP; ks is a bond-reduction coefficient that depends on the
specified concrete compressive strength, f, the type of the retrofitting scheme and the stiffness of the
EB-FRP:

kk,L

=M%t cg7s,
* 7 11,9008, (17)

where ki = (f/27)25; k2 = (dr-Le)/ds (for U-wraps) and L. = 23,000/(ntEf)*%® (fe and Ef given in MPa, dy, L.
and # given in mm). Thus, Equation (13) can be written in the form of:

w, )
Vf=dffﬂ,2(ntf) ? (sina + cosa), (18)

and the design value of the EB-FRP contribution to shear is ¢yyVy (reduction factors: ¢= 1)r=0.85).

5. Database Results and Discussion

The database used consists of 165 shear-critical RC beams with T-shaped cross-section that have
been externally strengthened with U-shaped EB-FRP continuous and discontinuous sheets (jackets
and strips, respectively). Test results are used to compare the analytical predictions of the design
provisions concerning the EB-FRP contribution to the shear capacity with the experimentally
obtained values. The 165 tested beams were collected from the current experimental study and the
following 26 existing works around the world [25-27,48-70].

The beams of the database are sorted into two groups; “jackets” and “strips”. The first group
consists of 92 RC beams strengthened with EB-FRP jackets, in which 27 have an anchorage system.
The second consists of 73 RC beams strengthened with EB-FRP strips, in which 27 have an
anchorage system.

Externally EB-FRP sheets with fibers from Carbon, Glass and Aramid are examined. The
EB-FRP thickness varies from 0.063 mm to 2.10 mm. The minimum values of the concrete
compressive and the tensile strength are 20.6 MPa and 1.64 MPa, respectively.
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In the first group (jackets), 44 beams have also steel transverse reinforcement (stirrups) from
which 39 have EB-FRP from carbon fibers and 5 from glass fibers. Further, 48 beams have no steel
shear reinforcement (without stirrups) from which 38 have EB-FRP from carbon fibers, 6 from glass
fibers and 4 from aramid fibers. In the second group (strips), 49 beams have also steel transverse
reinforcement (stirrups) from which 48 have EB-FRP from carbon fibers and 1 from glass fibers.
Furthermore, 24 beams have no steel shear reinforcement (without stirrups) from which 22 have
EB-FRP from carbon fibers and 2 from glass fibers.

In Figures 6-8, the analytical predictions derived from the provisions of the Greek Code of
Interventions [41], the Eurocode 8 part 3 [42] and the ACI Committee 440 [43], respectively (denoted
as Via in “KAN.EPE.”, Vrisin “EC8” and ¢i)fVrin “ACl”) are compared with the test results (Viexp) of
the EB-FRP contribution to the shear resistance of the examined RC T-beams retrofitted with
U-shaped EB-FRP jackets and strips. The diagonal lines signify the design datum (test results are
equal to the analytical ones). The design values have been calculated with the safety factors and the
area above these lines denotes the safe side.

180 —+ 180 +

+ KAN.EPE. (jackets) 1 X X KAN.EPE. (strips)
150 + x « 150 + %
4 XX o //V’ 3 1 X (
120 + X e Vel 120 7 X -
—_ ] X , —_ ] X X y w{\’
E 90 -+ x x . o Azd 90 + )g‘ -
= 4 = 4 .
D60 1 e 0% Sxe ’ R S
N T x® ¢ ’.>5< PORS o 1 > %
0L wEPK . IRE 5 T .
T 3 X . * with stirrups 30 T %o + with stirrups
j . X without stirrups 1x e o X without stirrups
0 —t )t 0 -ttt
0 30 60 90 120 150 180 0 30 60 90 120 150 180
Via (KN) Vg (kN)
(a) (b)

Figure 6. Results obtained based on the provisions of the Greek Code of Interventions (KAN.EPE.):
(a) U-shaped retrofitted T-beams with EB-FRP jackets; (b) U-shaped retrofitted T-beams with EB-FRP

strips.
180 + . 180 + .
1 + EC8 (jackets) 1 x  ECS xstrips)
1 X : 4
150 1 ) g 150 1 < .
1 XX 7 . ] « s
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FE * ¢ FE x X x
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~T ot L T 1 e X
1 MXX X X ¢ 1 X *
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, . * X without stirrups 4 * tee X without stirrups
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Figure 7. Results obtained based on the provisions of the Eurocode 8 part 3: (a) U-shaped retrofitted
T-beams with EB-FRP jackets; (b) U-shaped retrofitted T-beams with EB-FRP strips.
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Figure 8. Results obtained based on the provisions of the ACI Committee 440: (a) U-shaped
retrofitted T-beams with EB-FRP jackets; (b) U-shaped retrofitted T-beams with EB-FRP strips.

Table 3 summarizes the minimum and maximum values of the main features of the
shear-critical T-shaped RC beams of the database such as the cross-sectional dimensions bs/bw/h/hs
(slab width/web width/height/slab depth), the mean concrete compressive strength fou, the ratio of
the steel tensional longitudinal reinforcement ps, the ratio of the steel transverse web reinforcement
(stirrups) psw, the modulus of elasticity of the EB-FRP Ej the ratio of the EB-FRP pr and the
contribution of the EB-FRP to the shear resistance Viexp. Furthermore, 4 full detailed Tables (Tables
A1-A4) presenting the properties of all the 165 collected beams of the experimental database are
included in the Appendix of this paper.

Table 3. Summary of the experimental database characteristics.

fcm Psl Psw Ef Pr Vf,exp
be/bo/hfs (mm) b 00) (%) (GPa) (%) (kN)

T-beams with stirrups and U-jackets (44 specimens)
min: 270/95/220/50 250 21 010 81 007 21
max: 745/275/605/150  49.6 55 0.83 263 346 169.4
T-beams without stirrups and U-jackets (48 specimens)
min: 140/64/175/50 206 05 - 128 0.07 11.0
max: 745/275/605/150  59.6 3.8 - 231 328 152.0
T-beams with stirrups and U-strips (49 specimens)
min: 300/100/300/50  31.0 1.6 0.0 155 0.04 1.1
max: 600/200/600/150  68.5 3.8 0.79 263 0.80 95.1
T-beams without stirrups and U-strips (24 specimens)
min: 250/100/175/50  23.0 14 - 132 0.05 120
max: 508/200/600/150 ~ 70.0 3.8 - 236 0.67 170.5

The comparisons between the test results and the design predictions of the examined code
provisions in Figures 6-8 indicate a rather large scatter between the predicted values and the
experimental results. Furthermore, unsafe estimations (points below the diagonal line of the design
datum) of all three codes can be observed for certain specimens. The unsafe predictions are less in
the case of beams with EB-FRP strips than in the case of beams with jackets. Nevertheless, for the
majority of the collected beams the code provisions provide safe estimations and satisfactory
correlation (see also Table 4).

The observed discrepancies could be justified by the following facts. The analysis and the
prediction of the shear resistance of shear-critical RC beams is a difficult task due to the influence of
the complex interacting phenomena involved [1,11,12]. This complexity is augmented by the
application of EB-FRP to increase the shear capacity of RC beams. Code provisions are based on
analytical models for the prediction of the EB-FRP contribution to the shear resistance of RC beams,
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which, in general, were calibrated from (a) a reduced amount of experimental results, (b) rather
unrealistic geometric conditions (laboratory beams) and (c) test programs of only rectangular
cross-section beams [71,72]. Furthermore, most theoretical approaches for the case of T-shaped
beams are treated as a special case of the rectangular beams with bonded fibers over a fraction of the
cross section and in some cases, they have been validated with experimental data obtained from
rectangular cross sections [73].

Table 4. Code provisions predictions.

Parameters KANL.EPE. ECS8-3 ACI-440
Safe factor: 1.20 1.50 1.38
T-beams with stirrups and retrofitted with continuous U-jackets (44 specimens)

mean value: 1.35 1.06 1.00

standard deviation/coefficient of variation: 0.86/0.64 0.72/0.69  0.64/0.64
T-beams without stirrups and retrofitted with continuous U-jackets (48 specimens)

mean value: 1.74 1.44 1.53

standard deviation/coefficient of variation: 1.07/0.61 0.86/0.60  1.19/0.78
T-beams with stirrups and retrofitted with U-strips (49 specimens)

mean value: 1.45 1.46 1.73

standard deviation/coefficient of variation: 0.85/0.58 1.03/0.71  1.22/0.70
T-beams without stirrups and retrofitted with U-strips (24 specimens)

mean value: 2.86 1.96 2.81

standard deviation/coefficient of variation: 1.60/0.56 1.18/0.60  1.54/0.55

The evaluation of the effective strain in fibers is an important parameter that, in most analytical
models, determines the contribution of the EB-FRP to the shear resistance of the RC beams.
Furthermore, the ratio of the strains &f/em (effective strain to the ultimate strain of the EB-FRP)
indicates the effectiveness of the EB-FRP on the basis that cases of premature debonding failures
exhibit low ratio values whereas cases of fiber rupture failures exhibit high ratio values. It is known
that the majority of the strengthened T-shaped RC beams with U-wraps of EB-FRP materials fail due
to debonding. Figures 9-11 display the diagrams of the ratio /e versus the amount of the applied
EB-FRP in terms of the ratio Efpsfem. It is noted that the values of the effective strain have been
calculated based on the provisions of the Greek Code of Interventions (KAN.EPE.) [41], the
Eurocode 8 part 3 [42] and the ACI Committee 440 [43], respectively. The values of the mean
compressive strength of concrete, the ultimate strain, the modulus of elasticity and the
reinforcement ratio of the EB-FRPs have been taken from the experimental data of the beams
examined.
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Figure 9. Effectiveness of the EB-FRP U-jacketing based on the provisions of the Greek Code of
Interventions (KAN.EPE.): (a) U-shaped retrofitted T-beams with EB-FRP jackets; (b) U-shaped
retrofitted T-beams with EB-FRP strips.
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Figure 10. Effectiveness of the EB-FRP U-jacketing based on the provisions of the Eurocode 8 part 3:
(a) U-shaped retrofitted T-beams with EB-FRP jackets; (b) U-shaped retrofitted T-beams with EB-FRP

strips.
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Figure 11. Effectiveness of the EB-FRP U-jacketing based on the provisions of the ACI Committee
440: (a) U-shaped retrofitted T-beams with EB-FRP jackets; (b) U-shaped retrofitted T-beams with
EB-FRP strips.

6. Conclusions

The effectiveness of U-jacketing in shear-critical T-beams using EB-FRP sheets is investigated.

The following conclusions can be drawn within the scope of this study:

U-jacketing is an open-form strengthening technique with inadequate anchorage at the edges of
the externally applied EB-FRP sheet. The lack of any special anchorage system at these edges
significantly affects the shear capacity and the overall behavior of the U-shaped retrofitted RC
T-beams. Substantial low potential shear strength and low values of the effective strain of the
applied EB-FRP materials are reported due to the occurrence of premature debonding failures.
U-jacketed beams failed due to brittle shear exhibiting severe diagonal cracking of concrete
along with the debonding and the peeling-off of the C-FRP sheets from the concrete surface of
the beam. However, the examined FRP-strengthened beams demonstrated higher shear
strength values than the corresponding non-strengthened beams (control specimens). More
specifically, the U-jacketed beams with 2 and 3 plies of C-FRP sheets exhibited 39% and 72%
increased shear capacity with respect to the control specimen without transverse reinforcement.
The failure of the strengthened beam with 2 plies of C-FRP sheets and an additional mechanical
anchor of the sheets is also governed by brittle shear although the applied anchorage system
prevented the peeling-off of the EB-FRP sheets and the concrete diagonal cracking was not
visible since it was hidden behind the C-FRP sheets. Nevertheless, the applied mechanical
anchor of the U-shaped C-FRP sheets delayed the debonding resulting in a 72% increase of the
shear capacity with respect to the control specimen without transverse reinforcement.
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e The provisions and consequently the predictions of the Greek Code of Interventions
(KAN.EPE.), Eurocode 8 part 3 and the ACI Committee 440 for shear strengthened RC T-beams
using U-shaped EB-FRP jackets or strips vary. Different expressions for the estimation of the
effective design strain or/and the corresponding stress are used. Comparisons between 165 test
data of T-beams from existing studies and analytical design predictions derived from these
provisions indicate that for the majority of the examined beams the Codes provide safe
estimations. However, unsafe estimations of all three Codes are observed for certain specimens.

e  The present and recent relative studies reveal that although a lot of analytical and experimental
investigations on the shear strength of EB-FRP-retrofitted RC beams with rectangular
cross-section have been conducted, there is a lack of research concerning the performance of T-
beams. Furthermore, ongoing research aims to reduce the scatter in the predictions of the
design models. However, additional questions concerning the effectiveness of these estimations
also arise from the existing variety of the examined code provisions concerning the shear
capacity of EB-FRP strengthened RC T-beams presented herein. The observed discrepancies
between test results and analytical predictions and between the existing models are justified, up
to a point, by the fact that the shear problem involves the influence of complex interacting
phenomena and a number of parameters, such as the properties and the efficiency of the
applied EB-FRP materials, the existence of the internal steel reinforcement, the effect of the slab
on the shear performance and on the anchorage of the composite sheets among others. Thus,
further research efforts are required to understand better the aforementioned issues, to obtain
more and reliable experimental results, and to interpret them in order to refine the existing
models and code standard provisions.
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Table Al. Properties of the retrofitted T-beams with EB-FRP continuous U-jackets and stirrups of the

database.

bs/bw/h/hs em sl Psw Ef Efu fu FRP a pf Ve Viexp
Ref.  Name (mm) (l\{lPa) (f:/o) (%) (GPa) (%) (h{Pa) 1 Y (deg) (%) (KN) (kN)
[26]  T6S4-G90 400/140/600/150 441 28 010 177 060 106 G 1 90 257 2975 109.9
[26]  T6S4-Tri 400/140/600/150 441 28 010 81 153 124 G 1 60 346 3167 129.1
[27]  T454-G90 400/140/400/150 380 21 010 177 060 106 G 1 90 257 2056 486
[27]  T4S2-G90 400/140/400/150 383 21 020 177 060 106 G 1 90 257 2256 243
[27]  T4S2-Tri 400/140/400/150 384 21 020 81 153 124 G 1 60 3.46 2427 414
[49] No.2  400/150/300/100 443 55 067 230 151 3480 C 1 90 015 2640 65.0
[49] No.3  400/150/300/100 438 55 0.67 230 151 3480 C 1 90 015 2230 24.0
[52] 5 300/100/300/50 334 3.6 075 240 142 3400 C 1 90 032 1201 38.1
[53]  G5.5-1L 584/122/4445/89 379 27 083 231 158 3650 C-a 1 90 024 3203 312
[53]  G5.5-2L 584/122/4445/89 379 2.7 083 231 158 3650 C-a 1 90 047 3425 534
[53]  GS8.0-1L 584/122/4445/89 379 27 057 231 158 3650 C-a 1 90 024 2980 311
[53]  G8.0-2L 584/122/4445/89 379 27 057 231 158 3650 C-a 1 90 047 3292 623
[53]  G8.0-3L 584/122/4445/89 379 27 057 231 158 3650 C-a 1 90 071 3514 845
[53]  Gl6-1L 584/122/4445/89 379 27 029 231 158 3650 C-a 1 90 024 2758 40.0
[53]  G16-2L 584/122/4445/89 379 27 029 231 158 3650 C-a 1 90 047 3203 845
[53]  G24-1L  584/122/4445/89 379 27 019 231 158 3650 C-a 1 90 024 2580 534
[53]  G24-2L 584/122/4445/89 379 27 019 231 158 3650 C-a 1 90 047 2535 489
[53]  G24-3L 584/122/4445/89 379 27 019 231 158 3650 Ca 1 90 071 2580 534
[55] DBSI-IL 270/95/220/55 255 3.6 038 231 158 3650 Ca 1 90 0.14 1625 127
[55] DB-S1-2L  270/95/220/55 255 3.6 038 231 158 3650 C-a 1 90 028 1668 17.0
[55]  SB-SI-IL  270/95/220/55 255 3.6 038 231 158 3650 Ca 1 90 014 957 28
[55]  SB-S1-2L  270/95/220/55 255 3.6 038 231 158 3650 C-a 1 90 028 1051 12.2
[56] DB_S1_IL 508/152/406/102 250 3.8 038 231 140 3650 C 1 90 0.14 3555 320
[56] DB_S1 2L 508/152/406/102 250 3.8 038 231 140 3650 C 1 90 028 357.7 342
[56] DB_S2_1L 508/152/406/102 250 38 075 231 140 3650 C 1 90 0.14 389.7 580
[56] DB_S2 2L 508/152/406/102 250 3.8 075 231 140 3650 C 1 90 028 4048 73.1
[56] SB_S1_05L 508/152/406/102 250 3.8 038 231 140 3650 C 1 90 0.07 2820 19.2
[56] SB_S1_1L 508/152/406/102 250 38 038 231 140 3650 C 1 90 0.14 2550 0.0
[56] SB_S1_2L 508/152/406/102 250 38 038 231 140 3650 C 1 90 028 267.2 44
[56] SB_S2_1L 508/152/406/102 250 38 075 231 140 3650 C 1 90 014 3094 143
[56] SB_S2 2L 508/152/406/102 250 38 075 231 140 3650 C 1 90 028 2972 21
[60]  SI1-033R 508/150/406/102 310 38 038 230 150 3450 C 1 90 0.5 3783 27.7
[63] WT-SH-100 508/152/406/102 370 38 038 230 150 3450 C 1 90 021 250.6 169.4
65] TB2  300/130/275/75 340 44 017 119 160 1400 C 1 90 023 1400 18.0
65] TB3  300/130/275/75 340 44 017 119 160 1400 C-a 1 90 023 1800 58.0
65] TB4  300/130/275/75 340 44 017 119 160 1400 C-a 1 90 023 1560 34.0
[67]  SSLIL  270/95/220/55 300 3.6 037 231 140 3650 C 1 90 014 980 3.0
[67] MSLIL 508/152/406/102 300 38 038 231 140 3650 C 1 90 0.14 2600 0.0
[67]  LSLIL 745/275/605/150 300 3.6 041 231 140 3650 C 1 90 012 590.0 0.0
[67]  SSL2L  270/95/220/55 300 36 037 231 140 3650 C 1 90 028 107.0 12.0
[67]  MSI2L  508/152/406/102 300 38 038 231 140 3650 C 1 90 028 2720 4.0
[67]  LSL2L  745/275/605/150 300 3.6 041 231 140 3650 C 1 90 024 6290 29.0
[70] H3A  600/200/550/150 447 21 012 263 1.04 2739 C-a 1 90 017 3822 55.1
[70] H3B  600/200/550/150 496 21 012 263 104 2739 C-a 1 90 017 4086 746

1 C: Carbon; G: Glass; A: Aramid; -a: with additional anchorage.
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Table A2. Properties of the retrofitted T-beams with EB-FRP continuous U-jackets without stirrups
of the database.

bs/bwlh/hs fem psl Psw Ef Efu fu P View Viewp
Ref.  Name (mm) (MPa) (%) (%) (GPa) (%) (MPa) 'R0 @ (qeg) (%) (kN) (kN)
p.s. T2) 300/150/200/50 352 3.1 000 230 150 3500 C 1 90 035 819 231
p.s. T3) 300/150/200/50 352 31 000 230 150 350 C 1 90 052 1013 425
ps.  T2-A  300/150/200/50 352 31 000 230 150 3500 C-a 1 90 035 1010 422
[25]  BT2  380/150/405/100 350 23 000 228 166 3790 C 1 90 022 1550 650
[25]  BT3  380/150/405/100 350 23 000 228 166 3790 C-a 1 90 022 1575 67.5
[25]  BT6  380/150/405/100 350 23 000 228 166 3790 C-a 1 90 022 221.0 1310
[27] TANS-G90 400/140/400/150 382 21 000 177 060 106 G 1 90 257 1590 43.6
(48] Al 140/64/191/64 596 21 000 132 225 296 A 1 90 328 387 197
(48] A2 140/64/191/64 550 21 000 132 225 296 A 1 90 328 300 11.0
(48] E1 140/64/191/64 568 21 000 128 134 172 G 1 90 208 367 17.7
(48] E2 140/64/191/64 533 21 000 128 134 172 G 1 90 208 340 15.0
[50] C-BT2  380/150/405/100 433 23 000 228 154 3790 C 1 90 022 1550 65.0
[50] C-BT3  380/150/405/100 433 23 000 228 154 3790 C 1 90 044 1575 67.5
[50] C-BT6  380/150/405/100 433 23 000 228 154 3790 C 1 90 022 221.0 1310
511  JS2A  660/152/381/76 206 05 000 228 166 3790 C 1 90 022 2371 252
511  JS2B  660/152/381/76 206 05 000 228 166 3790 C 1 90 022 2342 223
(511  JS3A  660/152/381/76 206 05 000 228 166 3790 C 1 90 022 2934 815
(511  JS3B  660/152/381/76 206 05 000 228 166 3790 C 1 90 022 2757 638
(511  JS4A  660/152/381/76 206 05 000 228 166 3790 C 1 90 043 2431 312
(511  JS4B  660/152/381/76 206 05 000 228 166 3790 C 1 90 043 2075 00
(511  JS5A  660/152/381/76 206 05 000 228 166 3790 C 1 90 043 2786 667
(511  JS5B  660/152/381/76 206 05 000 228 166 3790 C 1 90 043 2668 54.9
(511  JS6A  660/152/381/76 206 05 000 117 130 1517 A 1 90 079 2697 57.8
(511  JS6B  660/152/381/76 206 05 000 117 130 1517 A 1 90 079 240.1 282
[55] DB-SO-IL  270/95/220/55 255 36 000 231 158 3650 C-a 1 90 014 1622 154
[55] DB-SO-2L  270/95/220/55 255 36 000 231 158 3650 C-a 1 90 028 1606 138
[55] SB-SO-IL  270/95/220/55 255 36 000 231 158 3650 C-a 1 90 014 593 232
[55] SB-S0-2L  270/95/220/55 255 3.6 000 231 158 3650 C-a 1 90 028 685 324
[56] DB_S0_05L 508/152/406/102 250 38 000 231 140 3650 C 1 90 007 2682 90.0
[56] DB_SO_IL 508/152/406/102 250 38 000 231 140 3650 C 1 90 014 2855 107.3
[56] DB_SO_2L 508/152/406/102 250 38 000 231 140 3650 C 1 90 028 289.0 110.8
[56] SB_SO_0SL 508/152/406/102 250 3.8 000 231 140 3650 C 1 90 007 1024 212
[56] SB_SO_1L 508/152/406/102 250 3.8 000 231 140 3650 C 1 90 014 1200 388
[56] SB_SO_2L 508/152/406/102 250 3.8 000 231 140 3650 C 1 90 028 1217 405
[60] S0-0.17R2  508/150/406/102 310 3.8 000 230 150 3450 C 1 90 007 1547 320
[60] S0-033R  508/150/406/102 310 3.8 000 230 150 3450 C 1 90 015 1812 585
[60] S0-0.66R  508/150/406/102 310 3.8 000 230 150 3450 C 1 90 029 1838 61.1
[62]  SBl 350/150/175/50 279 34 000 683 253 17279 G 1 90 130 1150 340
[62]  SBS 350/150/175/50 271 34 000 683 253 17279 Ga 1 90 130 1260 450
[62]  SBY 350/150/175/50 261 34 000 779 268 20909 Ga 1 90 033 1340 53.0
[63] NT-SH-100 508/152/406/102 370 38 000 230 150 3450 C 1 90 021 1200 388
[63] NT-SH-200 508/152/406/102 370 38 000 230 150 3450 C 1 90 042 1217 405
[67] SSOAL  270/95/220/55 300 3.6 000 231 140 3650 C 1 90 014 620 240
[67] MSO0IL  508/152/406/102 300 38 000 231 140 3650 C 1 90 014 1250 39.0
[67] LSOIL  745/275/605/150 300 3.6 000 231 140 3650 C 1 90 012 3340 1520
[67] SS02L  270/95/220/55 300 3.6 000 231 140 3650 C 1 90 028 710 330
[67] MSO2L  508/152/406/102 300 3.8 000 231 140 3650 C 1 90 028 1270 410
[67] LSO2L  745/275/605/150 300 3.6 000 231 140 3650 C 1 90 024 3260 144.0

1 C: Carbon; G: Glass; A: Aramid; -a: with additional anchorage.
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Table A3. Properties of the retrofitted T-beams with EB-FRP U-strips and stirrups of the database.

bs/bwlh/hs em sl sw Ef Efu Fru a ¥ Viexp  Viexp
Ref.  Name (mm) (hipa) (F:/o) (Fi/o) (GPa) (%) (l\fPa) FRP™ WIS1 (eg) (ﬁ;o) (kN) _(kN)
[26] T654-C90 400/140/600/150 441 2.8 0.10 230 148 3400 C 0.50 90 0.08 272.8 852
[26] T652-C90 400/140/600/150 44.1 2.8 0.20 230 148 3400 C 0.50 90 0.08 309.8 0.0
[27] T452-C45 400/140/400/150 37.4 22 020 230 148 3400 C 0.35 45 0.08 219.1 178
2 6 300/100/300/50 334 36 075 155 155 2400 G 033 90 080 1072 251
[54] 25_4M(1) 450/180/400/100 381 28 011 240 150 3600 C 033 90 007 1867 44
[54] 25_7M(1) 450/180/400/100 381 28 011 240 150 3600 C 053 90 010 1951 128
[54] 2S5_7M(2) 450/180/400/100 38.1 28 0.11 240 1.50 3600 C 0.53 90 0.21 2221 39.8
[54] 4S_4M(1) 450/180/400/100 41.0 2.8 0.18 240 1.50 3600 C 0.33 90 0.07 2504 27.6
[54] 4S_7M(1) 450/180/400/100 41.0 2.8 0.18 240 1.50 3600 C 0.53 90 0.10 253.8 31.0
[57] TT1-1 400/120/340/100 38.0 1.7 0.79 230 1.65 3800 C 0.53 90 0.08 120.6 33.3
[57] TT1-11 400/120/340/100 38.0 1.7 0.79 230 1.65 3800 C 0.53 90 0.08 140.5 532
[57] TT1-2 400/120/340/100 38.0 1.7 0.79 230 1.65 3800 C 0.40 90 0.06 1339 46.6
[57] TS1-1 400/120/340/100 38.0 1.7 0.40 230 1.65 3800 C 0.53 90 0.08 94.0 266
[57] TS1-11 400/120/340/100 38.0 1.7 0.40 230 1.65 3800 C 0.53 90 0.08 60.7 0.0
[57] TS1-2 400/120/340/100 38.0 1.7 0.40 230 1.65 3800 C 0.40 90 0.06 80.7 133
[58] 2 360/120/360/75 33.2 24 0.16 231 1.70 4100 C 0.40 90 0.08 50.7 19.7
[58] 3 360/120/360/75 32.9 24 0.16 231 1.70 4100 C 0.33 90 0.07 458 14.8
[58] 4 360/120/360/75 32.8 24 0.16 231 1.70 4100 C 0.25 90 0.05 423 113
[58] 5 360/120/360/75 32.8 24 0.16 231 1.70 4100 C 0.40 90 0.08 563 253
[58] 6 360/120/360/75 33.0 24 0.16 231 1.70 4100 C 0.33 90 0.07 549 239
[58] 7 360/120/360/75 32.9 24 0.16 231 1.70 4100 C 0.25 90 0.05 549 239
[59] VTC1 400/120/300/80 68.0 20 0.11 221 1.24 2728 C 0.33 90 0.06 110.0 375
[59] VTC3 400/120/300/80 68.5 20 0.11 219 1.24 2730 C 0.40 90 0.11 100.0 275
[59] VTC4 400/120/300/80 67.6 20 0.11 219 1.24 2730 C 0.40 90 0.11 152.5 80.0
[59] VTC5 400/120/300/80 68.0 2.0 0.11 221 1.50 2915 C 0.29 90 0.07 121.5 49.0
[59] VTCé6 400/120/300/80 65.6 2.0 0.11 221 1.35 2915 C 0.29 90 0.07 1375 65.0
[60] S1-0.17R1 508/150/406/102 31.0 3.8 0.38 230 1.50 3450 C 0.50 90 0.07 3659 15.3
[60] S1-0.17R2 508/150/406/102 31.0 3.8 0.38 230 1.50 3450 C 0.50 90 0.07 3725 21.9
[60] S1-0.23R  508/150/406/102 31.0 3.8 0.38 230 1.50 3450 C 0.70 90 0.10 3834 328
[63] WT-ST-50 508/152/406/102 37.0 3.8 0.38 230 1.50 3450 C 0.50 90 0.11 246.7 145
[63] WT-ST-70 508/152/406/102 37.0 3.8 0.38 230 1.50 3450 C 0.70 90 0.15 2539 21.7
[64] S8-U 500/200/400/100 46.1 3.8 025 226 1.93 4361 C 0.50 90 0.08 300.8 29.7
[64] S8-UFA1 500/200/400/100 46.1 3.8 0.25 226 1.93 4361 C-a 0.50 90 0.08 321.0 49.9
[64] S8-UFA2 500/200/400/100 46.1 3.8 0.25 226 1.93 4361 C-a 0.50 90 0.08 366.3 95.1
[64] S8-UEA1 500/200/400/100 46.1 3.8 025 226 193 4361 C-a 0.50 90 0.08 361.9 90.8
[70] Ml-a 600/200/550/150 42.8 1.6 0.12 263 1.04 2739 C 0.21 90 0.04 3494 400
[70] M1-b 600/200/550/150 42.8 1.6 0.12 263 1.04 2739 C 0.21 90 0.04 324.7 157
[70] M2-a 600/200/550/150 39.8 1.6 0.12 263 1.04 2739 C 0.42 90 0.07 2849 0.0
[70] M2-b 600/200/550/150 39.8 1.6 0.12 263 1.04 2739 C 0.42 90 0.07 259.1 0.0
[70] M1A 600/200/550/150 39.0 1.6 0.12 263 1.04 2739 C-a 021 90 0.04 335.8 335
[70] M1B 600/200/550/150 38.5 1.6 0.12 263 1.04 2739 C-a 021 90 0.04 328.1 26.5
[70] M2A 600/200/550/150 39.0 1.6 0.12 263 1.04 2739 C-a 042 90 0.07 348.0 454
[70] M2B 600/200/550/150 38.5 1.6 0.12 263 1.04 2739 C-a 042 90 0.07 325.0 23.6
[70]  Hl-a  600/200/550/150 444 21 012 263 104 2739 C 021 90 004 3338 81
[70]  Hlb  600/200/550/150 497 21 012 263 104 2739 C 021 90 004 3358 1.1
[70]  H2-a  600/200/550/150 444 21 012 263 104 2739 C 042 90 007 3381 122
[70]  H2b  600/200/550/150 497 21 012 263 104 2739 C 042 90 007 3404 69
[70]  H2A  600/200/550/150 447 21 012 263 104 2739 C-a 042 90 007 4029 758
[70]  H2B  600/200/550/150 49.6 21 012 263 104 2739 C-a 042 90 007 4016 67.6

1 C: Carbon; G: Glass; A: Aramid; -a: with additional anchorage.
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Table A4. Properties of the retrofitted T-beams with EB-FRP U-strips without stirrups of the
database.

Ref. Name

bs/bwlh/hs fcm Pst Psw Ef Efu ffu
(mm) (MPa) (%) (%) (GPa) (%) (MPa)

pf Vn,rxp Vf}z’xp

a
FRP! wyss (deg) (%) (kN) (kN)

68] Double Layers 450/150/420/100 70.0 3.8 0.00 230 1.80 4800 C 056 90 0.25 217.0 204

[25] BT4 380/150/405/100 35.0 2.3 0.00 228 1.66 3790 C 040 90 0.09 162.0 72.0
[26] T6NS-C45  400/140/600/150 44.1 2.8 0.00 230 1.48 3400 C 050 45 0.11 213.6 103.5
[50] C-BT4 380/150/405/100 433 23 0.00 228 1.54 3790 C 040 90 0.09 162.0 72.0
[60] S0-0.12R 508/150/406/102 31.0 3.8 0.00 230 1.50 3450 C 035 90 0.05 182.6 59.9
[60] S0-0.17R1  508/150/406/102 31.0 3.8 0.00 230 1.50 3450 C 050 90 0.07 2031 804
[60] S0-0.17R2  508/150/406/102 31.0 3.8 0.00 230 1.50 3450 C 061 90 0.09 2049 822
[60] S0-0.20R1  508/150/406/102 31.0 3.8 0.00 230 1.50 3450 C 060 9 0.09 1979 752
[60] S0-0.20R2  508/150/406/102 31.0 3.8 0.00 230 1.50 3450 C 070 90 0.10 2273 104.6
[61] SO-1L-ST-U-90 250/100/260/60 40.0 2.8 0.00 132 1.21 160 G 050 9 036 62.0 12.0
[62] SB3 350/150/175/50 26.3 3.4 0.00 683 253 17279 G 050 90 0.67 1075 265
[63] NT-ST-35  508/152/406/102 37.0 3.8 0.00 230 1.50 3450 C 035 90 0.07 1209 39.7
[63] NT-ST-50  508/152/406/102 37.0 3.8 0.00 230 1.50 3450 C 050 90 011 1345 533
[63] NT-ST-60  508/152/406/102 37.0 3.8 0.00 230 1.50 3450 C 060 90 0.13 131.1 499
[63] NT-ST-61  508/152/406/102 37.0 3.8 0.00 230 1.50 3450 C 061 90 0.13 1357 545
[63] NT-ST-70  508/152/406/102 37.0 3.8 0.00 230 1.50 3450 C 070 90 0.15 150.6 694
[64] S0-U 500/200/400/100 43.0 3.8 0.00 226 193 4361 C 050 90 0.08 2237 39.7
[64] S0-UFA1 500/200/400/100 43.0 3.8 0.00 226 193 4361 C-a 050 90 0.08 2339 499
[64] S0-UFA2 500/200/400/100 43.0 3.8 0.00 226 193 4361 C-a 050 90 0.08 313.5 129.5
[64] S0-UEA1 500/200/400/100 43.0 3.8 0.00 226 193 4361 C-a 050 90 0.08 326.7 142.7
[64] S0-UEA12  500/200/400/100 43.0 3.8 0.00 226 193 4361 C-a 050 90 0.08 354.5 170.5
[66] 1 360/120/360/80  23.0 2.4 0.00 236 1.50 3450 C 050 90 0.1 166.8 109.4
[68]  Single Layer 450/150/420/100 70.0 3.8 0.00 230 1.80 4800 C 056 90 0.12 221.0 244
[

[

69] BSU 450/180/350/100 459 1.4 0.00 228 2.10 4830 C 067 90 0.13 318.6 170.3

1 C: Carbon; G: Glass; A: Aramid; -a: with additional anchorage.
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