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Abstract: This study investigates the effectiveness of a hybrid solution that combines carbon fiber-
reinforced polymer (CFRP) systems for the flexural and shear strengthening of T-cross section
reinforced concrete (RC) beams. The hybrid solution consists of near-surface mounted CFRP laminates
for flexural enhancement and externally bonded U-shaped CFRP strips for shear strengthening.
Moreover, an innovative CFRP anchorage system is proposed to prevent premature debonding
of the U-CFRP strips and to improve their shear contribution. To address the limitations of the
experimental program and propose an efficient and design-oriented simulation approach for NSM-
EBR strengthening RC beams with the innovative anchorage system, a comprehensive numerical
investigation was conducted by considering the key parameters affecting the performance of the
strengthened system. This paper presents the results of an experimental program and a nonlinear
finite element analysis that simulate the behavior of the materials up to their failure and the bond
conditions between CFRP and concrete. This study also includes a numerical parametric study to
assess the effectiveness of the proposed strengthening concept with several possible scenarios, as
well as the predictive performance of the fib Bulletin 90 and ACI 440.2R-17 formulations.

Keywords: flexural and shear strengthening of RC beams; CFRP; innovative anchorage system;
nonlinear finite element analysis; numerical simulation; analytical formulations

1. Introduction

Carbon Fiber Reinforced Polymer (CFRP) materials offer significant advantages over
traditional strengthening methods like steel plates and concrete jackets. These advan-
tages include a high strength-to-weight ratio, high stiffness-to-weight ratio, resistance
to corrosion, electromagnetic neutrality, design flexibility, and ease of application [1-4].
CFRP composites have been effectively used to enhance the flexural and shear strength
of reinforced concrete (RC) beams [1,2,5-9]. Furthermore, the use of CFRP materials for
strengthening steel beams is also gaining attention due to CFRP’s high modulus of elasticity
and effectiveness in the tension zones of damaged steel beams. With their excellent strength-
to-weight ratio, fatigue performance, and durability, CFRP is also a strong candidate for
reinforcing steel structures [10,11].

The two primary CFRP-based strengthening methods are Externally Bonded Rein-
forcement (EBR) and Near Surface Mounted (NSM). The EBR technique involves adhering
CFRP materials, such as wet lay-up sheets or laminates, directly to the surface of the
concrete, while the NSM technique involves embedding CFRP reinforcements of various
cross-sectional shapes (circular, square, or rectangular) into grooves cut into the concrete
cover, which are then filled with adhesive. Among these, the NSM technique, particularly
with CFRP laminates, has been recognized as more effective than EBR for strengthening RC
beams, due to its higher anchoring capacity and bond performance between the CFRP and
concrete [7,8]. However, one challenge with NSM-CFRP reinforcements is the premature
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rip-off failure mode, which prevents full utilization of the reinforcement’s strengthening
potential [12,13].

In some cases, RC beams require both flexural and shear strengthening. When flexural
strengthening necessitates the use of CFRP, shear strengthening might also be required,
especially if the existing steel stirrups are insufficient to prevent brittle shear failure. More-
over, when a high ratio of CFRP flexural strengthening is applied using the EBR technique,
the risk of premature debonding failure increases. This failure is attributed to the high
in-plane shear strains that develop between the concrete substrate and the CFRP system:s,
particularly in critical zones, which are exacerbated by the axial stiffness of these sys-
tems [14,15]. Additionally, using the NSM technique to apply CFRP laminates on the
lateral faces of the beam to enhance its shear capacity does not fully mitigate the risk of
premature debonding failure associated with EBR [16,17]. Furthermore, when the shear
strengthening requires closely spaced CFRP laminates applied using the NSM technique,
there is a significant risk of the concrete cover layer detaching where these laminates are
introduced. This premature failure mode occurs at a load level where the tensile strain in
the laminates is much lower than their ultimate strain, meaning their tensile capacity is not
fully utilized [12,13].

A hybrid strengthening technique using CFRP may offer a more effective solution.
By combining NSM-CFRP reinforcements for flexural strengthening with U-shaped CFRP
strips applied using the EBR technique for shear strengthening [18-20], the necessary flexu-
ral and shear capacity can be achieved without encountering premature rip-off failure [12].
However, the shear-strengthening effectiveness of U-shaped CFRP strips is still limited
by the risk of premature debonding. To address this, various anchorage solutions have
been developed [4,21,22]. Recently, Dias et al. [13] proposed a hybrid NSM-EBR technique
that simultaneously strengthens RC beams in shear and flexure. This technique uses U-
shaped EBR CFRPs with specially designed N-shaped anchorages for shear strengthening
and NSM CFRP laminates for flexural strengthening. The anchorages help prevent the
premature debonding of EBR, thereby enhancing the beam’s shear strengthening capacity
and preventing premature rip-off failure in NSM-CFRP flexural strengthening, ultimately
leading to a higher level of flexural strengthening.

Due to budget restrictions and rationality on spending materials and human resources,
the experimental program carried out was designed to evaluate exclusively the influence
of some critical aspects of the novel strengthening technique. Therefore, parameters like
the percentage of NSM CFRP laminates (pg), percentage of wet lay-up CFRP sheets (pf),
and percentage of longitudinal tensile steel bars (o) were not investigated experimentally.
Finite element simulations with reliable models can provide more comprehensive and com-
plementary information about the effectiveness of the proposed strengthening technique at
a lower cost than the experimental alternative [23-25].

This study primarily focuses on the numerical simulation of two series of RC beams
tested in [13], using ABAQUS software version 2023, which is capable of simulating the
relevant nonlinear behavior of the materials involved. The simulation aims to predict
the behavior of the beams in terms of load vs. displacement, crack pattern, strain in
CFRP and steel reinforcements, and debonding of the EBR technique. Furthermore, this
study also uses sixteen RC beams created solely through computer simulations, based on
numerical verification with experimental tests. These sixteen beams were then used to
investigate the anchorage effectiveness of the proposed hybrid strengthening technique
when varying pg, pfw, and pg. Additionally, the maximum strain in CFRP was compared
with the values specified in fib Bulletin 90 [26] and ACI-440-2R [27]. This study provides a
comprehensive evaluation of the accuracy of these design recommendations in the context
of this specific application.



J. Compos. Sci. 2024, 8, 348 30f 32

2. Testing Framework
2.1. Details of Experimental Beams

This section outlines the main features of six RC beams (three from series I and three
from series II) that were experimentally tested [13]. Figure 1 depicts the beams’ geometric
dimensions, reinforcement details, and loading and support conditions, which are critical
for the numerical simulations.
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Figure 1. Series I and II of the experimental program [13]: (a) REF-I beam; (b) SFS-I beam; (c) SFSA-I
beam; (d) section A1l (REF-I), section B1 (SFS-I), and section C1 (SFSA-I); (e) REF-II beam; (f) SFS-II
beam; (g) SFSA-II beam; (h) section A2 (REF-II), section B2 (SFS-II) and section C2 (SFSA-II); (i) DET.1;
(j) DET.2; (k) reinforcement cage detail in confined zone. (All dimensions are in mm).

For the beams in series I, which include the reference beam REF-I and the strengthened
beams SFS-I and SFSA-, the longitudinal tensile reinforcement consisted of three 20 mm
diameter bars (3¢20). Transverse reinforcement was provided by 6 mm diameter stirrups
spaced 300 mm apart ($6@300 mm). In contrast, the beams in series II, comprising the
reference beam REF-II and the strengthened beams SFS-II and SFSA-II, used a combination
of two 20 mm diameter bars and one 25 mm diameter bar (2$20 + 1$25) for longitudinal
tensile reinforcement. These beams had 6 mm diameter stirrups spaced 150 mm apart
(b6@150 mm) for transverse reinforcement. All beams were also reinforced with six 12 mm
diameter bars (6¢12) in the flange. To mitigate the risk of brittle spalling at the beam
supports, a reinforcing cage was used, featuring 6 mm diameter horizontal stirrups spaced
65 mm apart and 10 mm diameter vertical stirrups spaced 50 mm apart (see Figure 1Kk).
This arrangement was applied in the areas marked as “Confined zone” in Figure la—c,e-g.

A three-point loading scheme was employed with varying shear span lengths (900 mm
and 1500 mm as shown in Figure 1) to ensure a higher shear force in the shorter shear span.
Sensors were placed in this span to monitor the CFRP and steel reinforcements due to the
increased likelihood of shear failure. A shear span-to-effective depth ratio (ds) of 2.5 was
selected to promote shear failure conditions while avoiding the formation of compressive
struts from the loading point to the nearest support [28,29].

The beams designated as SFS-I and SFSA-I (from series I) and SFS-II and SFSA-II (from
series II) were strengthened for flexure using four CFRP laminates (CFK 150/2000 S&P
laminates) placed at 36 mm intervals, each with a cross-sectional area of 1.4 x 10 mm?,
following the NSM technique (refer to Figure 1d,h,i). Additionally, these beams received
shear strengthening through U-shaped CFRP strips (60 mm wide) made of wet lay-up
sheets. For series I beams, two layers of wet lay-up sheets were used per strip, while, for
series II, only one layer per strip was applied. Each wet lay-up sheet (S&P 240-300 g/m?)
has a thickness of 0.176 mm. The main difference between the beams of series I and series
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II lies in the inclusion of an anchorage system for the U-shaped CFRP strips in the latter,
which aims to mitigate premature debonding that could reduce the shear strengthening
effectiveness [13,30]. The extremities of each layer of these discrete strips were anchored to
the compressive zone of the RC beam adopting an inverted U-shaped CFRP strip (N) that
was divided into two parts: the rolled part in the flange and the overlap part (in the lateral
faces of the beam’s web, Figure 1j). The bond area of the overlap part was determined
experimentally (40 x 50 = 2000 mm?) to ensure the stress transference between the U and
N shaped strips without premature debonding [13]. The flexural and shear reinforcement
as well as the strengthening ratios for the beams are presented in Table 1. At the time of
beam testing, the average value of the cylindrical compressive strength (f.;;) and modulus
of elasticity (Ey;) of the concrete were, respectively, 44.3 MPa and 34.1 GPa. The average
value of the yield stress (fsym) of the steel bars of 6, 20, and 25 mm diameter was 641, 636,
and 657 MPa, respectively, while the average value of the tensile strength (fs,,;) for these
corresponding bars was 737, 767, and 790 MPa. The average value of the tensile strength
(frum), modulus of elasticity (Ef,), and ultimate strain (eg,) of the adopted CFRP laminate
(flexural strengthening) was 3165 MPa, 175 GPa, and 18.0%., respectively. The average
value of the tensile strength (f5,,,), modulus of elasticity (Eg,), and ultimate strain (eg,) of
the adopted CFRP wet lay-up sheet (shear strengthening and anchorage system) were
3096 MPa, 245 GPa, and 12.6%o, respectively.

Table 1. Summary of test beam specifications.

CFRP Flexural Strengthening CFRP Shear Strengthening

1 (o 3 (o

Beam P~ (%) Technique pq 2 (%) Psw ” (%) Technique ptw 2 (%) Anchorage
REF-I = 1.46 - - 0.1 - - -
SFS-1 & 1.46 NSM 0.08 0.1 EBR 0.16 No
SFSA-I & 1.46 NSM 0.08 0.1 EBR 0.16 Yes
REF-II i 1.74 - - 0.21 - - -
SFS-1I 2 1.74 NSM 0.08 0.21 EBR 0.08 No
SFSA-II X 1.74 NSM 0.08 0.21 EBR 0.08 Yes

1 Ratio of steel reinforcement in flexure, pg] = Aq x 100/by,ds, where the cross-sectional area of the steel bars
located at the bottom is denoted by Ay, by refers to the width of the web of the beam and ds refers to the width
of the web of the beam (Figure 1d,h). 2 Ratio of CFRP used for flexural strengthening pgq = A¢ x 100/by, x dj,
where the NSM laminates have a cross-sectional area denoted by A¢ and the internal lever arm of the NSM
reinforcement is denoted by d; (Figure 1d,h). 3 Steel reinforcement ratio for shear, Osw = Asw X 100/bysw,
where Ag,, corresponds to the total cross-sectional area of the two legs that make up a steel stirrup, and sy,
represents the spacing between adjacent stirrups (Figure 1a,b,e-h). * Shear CFRP reinforcement ratio, pg, =
(2 x tf x ng x bg) x 100/ (bw X s¢ X sin6), where t; represents the thickness of the CFRP wet lay-up strip, ny
denotes the number of layers (where n can be 1 or 2), by is the width of the CFRP strip, and s; refers to the spacing
between consecutive CERP strips, while 6; indicates the angle between the orientation of the CFRP fibers and the
longitudinal axis of the beam (Figure 1b-d,f-h).

2.2. Measurement Instrumentation

The experimental setup utilized a three-point loading scheme as depicted in Figures 1
and 2. Testing was performed using a servo-hydraulic system with a 600 kN actuator
and a 500 kN load cell. Displacement was precisely controlled at 0.01 mm/sec by a
Linear Variable Differential Transformer (LVDT) integrated into the actuator. For accurate
deflection measurements, LVDTs (LVDT_1 to LVDT_5) were mounted on an aluminum
bar positioned over the beam’s supports to avoid interference from support settlements,
as shown in Figure 2a. Strain gauges were strategically placed on the REF, SFS, and SFSA
beams, as illustrated in Figure 2b—e. SG_SV and SG_SL were used for measuring strain
in steel stirrups and longitudinal bars, respectively. In the NSM laminate strengthening
system, SG_CL1 and SG_CL2 were installed at the loaded section and midpoint of the shear
span. Additionally, two strain gauges (S5G_CV1 to SG_CV4) were attached to each of the
CFRP strips anticipated to contribute significantly to shear strengthening.
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Figure 2. (a) Arrangement of the LVDTs to record the beam displacement (all dimensions are in mm)
depicted schematically; (b) strain gauges’ configuration in the steel reinforcements of REF-I, SFS-1,
and SFSA-I beams; (c) strain gauges configuration in the CFRP (flexural and shear strengthening) of
SFS-I and SFSA-I beams; (d) strain gauges configuration in the steel reinforcements of REF-II, SFS-II,
and SFSA-II beams; (e) strain gauges configuration in the CFRP (flexural and shear strengthening) of
SFS-II and SFSA-II beams.

2.3. Key Experimental Findings

Table 2 summarizes the principal performance metrics for the beams, including max-
imum load capacity (Fmax), deflection at the loaded section corresponding to Fmax (urs),
failure mode, and peak strains recorded by strain gauges in both the NSM CFRP laminates
(used for flexural strengthening) and the U-shaped CFRP strips (applied for shear strength-
ening). The experimental data are illustrated in the section dedicated to the numerical
simulations of the beams, where the accuracy of the predictive model is evaluated based
on force—deflection relationships and strain gauge readings.

The beams reinforced with the hybrid CFRP configuration and incorporating the
anchorage system (SFSA-I and SFSA-II) demonstrated a significant enhancement in load-
carrying capacity compared to the reference beams (REF-I and REF-II), as well as the
SFS-I and SFS-II beams. Specifically, SFSA-I and SFSA-II beams achieved a maximum
load increase of 54.4% and 50.6% over the reference beams without CFRP, and 17.9% and
17.7% higher than the beams strengthened without the anchorage system, respectively.
Additionally, these beams showed a 128% and 123% increase in deflection at maximum
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load compared to the reference beams, and a 174% and 260% increase compared to the
strengthened beams lacking the anchorage system.

Table 2. Summary of main experimental findings.

B Fimax urs Failure CFRP Maximum Strains (%o)
eam
(kN) (mm) Mode CL1 CcL2 cvi cv2 Cv3 Cv4
REF-I 310.3 12.54 Shear - - - - - -
SFES-1 365.1 10.44 Shear - 3.7 3.0 2.1 43 44
SFSA-1 479.0 28.59 Flexural 12.1 3.6 4.7 22 4.6 42
REF-II 349.5 14.89 Shear - - - - - -
SFES-IT 4114 9.22 Shear 3.9 2.7 0.8 1.4 47 8.2
SFSA-II 526.2 33.23 Flexural 15.3 10.6 49 2.1 3.1 6.6
3. Finite Element Simulation
3.1. Summary of Concrete Damage Plasticity Framework and Constitutive Material Models
The Concrete Damage Plasticity (CDP) model enables the simulation of concrete’s
tensile and compressive behavior (illustrated in Figure 3 [31]) through the application of
the specified stress—strain equations:
— pl
Oy = (1 — dt)E0(€t — & ) (1)
pl
0c = (1—dc)Ep(ec —ec ) ()
The tensile stress and strain are represented by oy and ¢, while compressive stress
and strain are denoted by o, and e.. The longitudinal modulus of the elasticity of concrete
is Eg. Damage parameters d; and d., ranging from 0 to 1, quantify the degree of damage
in tension and compression, respectively. These parameters simulate the degradation of
stiffness with increasing plastic strains in tension (sfl) and compression (s}gl):
pl dy fet
& =& — =y @3)
t (1—dy) Ey
pl dc ch
f¢ =€c— T~ — 4
C c (1 . dc) E() ( )
The concrete tensile strength is denoted by f., and f) represents the compressive
stress at which the material exhibits nonlinear behavior (illustrated in Figure 3). Mander’s
model [32] is employed to simulate the compressive behavior of concrete.
g, o, O,
f;l 77777777
0
A
(1=d)E
& &’ &

(b)

Figure 3. Concrete compression and tension stress—strain relation under uniaxial loading: (a) com-
pression, (b) tension; (c) numerical representation of concrete tensile behavior [33].
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Simulating Concrete’s Uniaxial Tension Characteristics

The post-cracking tensile response of concrete is captured using the diagram illustrated
in Figure 3c. This diagram incorporates the Mode I fracture energy, denoted as Gy, along
with the tensile strength f; and a bilinear curve shape, in line with the guidelines from
the Model Code 2010 [33], with minor modifications. To maintain the accuracy of results
irrespective of the finite element mesh refinement, the area under the tensile stress-strain
curve is treated as Gg /1, where 1, denotes the crack bandwidth (as shown in Figure 3c).
The crack bandwidth 1y, is approximated as the cubic root of the solid finite element
volume used. As the finite element mesh becomes more refined, the 14, effectively reduces,
reflecting the decrease in element volume.

Characterizing Concrete’s Multiaxial Stress—Strain Behavior

The concrete’s response under multiaxial stress and strain conditions is characterized
by the following equation:

o=(1-d)Dg : (s - spl) )

D¢! represents the elastic stiffness, which is determined by the concrete’s modulus of
elasticity and Poisson’s ratio, while ¢ and ¢ are the stress and strain tensors, respectively.

To consider simultaneously the damage in tension and compression, the damage
parameter, d, is determined from the following:

(1 - d) = (1 - Stdc)(l - Scdt) (6)
where
Stzl—Wtr(ﬁ),’ OSthl, (7)
Se=1—-wc(1—-1r(0));, 0<w.<1
with wy and w, being material properties that control the level of stiffness recovery, typical

of concrete under cyclic loading, mainly from tension to compression. In Equation (7) the
following is true:

It
o
>
3
)

=
~—~
P
N~—
I
(e}
IA
=
—~
<
~—
AN
—_

< (8)

=3

T

-

where 0; are the principal stress components and (.) is the Macaulay bracket ((x) =
1/2(1x] +x)).

To determine how the stress field evolves under a multiaxial stress field and attending
the concrete constitutive law, the following yield surface function is utilized:

1 J—
F= m(q—3o¢p+ﬁ(amax> — 9 — {Omax)) —Tc =0 )
where (/) — 1
0<a= A0/ 2c0) 7 & - 05 10
B 2(fpo/fe0) =1 — (10)
¢ (src)l)
p=—7(1—a)—(1+a) (11)
Ft (Eltg )
— 3<1 _ Kc)
TT K -1 (12)
In Equation (9), p = —1/3c : I represents the hydrostatic equivalent pressure,

q = v2/3S : S stands for the Von Mises equivalent deviatoric stress (where S = pl + o),
and omax corresponds to the maximum principal effective stress, which is explained in
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detail elsewhere [34]. In Equation (10), f,g signifies the concrete strength under biaxial com-
pression. In Equation (11), 7 and 0 are the equivalent stress in compression and tension:

Oc

Lastly, K¢ is a parameter that typically falls within the range from 0.5 to 1.0, and is
commonly assumed as 2/3 for concrete [35].

To account for the nonlinear volume change of concrete in compression, the CDP model
employs a non-associated flow rule, which is based on the following flow potential function:

G= \/(efct tan 1,0)2 +q? —ptany (14)

In this equation 1 represents the dilation angle, i.e., the tendency of concrete to expand
in volume under high compressive shear loading. The parameter e determines the rate
at which the G function approaches its asymptote (as illustrated in Figure 4, which ¢
corresponds to the concrete internal friction angle).

14 ¢

; . increment of ds” hardening
de” plastic strain 4

Drucker-Prager
hyperbolic
Failure surface

function

p

€ Ja
Figure 4. Non-associated plasticity potential function for concrete [31].

Modeling the steel reinforcement and CFRP materials

Steel used for longitudinal and shear reinforcement is simulated by a bilinear plasticity
model considering the average values of yield stress, ultimate stress, yield strain, and
ultimate strain obtained experimentally, as detailed in Section 2.1.

For CFRP materials, including NSM bars and CFRP strips, a similar model was used,
considering the average ultimate stress and strain obtained experimentally, as presented
in Section 2.1, materials were modeled as linear elastic, failing completely upon reaching
the ultimate stress. The CFRP strips were modeled as Lamina material with orthotropic
elasticity under plane stress, using the average modulus of elasticity in the fiber direction
from the material tests. Very low values were attributed to the transverse modulus of
elasticity and shear modulus to simulate the unidirectional nature of the CFRP.

Simulation of Concrete~CERP Strip Interface Behavior

The NSM-CFRP laminates were assumed to have a perfect bond to the substrate.
However, in the case of the EBR-CFRP strips using wet lay-up sheets, the possibility of
debonding was taken into account and simulated using the following failure criteria:

max{<tn> 5 tt} —1 (1)

7 7
tho ts0 teo

In this equation, t, o represents the resisting tensile strength of the interface, while
ts,0 and t; o denote the resisting shear strength of the interface in s and t directions. In the
present context, the interface is the system formed by the CFRP-adhesive and adhesive—
concrete substrate bonding zones and the adhesive. It is important to note that the shear
strength was assumed to be the same in both the s and t shear directions.
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To model the sliding components, the ts and t; relationships (assumed both equal) and
the bilinear diagram proposed in fib Bulletin 90 [26], and represented in Figure 5, were
adopted. Consequently, t;g = tig = To, Ss1 = St,1 = 51, and sg9 = sy9 = sp were used in
the calculations.

T A

So S1 s

Figure 5. 1-s relation for simulating the bond between EBR U-shaped CFRP strips and concrete
substrate [26].

The stress distribution within this interface is derived from the following equations:

_ [(1-D)tyo when t, >0
tnd = { tno when t, <0 (16)
tsa = (1 —D)tso (17)
tia = (1 —D)tro (18)

In Equations (16)—(18), the scalar damage parameter, D, varies between 0 and 1, and is
determined by the following relationship:
- st s (19)
SR (s1 — so)

where sy represents the slip at peak bond strength and s; signifies the ultimate slip, with

their specific values according to the fib Bulletin 90 recommendations. Additionally, s;;™
represents the maximum slip occurred in the two sliding directions, i.e., s;m®* = max(ss; St ).

3.2. Discretization of the Model, Boundary Conditions, and Parameter Specifications

To optimize the computational process, only half of the beam was modeled, taking
advantage of its longitudinal symmetry. Details on the support and loading conditions are
provided in Figure 6a,b. The parameters for the Concrete Damage Plasticity (CDP) model
are specified in Table 3.

For the concrete component, eight-node solid elements (C3D8) were employed, using
a2 x 2 x 2 Gauss-Legendre integration scheme. The steel reinforcement was represented
using 2-node 3D truss elements (T3D2), which were assumed to be perfectly bonded to the
concrete, as illustrated in Figure 6a.

The Near Surface Mounted (NSM) CFRP laminates were modeled with 2-node beam
elements (B33) featuring a 50 mm mesh size. Meanwhile, the CFRP strips were represented
by 4-node quadrilateral elements (M3D4) that focus exclusively on membrane stiffness,
with each element having a 35 mm edge length.
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Symmetry plane

U1=0
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(a) (b)

Applied displacement
Area

Y
‘,t\sym- plne Sym. plane
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(Area 50 x 90) (Area 50 x 90)

(c)

Figure 6. Applied boundary and support constraints. (a) Steel reinforcement of the beams, (b) beam
section and degree of freedom of symmetry plane, and (c) boundary conditions and applied displace-
ment of the beams.

Table 3. Numerical model parameters: concrete damage plasticity.

Parameters Values
Dilation angle, ¢ (Degree) 40
e 0.1
fro/feo 1.16
Ke 0.667
fct (MPa) 2.1
Gg (N-m) 100
o 0.2
& 0.05
Crack bandwidth:
Mesh 30 mm 30 mm
Mesh 35 mm 35 mm
Mesh 50 mm 50 mm
f; / fc(REF-I, REF-II, SFS-I, and SFS II beams) [32] 0.0
f; / f.((SFSA-T and SFSA-II beams) [32] 0.26
fe MPa) 44.3
Eo (GPa) 27.28
ecu ¥ 0.0045

* It is the ultimate strain in concrete and should be considered in the Mander model to obtain the compressive
behavior of concrete.
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A sensitivity analysis was conducted to assess the influence of finite element (FE) mesh
refinement on the force versus loaded-section deflection relationship. The reference beam
REF-I (Figure 1a and Table 1) was used for this analysis, and the results are presented in
Figure 7. The analysis revealed a tendency for the load-carrying capacity to decrease with
the decrease in the size of the FE (more refined meshes). A compromise between accuracy
and computing time suggests a mesh size of 35 mm, which will be used for subsequent
simulations, as shown in Figure 8. Figure 12a shows the numerically predicted principal
plastic strains (with a mesh size of 35 mm) compared to the experimental crack pattern
observed, demonstrating that the model was capable of accurately localizing the occurrence
of the critical diagonal crack. This comparison assumes that damage due to crack formation
and propagation can be identified in the CDP model by the maximum principal plastic
strains. Therefore, when, in this document, the “numerical crack pattern” designation is
used, it represents the maximum principal plastic strain field.

3504

Force (kN}

—— REF-I
----- Mesh=30mm
—-—- Mesh=35mm

© Mesh—50mm

0 2 4 6 § 1o 1
Deflection at loaded-section {mm}

Figure 7. Sensitivity analysis in terms of the refinement of the finite element mesh.

M3D4

Support

C3D8

35 .

Figure 8. The finite element mesh refinement which applied to all beams and CFRP strips (elements
of 35 mm edge).

4. Modeling Results
4.1. Impact of Bonding Interfaces on the Behavior of U-Shaped CERP Strips

The influence of bond conditions between U-shaped EBR-CFRP strips and concrete
substrate was assessed by simulating the tests of the SFS-I and SFS-II beams and analyzing
the force versus deflection relationship. Two distinct bond conditions were considered:
(1) perfect bonding and (2) debonding as per fib Bulletin 90 recommendations (as illustrated
in Figure 5). In the debonding scenario, the values adopted for the bond strength (1),
peak debonding slip (sp), and ultimate debonding slip (s;) were 6.95 MPa, 0.0107 mm, and
0.24 mm, respectively. Figure 9 presents a comparison between the numerical simulations
and experimental records for the SFS-I and SFS-1I beams. In the SFS-1 beam (Figure 9a),
just after a deflection of approximately 6 mm, the beam’s stiffness decreases more pro-
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nouncedly when the debonding is simulated. The SFS-II beam (Figure 9b) exhibits lower
sensitivity to bond parameters, with failure occurring at around 8 mm, closely resembling
the experimental failure point (at 9.23 mm). The lower sensitivity of the SFS-II beam to the
bond parameters can be attributed to the percentage of shear stirrups; as the shear steel
reinforcement in the SFS-II beam is higher than in SFS-I (by altering the spacing of stirrups
from 300 mm in SFS-I to 150 mm in SFS-1I), and the percentage of shear CFRP reinforcement
is smaller (one layer of U-shaped CFRP strips in SFS-II beam when compared to SFS-I beam
with two layers of U-shaped CFRP strips), the contribution of CFRP reinforcement becomes
less significant compared to its contribution in the SFS-I beam. Consequently, the shear
load is primarily borne by the steel stirrups and concrete. Notably, when a perfect bond
condition is assumed, the degradation of stiffness is considerably smaller, and beam failure
is not observed up to the maximum experimentally recorded deflection in both beams.

Force (kN)

300 ZZT
—25 250 s
> P
£ 2001 A
£ A
150 -
—— SFS G —— SFSI
----- Perfect bond 100 4 24 ----- Perfect bond
_._.. FIB-90 Bond Model 50 - // __._ FIB-90 Bond Model

S1=0.24 mm,7o(s,t)=6.5 MPa S:1=0.24 mm,to(s,t)=6.5 MPa

Deflection at loaded-section (mm)

4 6 8 10 0 2 4 6 8 10
Deflection at loaded-section (mm)
(a) (b)
Figure 9. Influence of the bond conditions on the force versus deflection of beam: (a) SFS-I and
(b) SFS-II.

The failure mode of SFS-I and SFS-II beams was characterized by the debonding of
the wet lay-up CFRP sheets intersected by the shear failure crack [13]. Figures 12b and
13b illustrate the crack pattern in SFS-I and SFS-II beams near the failure occurrence. At
approximately 8.2 mm deflection and a load of 330 kN, in the case of the SFS-I beam,
and 10.42 mm deflection and a load of 382 kN for the SFS-II beam during experimental
testing, the upper part of the third CFRP strip from the left support of the beam (strip 3)
experienced debonding. This resulted in a reduction in the beam’s load-carrying capacity,
accompanied by the propagation of the shear failure crack toward the second CFRP strip
(strip 2) from the left support. The force previously supported by strip 3 was transferred to
the remaining shear ligaments, leading to an increase in the force sustained by the beam,
until the upper part of strip 2 debonded, ultimately causing the beam to fail. According to
the experimental results, the SFS-II beam experienced an abrupt failure primarily due to
debonding, as observed in Figure 13b, and this sudden failure was accurately captured by
the numerical simulation.

The utilization of parameters’ values suggested by fib Bulletin 90 (with 1) = 6.95 MPa,
so = 0.0107 mm, and s; = 0.24 mm) for modeling the debonding of these strips resulted in
earlier initiation of failure than observed in experiments. This led to a more significant
degradation of the beam’s stiffness and an anticipation of U-shaped CFRP debonding (as
depicted in Figure 9b). In an attempt to avoid this occurrence, the SFS-I beam was also sim-
ulated with a larger ultimate sliding value (s; = 0.3 mm) and bond strength (1 = 8.5 MPa),
while the SFS-II beam was simulated with s; = 0.28 mm and 1y = 6.95 MPa, maintaining sy
=0.0107 mm, as suggested by fib Bulletin 90. Figure 10 shows that premature debonding,
as previously reported, did not occur. This led to a significant increase in the beam’s
load-carrying capacity, emphasizing the relevance of the bond-slip relationship properties.
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Figure 10. Alteration of the T — s specified in fib Bulletin 90 and its impact on the force—deflection
behavior of SFS-1 and SFS-1I beams: (a) SFS-I beam, (b) SFS-II beam.

4.2. Beam with Anchorage System: SFSA-I and SFSA-1I Beams

As described in Section 2.1, the geometry of the anchors and their installation in the
flange region of the beam introduce restrictions on assuring perfect bond conditions to the
concrete substrate. The anchors are wrapping concrete mostly submitted to compression,
and, due to the concrete’s Poisson effect, they are submitted to radial pressure, which
introduces an extra tensile stress to the one applied by their corresponding U-shaped strip
through the bond transfer zone connecting these two CFRPs. Probable misalignments and
geometric imperfections of anchors that occurred during their installation contribute to the
delay of their activation, which can be simulated merely by decreasing their modulus of
elasticity. Introducing interface finite elements in between the anchors and concrete substrate
would be another possibility but would require more computational exigency and more
parameters to be tailored without any rational basis. Therefore, two numerical analyses
were executed: (1) both the U-shaped and corresponding anchorage, forming an O-shaped
strip fully wrapping the cross-section, are considered in perfect bond conditions with the
concrete substrate; (2) the modulus of elasticity of the CFRP of the finite elements simulating
the anchors was decreased, while the U part was maintained in perfect bond conditions.

Figure 11 compares the experimental and numerical force versus deflection of SFSA-I
and SFSA-II beams, both strengthened with anchorages. Assuming perfect bond conditions
for the anchors, the numerical simulations predicted peak loads 6% and 7.5% higher than
the experimental results for SFSA-I and SFSA-II, respectively. The higher stiffness of the
predictions started during the cracking propagation stage, suggesting that the assumption
of perfect bond conditions is not realistic. By reducing by 20% the modulus of elasticity
of the CFRP of the anchors, the stiffness degradation before and after the yield initiation
registered experimentally was better captured. From the obtained results, it seems that the
decreased level of the modulus of elasticity of the anchors should increase with the beam’s
load-carrying capacity, due to the larger volume of concrete in compression that interacts
with the anchors through transversal pressure. In fact, by reducing by 30% the modulus of
elasticity of the anchors, a better prediction was obtained for the SFSA-II beam (Figure 11b).

It should be realized that fib bulletin 90 recommends a reduction of 20% (a; parameter)
on the bond strength, fr,c = kr at f1 (fra: FRP tensile strength; kg: reduction factor due to
radius of the corners of the beam’s section) when using closed strips applied according
with the EBR technique (O shape configuration). When using U strips with anchors, fib
bulletin 90 recommends an extra reduction of at least 10% (k, parameter): frg = Ka fuwd,c,
therefore a reduction of between 20 and 30% of the modulus of elasticity of the material
forming the anchors seems an adequate interval, as shown in Figure 11. In the following
numerical simulations, a reduction of between 20% and 30% of the modulus of elasticity of
the CFRP of the anchors was considered for the series SFSA-I and SFSA-II, respectively.

The experimental crack patterns at failure and the maximum principal plastic strain
field are represented in Figures 12c and 13c, where it is visible that the model was able to
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Figure 11. Experimental and numerical comparison in terms of force versus deflection in beam:
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Figure 12. Experimental crack pattern at the failure of the series I beams and numerical representation
of the maximum principal plastic strains: (a) REF-I; (b) SFS-I; and (c) SFSA-L

4.3. Beams Behavior in Terms of Strain—Load Relationship

The strains in steel reinforcements, CFRP laminates, and CFRP strips predicted nu-
merically and registered experimentally (the location of the corresponding SGs is indicated
in Figure 2) are compared in Figures 14 and 15 for Series I and II, respectively. As already
indicated, in the beams shear strengthened but without anchors (Figures 15b—d and 16b—d),
the fib Bulletin 90 bond law was adopted for simulating the contact of the U strips with the
concrete substrate, using 0.3 mm and 8.5 MPa for the parameters representing the ultimate
sliding (s1) and bond strength (7p) in the case of SFS-1 beam, and ultimate sliding of 0.28 mm
and bond strength of 6.5 MPa in the SFS-II beam (in both beams sy = 0.0107 mm). In the
shear-strengthened beams with anchors, the parametric study, the simulation strategy was
the one described at this section (perfect bond with a decrease of 20/30% on the modulus
of elasticity for the anchorage part).

I 100

300

900 1500

Figure 13. Cont.
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Figure 13. Experimental crack pattern at the failure of the series Il beams and numerical representation
of the maximum principal plastic strains: (a) REF-II; (b) SFS-II; and (c) SFSA-II.
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Figure 14. Strain vs. applied load relationship in beams series I. (a) Shear steel reinforcement (REF-I),
(b) longitudinal steel reinforcement (SFS-I), (¢) NSM CFRP laminate (SFS-I), (d) EBR CFRP strips

(SFS-I), (e) longitudinal steel reinforcement (SFSA-I), (f) NSM CFRP laminate (SFSA-I), and (g) EBR
CFRP strips (SFSA-I).

350

300

Force (kN)

100

2504/

w© — SG_SV
----- Numerical
0
0 2 4 6 8 10
Strain (%)

(@)

400

300

200

Force (kN)

— SG_CL2

Num_CL2

400

300

Force (kN)

100 ff

0
0.0 05 1.0 15 20
Strain (%)

(b)

Figure 15. Cont.

— SG_CV1 —e— NUM _CVI

0
00

== SG_CVv2 --a-- NUM_CV2
SG_CV3 —4- NUM_CV3
SG_Cv4 ~-a NUM_CV4
02 04 06 08 10 12 14 16

Strain (%)

(©



J. Compos. Sci. 2024, 8, 348

20 of 32

Force (kN)

500

400

300

100

2004 /.

500

400

300 300

Force (kN)

200

Force (kN)

—e— NUM_CVI
174/ I 77 SG.CV2 - NUM_CV2
— 5G.SV 1007,

. ——- NUM_CLI 100 ——- SG_CV3  —+- NUM_CV3
----- Numerical ) - NUM_CL2 e SG_CV4 - NUM_CV4
0
0 1 3 4 5 0 2 4 6 8 10 12 14 16 0 0 1 2 3 4 5
Strain (%) Strain (%) Strain (%o)
(d) (e) )

Figure 15. Strain vs. applied load relationship in beams series II. (a) Shear steel reinforcement (REF-II),
(b) NSM CFRP laminate (SFS-II), (c) EBR CFRP strips (SFS-II), (d) shear steel reinforcement (SFSA-II),
(e) NSM CFRP laminate (SFSA-II), and (f) EBR CFRP strips (SFSA-II).

In terms of strains in steel reinforcement and CFRP laminates, there is an acceptable
agreement between the numerical simulations and experimental findings. However, during
the cracking formation and propagation stages, the numerical simulations predict smaller
strains compared to the experimentally recorded values for the CFRP shear reinforcement.
Recent blind simulation competitions [36] have demonstrated that continuous models, such
as the one used in these simulations, exhibit inferior predictive performance compared
to discrete crack models in terms of strains in constituent materials and crack width at
serviceability limit state conditions.

Despite this recognition, Figure 14 shows that, in general, the numerical predictions
tend to approximate the experimental strains when the loading level becomes close to the
peak load, reaching a better predictive performance at the beam failure stage. It should be
noted that the design guidelines are estimating the CFRP shear contribution for ultimate
limit state conditions. Therefore, in the case that the effective strain from these guidelines is
similar to the one predicted by the numerical simulations at shear failure conditions of the
beams, it may be assumed that the corresponding formulations are capable of estimating
reliable values for the maximum strain possible to be mobilized in the CFRP.

5. Numerical Parametric Study

The effectiveness of a CFRP strengthening system can be evaluated by determining
the maximum strain at its failure and its contribution to the load-carrying capacity of the
strengthened element. Since the numerical simulations could predict with an acceptable
level of accuracy the strains in the CFRP systems at the failure condition of the beams, a
sensitivity analysis was carried out to investigate the contribution of important parameters
to the performance of the adopted CFRP strengthening solution. In fact, the effect of the
flexural strengthening ratio with NSM CFRP laminates (pg), the shear strengthening ratio
with EBR CFRP strips (pfy), and the flexural reinforcement ratio of longitudinal steel bars
(ps1) on that strengthening performance was analyzed. For this purpose, two series of eight
RC beams were considered, with the properties presented in Table 4. Beams NSE-1 to NSF-8
do not include the anchorage to the EBR CFRP strips, while beams NSFA-1 to NSFA-8
include this anchorage. The NSF-labeled beams inherit the SFS-II configuration, including
stirrup spacing (150 mm) and bond-slip characteristics (10 = 6.5MPa, sg = 0.0107 mm, and
s1 = 0.28 mm). The NSFA series inherits the SFSA-II beam’s stirrup spacing (150 mm) and
assumes a perfect bond between CFRP strips and concrete substrate with a reduction of
30% on the modulus of elasticity of the anchorage part of this O shape strip configuration,
in agreement with the modeling strategy described in Section 4.3.
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Table 4. Variation of the properties considered in the parametric study.
Flexural Strengthening Shear Strengthening Flexural Reinforcement
No. Model ID Ratio with NSM CFRP Ratio with EBR CFRP Ratio of Longitudinal Anchorage
Laminates—pg (%) Strips—pp, (%) Steel Bars—pg; (%)
1 NSF-1 0.06 0.08 0.97 No
2 NSE-2 0.09 0.08 0.97 No
3 NSF-3 0.12 0.08 0.97 No
4 NSF-4 0.08 0.16 0.97 No
5 NSF-5 0.08 0.24 0.97 No
6 NSF-6 0.08 0.08 1.28 No
7 NSE-7 0.08 0.08 1.83 No
8 NSEF-8 0.08 0.08 2.28 No
9 NSFA-1 0.06 0.08 0.97 Yes
10 NSFA-2 0.09 0.08 0.97 Yes
11 NSFA-3 0.12 0.08 0.97 Yes
12 NSFA-4 0.08 0.16 0.97 Yes
13 NSFA-5 0.08 0.24 0.97 Yes
14 NSFA-6 0.08 0.08 1.28 Yes
15 NSFA-7 0.08 0.08 1.83 Yes
16 NSFA-8 0.08 0.08 2.28 Yes

The strains in the CFRP laminates were obtained in the integration point of the FEs where
the maximum axial strain (CLmax) was predicted numerically. For the beams that failed by
flexure mode, the strains in CFRP laminates obtained from numerical simulations are com-
pared with the ones determined using design code recommendations (specifically the effective
strain from fib Bulletin 90 [26] and ACI 440.2R-17 [27]). Assuming the numerical simulations
can predict with good accuracy the strains in these CFRPs, this analysis will bring interesting
information about the reliability of the equation provided by these codes. According to the fib
model code 90, the maximum design strain is determined from the following;:

o fa
€fd,max = 1] e - Es (20a)
b o — 17 Lo 20b
fm,max — 1] Ef ( )

where 7 = 1.0, fg, and Eg¢ are the characteristic tensile strength and module of elasticity of
CFRP laminates, while ¢ is a safety factor to convert the fg in the corresponding design
value. Since, in the numerical simulations, average values were considered for the materials’
properties, an average maximum strain is determined (&gy, max) by adopting the average
tensile strength for the CFRP and ¢ = 1.0 (Equation (20b)). Considering the values for the
used CFRP laminates, a value of 18%o is obtained for ¢y, max-

According to the ACI 440.2R-17, the effective strain in FRP reinforcement is determined
from the following equation.

dr = xne

€fm,max = €cu( ) <0.7eqy = 12.6 (21)

Xne
where xpe is the depth of the neutral axis. To predict the flexural capacity of the beams
(MRggq) of the parametric study, two approaches are considered, fib bulletin 90 and ACI
440.2R-17 [27]. The following is true according to fib bulletin 90:

MRy = 051 - Agt - (ds1 — k2 * Xne) + 052 - Agp - (ds2 — k2 - Xne)

22
+Ag- €fm,max Efm - (df —ky- Xne) ( )

where dg1, ds2, Ag1, A2, 051, Os2; €5, Ag, dg; ko; Xpe are the effective depth, cross-section area,
and stress in the tensile and compression steel reinforcements; the strain, cross-section area,
and internal arm of CFRP laminates; the factor defining the percentage of the neutral axis
where is located the force corresponding to the resultant rectangular block of compressive
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stresses in concrete (equivalent to the linear-parabola diagram); and the neutral axis of the
section, respectively. In the case of ACI 440.2R-17, the following is true:

MRd = Aslfsl (dsl - ﬁl;ne> + leAf‘gfm,mafom (df - ﬁl;(ne) (23)
where 1 represents a safety parameter (considered equal to one, due to the same reasons
pointed out for the fib formulation).

Figure 16 assesses the influence of increasing pg in beams with the minimum pg (0.97%)
and pg, (0.08%) considered in this parametric study. When considering the reference beam
for comparison purposes, which failed in shear (Figure 17a), it is verified that the NSM
CFRP laminates with the U-strips without anchorages were able to increase the stiffness,
but the load-carrying capacity was only increased in the NSF-1 beam with one laminate.
By increasing pp from 0.06 to 0.12%, the stiffness of the beams of series NSF-1 to NSF-3
did not change significantly up to the yield initiation of the steel flexural reinforcement, as
also demonstrated by the force versus maximum strain the in steel flexural reinforcement,
SLmax (Figure 16b), and by the force versus maximum strain in the NSM-CFRP laminates,
CLmax (Figure 16¢). Figure 16d represents the relationship between the applied load and
the maximum strain in the U-shaped CFRP strips (CVmax). In the series of beams without
anchorages that failed in shear, the maximum strain was about 6%o. For this maximum
strain in the U-shaped CFRP strips, the beams with anchorages supported a much higher
load-carrying capacity. Figure 17b represents the principal plastic strains in NSF-3 (identical
to the NSF-2) when convergence was no longer possible to assure, suggesting the occurrence
of premature debonding of the U strips from their free extremities (Figure 17c). However,
when anchorages were used to avoid this premature debonding, the beams failed by bending
(series NSFA-1 to NSFA-3), as shown in Figure 17d, which assured a significant increase in
load-carrying capacity with a good exploitation of the flexural strengthening potential of
the CFRP NSM laminates. A pg of 0.06, 0.09, and 0.12% provided an increase in maximum
load of 45%, 57%, and 66% when compared to the maximum load of the reference beam.
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Figure 16. NSF-1 to 3 and NSFA-1 to 3: (a) Load-deflection in these beams and its corresponding reference
beam; (b) load versus maximum strain in the flexural steel reinforcements; (c) load versus maximum
strain in the NSM CFRP laminates; (d) load versus maximum strain in the U-shaped CFRP strips.
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Figure 17. Representation of principal plastic strains in the (a) reference beam, (b) NSF-3, (¢) CFRP
strips debonding slip in NSF-3, and (d) NSFA-3.

Figure 18 illustrates the influence of increasing pg, in beams with intermediate pg
(0.08%) and minimum pg (0.97%). Figure 18a shows that, in a series without anchorages,
the increased py,, anticipated occurrence of premature debonding of the U-shaped CFRP
strips, as shown in Figure 19a,b (larger principal plastic strains in their free end regions).
By increasing the number of U-shaped CFRP layers, the larger stiffness of these systems
would require a larger bond transfer length to ensure a stable transference of stresses
between these systems and the concrete substrate, which did not occur (Figure 18d). By
anchoring these regions of the U-shaped CFRP strips, the beams failed in bending with full
mobilization of the steel flexural reinforcement potential (Figures 18b,c and 19¢), providing
an increase in maximum load of 41% and 45% when compared to the maximum load of the
corresponding beams without anchorages. Figure 18d shows that the maximum strain in
the U-shaped CFRP strips decreases with pg,.
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Figure 18. NSF-4 and 5 and NSFA-4 and 5 beams: (a) Load-deflection; (b) load versus maximum strain
in the flexural steel reinforcements; (c) load versus maximum strain in the NSM CFRP laminates;
(d) load versus maximum strain in the U-shaped CFRP strips.
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Figure 19. (a) Representation of principal plastic strains in NSE-5 beam, (b) debonding slip field in
the U-shaped CFRP strips of the NSF-5 beams, and (c) principal plastic strains in NSFA-5 beam.

In Figure 20, the influence of increasing pg) in beams with intermediate pg (0.08%) and
minimum pg,, (0.08%) is evaluated. Figure 20a shows that, in a series without anchorages, the
increase in pg) results in increased stiffness of the beams, as expected, but shear failure was
anticipated due to premature debonding of the U strips, as is visible in Figure 21a,b (larger
principal plastic strains in their free end regions), without the possibility of mobilizing the
potential of flexural strengthening of NSM laminates (Figure 20c). Figure 20d demonstrates
that, due to the anticipation of shear failure with the increase in pg in the beams without
anchorages, the maximum strain in the U-shaped CFRP strips decreases, which did not
happen in the series of beams with anchorages. Apart from the NSFA-8 beam, which failed
in shear (Figure 21c) due to its relatively high pg, by anchoring these regions of the U
strips, the beams failed in bending with full mobilization of the steel flexural reinforcement
potential (Figure 20b), providing an increase in maximum load of 71%, 72%, and 49%, when
compared to the maximum load of the corresponding beams without anchorages.
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Figure 20. NSF-1 to 3 and NSFA-1 to 3 beams: (a) load-deflection; (b) load versus maximum strain
in the flexural steel reinforcements; (c) load versus maximum strain in the NSM CFRP laminates;
(d) load versus maximum strain in the U-shaped CFRP strips.
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Figure 21. (a) Representation of principal plastic strains in the NSF-8 beam, (b) debonding slip field
in the U-shaped CFRP strips of the NSF-8 beam, and (c) principal plastic strains in the NSFA-8 beam.

Table 5 compares the load-carrying capacity of the beams of this parametric study
predicted numerically and using the ACI 440.2R-17 and fib bulletin 90 formulations. In
Appendix A, the design methodology using ACI 440.2R-17 and fib bulletin 90 formulations
are applied to a beam failing in bending and to a beam failing in shear. In this evaluation,
the properties of the materials were those adopted in the numerical simulations (average
values of the properties of the materials) and no safety factors were considered; therefore,
the optimum fit of the analytical formulation (Fana) to the numerical simulation (Fnhum) in
terms of maximum load, Fnum /Fana, is 1.0. Since the beams of series NSF failed in shear
(char “S” in the last column of Table 5), their load-carrying capacity was estimated by the
shear formulation of ACI 440.2R-17 and fib bulletin 90, while the remaining beams were
simulated by the flexural failure formulations (char “F” in the last column of Table 5). It is
verified that both formulations have good predictive performance in terms of Frum /Fana,
since the average and coefficient of variation (CoV) were 1.06 and 0.18 for the ACI 440.2R-
17 formulations and 1.02 and 0.14 for the fib bulletin 90 formulations. When this type of
analysis is made independently for the series NSF and NSFA, an average of 0.93 and a
CoV of 0.07 are obtained for the NSF series (shear failure mode) with the ACI 440.2R-17
formulation, and 0.99 and 0.11 with the fib bulletin 90 formulation. In the NSFA series
(flexural failure mode), an average was obtained and a CoV of 1.19 and 0.17 with the ACI
440.2R-17 formulation, and 1.06 and 0.15 with the fib bulletin 90 formulation. Therefore,
flexural and shear based on the fib bulletin 90 formulations have a little bit better predictive
performance than the ACI 440.2R-17 formulations. Unsafe analytical predictions were
obtained in the NSF-5 and NSF-4 beams regarding the NSF-3 beam (increase in py,,, Table 5),
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which indicates that the decrease in the maximum strain possible to be mobilized in the
U-shaped CFRP strips with the increase in pg, considered by the analytical formulations is
not sufficient to properly capture the tendency of the anticipation of the debonding failure
mode predicted by the numerical simulations. Regarding the NSFA-8 beam, the unsafe
prediction of both analytical formulations is due to the fact that this beam failed numerically
in shear, caused by the highest p5) amongst the NSFA series (2.28%). In fact, according to
Figures 20 and 21, after a relatively large deflection, when the flexural steel reinforcement
was in the eminence of entering its yielding initiation, internal stress redistribution occurred,
leading to a shear failure (flexural-shear failure mode). If a shear formulation is considered
for this beam, a Frum /Fana of 1.49 and 1.62 is obtained using ACI 440.2R-17 and fib bulletin
90, respectively.

Table 5. Maximum strains and comparison of numerical and analytical solutions.

Maximum

Strain

Strain

Strain

Load Capacity

Load

Beam Load SLmax CLmax CVmax ACI440.2R-17  Capacity FZ“&“IT:(’)” F“;lfz/;;a"a 1\1/3[;:)1(;1;1'&
[kN] [%ol [%ol [%o] [kN] £ib90 [kN]
NSF-1 315.98 8.32 12.40 5.78 313.0 288.2 1.01 1.10 S
NSE-2 291.82 3.59 6.19 5.80 313.0 288.2 0.93 1.01 S
NSE-3 288.39 2.87 6.30 6.00 313.0 288.2 0.92 1.00 S
NSF-4 298.97 5.08 6.84 2.39 349.4 345.4 0.86 0.87 S
NSE-5 296.44 4.09 5.63 1.86 370.1 389.3 0.80 0.76 S
NSE-6 300.88 3.46 5.41 1.36 313.0 288.2 0.96 1.04 S
NSF-7 300.89 2.33 4.21 3.08 313.0 288.2 0.96 1.04 S
NSE-8 312.85 147 4.08 2.29 313.0 288.2 1.00 1.09 S
NSFA-1 399.82 17.43 17.88 3.86 304.4 338.6 1.31 1.18 F
NSFA-2 431.65 20.09 17.16 6.12 334.3 380.8 1.29 1.13 F
NSFA-3 456.13 16.47 16.63 6.81 364.1 4229 1.25 1.08 F
NSFA-4 420.61 20.27 16.69 4.26 324.4 366.8 1.30 1.15 F
NSFA-5 42841 17.74 17.86 2.32 3244 366.8 1.32 1.17 F
NSFA-6 514.83 20.95 17.74 5.37 398.8 440.5 1.29 1.17 F
NSFA-7 518.42 8.04 15.17 11.53 527.8 569.2 0.98 0.91 F
629.8(F) 672.7(F)  0.74(F) 0.69(F)
NSFA-8 465.59 261 15.41 11.00 313.0(5) 26828 1496 1626 F
Average 1.06 @ 1.02 @
CoV 0.18@ 0.14 @

@ G: shear failure mode; F: flexural failure mode; @ assuming a flexural failure mode for the NSFA-8 beam.

For the NSF series, which failed in shear, the average of the maximum strain in the U-
shaped CFRP strips was 3.57 %o, while the effective strain in these composites according to
ACI 440.2R-17 and fib bulletin 90 (fz,4/Ef in this last case) was 3.8%o and 6.3%o, respectively.
Making the comparison more in detail, it is verified that the over-prediction of the maximum
possible strain to be mobilized in these composites increases with pg, (beams NSF-4 and
NSF-5) and with pg (beams NSF-6 to NSF-8) due to the anticipation of the debonding of
these shear reinforcements. Despite this, unconservative Frnum /Fana is only significant in
the NSF-4 and NSE-5, which are the beams with the highest py,, indicating that these are
the critical parameters to define the maximum possible strain to be mobilized in U-shaped
CFRP strengthening systems.

Regarding the NSFA series, the average of the maximum strain in the CFRP lami-
nates was 16.8 %o, which is 93% of the tensile rupture of these laminates. By providing a
degree of confinement and preventing premature debonding of the U-shaped CFRP strips,
the anchorage system effectively mitigates shear failure. This allows the NSM system
to operate at its full capacity, enhancing the overall efficiency of the strengthening inter-
vention. The anchorage system optimizes stress transfer between the concrete and CFRP
laminate, preventing stress concentrations at the laminate ends and promoting a more
uniform strain distribution. This enhanced stress transfer mechanism contributes to the
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high strain capacity observed in the CFRP laminates and the overall effectiveness of the
NSM strengthening system.

6. Conclusions

This study conducted a numerical investigation of RC beams, as previously tested
in [13], focusing on the performance of an innovative CFRP anchorage designed to enhance
shear and flexural capacity when used with wet layup U-shaped CFRP strips and NSM bars.

e  The Concrete Damage Plasticity (CDP) model was employed to simulate the behavior
of these beams, with a detailed examination of the influence of finite element mesh
refinement and CFRP bond conditions on the numerical results.

e It was observed that reducing the finite element size tends to decrease the predicted
load-carrying capacity of the beams. A mesh with elements less than three times the
maximum dimension of the concrete aggregates provided a good balance between
accuracy and computational efficiency.

e The bond conditions of the CFRP strips were critically evaluated. The bond law
proposed by fib Bulletin 90 was found to predict premature debonding and failure,
highlighting the sensitivity of the beams’ load-carrying capacity to the parameters
defining this bond law. Suitable parameter values were determined through inverse
analysis to accurately capture key results, including force vs. deflection behavior and
failure modes.

e  Numerical simulations confirmed that the CFRP anchors provided effective bonding
conditions for the U-shaped strips. However, it was necessary to reduce the mod-
ulus of elasticity of the CFRP in the anchorage by 20-30% to reflect real stiffness,
acknowledging challenges in perfect material placement in the anchorage zone.

e  Using the calibrated CDP model, a parametric study assessed the predictive accuracy
of the fib Bulletin 90 and ACI 440.2R-17 formulations for designing flexural and shear
strengthening solutions. The ratio between the numerically predicted maximum
load and the load determined by the ACI and fib formulations was 1.10 and 1.08,
respectively, with CoV values of 0.18 and 0.17.

e  Future studies should explore the impact of varying CFRP anchorage configurations
and bond parameters on the long-term performance of strengthened RC beams under
different loading conditions, including fatigue and environmental effects. Additionally,
the development and validation of other numerical models (e.g., smeared crack for
concrete and advanced bond criteria) that can more accurately simulate the complex
interactions of the concrete behavior itself and the CFRP-concrete interface would
be beneficial for refining design guidelines and improving the reliability of CFRP
strengthening techniques.

Author Contributions: Conceptualization, P.A.,J.A.O.B. and S.J.E.D.; Methodology, P.A.,].A.O.B. and
S.J.E.D,; Software, P.A.; Validation, ].A.O.B.; Investigation, P.A.; Data curation, P.A.; Writing—original
draft, P.A.; Writing—review & editing, P.A., J.A.O.B. and S.J.E.D.; Supervision, ].A.O.B. and S.J.E.D.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was partly financed by FCT/MCTES through national funds (PIDDAC) under the
R&D Unit Institute for Sustainability and Innovation in Structural Engineering (ISISE) under reference
UIDB/04029/2020 (doi.org/10.54499/UIDB/04029/2020), in the scope of project FemWebAlI, under
reference PTDC/ECI-EST/6300/2020 and PID2021-125553NB-100 (MCI/AEI/FEDER, UE), and under
the Associate Laboratory Advanced Production and Intelligent Systems ARISE under reference
LA/P/0112/2020, and the support from the project PID2021-125553NB-100 (MCI/ AEI/FEDER, UE).

Data Availability Statement: Data available on request from the authors.

Acknowledgments: This work was partly financed by FCT/MCTES through national funds (PID-
DAC) under the R&D Unit Institute for Sustainability and Innovation in Structural Engineering (ISISE)
under reference UIDB/04029/2020 (doi.org/10.54499 /UIDB /04029 /2020), in the scope of project
FemWebAl, under reference PTDC/ECI-EST/6300/2020 and PID2021-125553NB-100 (MCI/AEI/
FEDER, UE), and under the Associate Laboratory Advanced Production and Intelligent Systems



J. Compos. Sci. 2024, 8, 348 29 of 32

ARISE under reference LA/P/0112/2020. The support from the project PID2021-125553NB-100
(MCI/AEI/FEDER, UE) is also acknowledged.

Conflicts of Interest: The ChatGPT OpenAl version 3.5 has only been used in some parts for
grammatical and fluency corrections. The authors declare no conflict of interest.

Appendix A

In this annex, the ACI 440.2R-17 [25] and fib Bulletin 90 [24] formulations are applied
for one of the beams that failed in bending and shear, as shown in Table 4. For this purpose,
the beams NSF-1 (representative of beams failing in shear) and NSFA-1 (representative of
beams failing in bending) were selected. The corresponding parameters that were used in
the calculations can be found in Sections 2 and 5 of the main text.

Appendix A.1. NSF-1 Beam
Appendix A.1.1. ACI 440.2R-17 Formulation

The contribution of the concrete to the shear resistance is as follows:
PVe = 4>(o.17\/ﬁ by d) = 0.17V443 x 180 x 359 = 731kN (¢ =1.0) (A1)

The contribution of the steel stirrups to the shear resistance is as follows:

= 868KkN (p=1.0)  (A2)

150

Av-fyt-d> 2% (7 x 6%/4) x 641 x 359
S

PVs :(P<

The contribution of the CFRP to the shear resistance is as follows:

Afy - fre-dp  21.12 x 0.004 x 245000 x 259

Vig =y > % =357kN (¢ =95 = 1.0) (A3)
Afy=2-n-tr-ws=2x0.176 x 60 = 21.12 mm” (A4)
efe = ko - €5, = 0.3615 x 0.0126 < 0.004 = 0.004 (for U — Wraps) (A5)
ki-ka-Le 13911 x 0.8155 x 47.78
= = =0.3615 < 0.7 A
© T 11900-¢4, 11900 x 0.0126 03615 < 0.75 (A6)
L — 23300 - 23300  —4778mm (A7)
(n - Ef) ' (1 x 0.176 x 245000)"
/3 2/3
AN T A
ki = ( > =5 = 1.3911 (A8)
df—L. 259 —47.78
= = =081 A
ko 7 555 0.8155 (A9)

The total shear resistance and maximum load are as follows:
F=1.6-V; =1.6 x195.6 = 313kN (See Figure 1) (A11)

Appendix A.1.2. fib Bulletin 90

The contribution of the steel stirrups to the shear resistance is as follows:

A 2 x (7t x 6%/4
VRd,s:ﬂ'Z'fywd'COt(’:M

: 50 % 0.9 x 359 x 641 x cot(39.8") = 93.7 kN (A12)
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The contribution of the CFRP to the shear resistance is as follows:

A o
Ve = 22 = % x 300 x 1703.9 x cot(39.8") = 864 kN (A13)
Afw:Z-bf~tf:2><60x0.176:21.12mm2 (A14)
where iy = 300 mm > [, = 5421 mm and [, = 54.21 < Cote =125mm < hy =
300 mm then
J Efsgif“k 235000024869
= = . = 1703.9 MP =1.0 A15
frwd ) 10 a (7 ) (A15)
Tpik = 0.72 - v/ fem * ferm = 0.724/44.3 x 3.29 = 8.69 MPa (Al6)
Fetm =03+ (fom — 8)%% = 0.3 x (36.3)%/° = 3.29 MPa (A17)

Ef-tr-s
_n / fo 0k _ \/245000><0176x024_5421mm (A18)
blk

The total shear resistance and maximum load are as follows:

Vi=Vs+Vy;=1801kN = F=1.6V; =1.6x180.1 =288.2kN (See Figure 1) (A19)

Appendix A.2. NSFA-1 Beam
Appendix A.2.1. ACI 440.2R-17 Formulation

PMy :4’<Asl‘fs'(ds—,Bl'C/Z)—F’Yf'Af'ffg' (df—ﬁl-c/Z)) =

626.814 x 636 (359 — 0.7174 x 457 ) 4212 x 2205(390 — 07174 x 57 ) =1712KN - m (A20)
(¢ =7f=10)
df—c —45.97
e = 5011( L ) — &y = 0.003 x (390459;’9) —0.0 <07 x g5, = 0.7 x 0.018 = 0.0126 (A21)
c 45.97
e = € <df_C> — 0.0126(W) — 0.001684 (A22)

d—c 359 — 45.97

fre = Ef €, = 175000 x 0.0126 = 2205 MPa (A24)
, L7l 17x443

= o0y = 700V 0.002407 (A25)
AL SOOI s )
Pr=sz i :gsli; f:sc ~ 6 i 3.862%;0?; S.(())(.)(}(?f:% = 07174 (A27)
oL DXOUMT O DO o
— 0‘]5\/2125 = % = 304.4 kN (See Figure 1) (A29)
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Appendix A.2.2. fib Bulletin 90

From the beam configuration (Figure 1 and Table 4), the following parameters can be
determined:

Ay = 626.814 mm?; dg; = 359 mm; dg = 27 mm; Ay = 452.389 mm?; Ag = 226.195 mm?;
diz =73 mm; Ap = 4212 mm?; g4, = 0.018; df = 390 mm

The initial guess for neutral axis location, x, is 40.31 mm.

Mgy = As1 051+ (ds1 —ka-x) + Af-Ef-e5- (df—kz'x) + Asz - 0a(ds2 — ko - X) + Asz - 0s3(dsz — ko - x) =

626.814 x 636 X (359 — 0.3774 x 40.31) + 42.12 x 175000 x 0.018 x (390 — 0.3774 x 40.31) + ... (A30)
226.195 x 0.001683 x 20000 x (73 — 0.3774 x 40.31) + 452.389 x 0.000685 x 200000 X ...

(0.3774 x 40.31 — 27) = 1904 kN - m

df —x 390 — 40.31
€. = 0.0035 x (x) = 0.0035 x (4031> =0.03036 < ef, = 0.018 = ¢, = 0.018 (A31)
x 40.31
— —_— = U. 1 T —— - . 2 7 A 2
£ sfux<dfx> 0.0 8><<39040'31> 0.002075 (A32)
Fo=ki: feg-b-x=0.6787 x 44.3 x 450 x 40.31 = 545.39 kN (A33)
2

dsf —x 359 — 40.31
es1 = €5, X < df_x> = 0.018 x (390—40.31) = 0.016404 (A35)

x—dg 4031 —27

= =0.01 — | =0. A

e = €5 X (df_x> 0.018 x (390_40‘31) 0.000685 (A36)

dg — x 73 — 40.31
el = . 1 —_— = . 1 A 7
£ss sfe><<df_x> 0.0 8><(390_40'31) 0.001683 (A37)

ki“faa b-x+Ap-090=Aq-0a+Af Ef-er+ Az 053 =

X = 626.814 x636+226.195 % 0.001683 x200000+42.12x 175000 0.018 . (A38)
—452.389 x 0.000685 x 200000 1993506787
“19935%0.6787 = 40.31 mm
o — 1000 x €.(3000 x e, — 4) + 2 _ 1000 x 0.002075 x (3000 x 0.002075 — 4) + 2 03774 (A39)
27 772000 x €:(3000 x g, —2) ~ 2000 x 0.002075 x (3000 x 0.002075 — 2) e
Mgy 190.4 .
= 05625 — 05a5 338.6 kKN (See Figure 1) (A40)
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