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ARTICLE INFO ABSTRACT
Keywords: The expressions proposed in ACI 440.11-22, CSA S806-12, and CSA S6-19 to calculate the development length
Splice length of glass fiber-reinforced polymer (GFRP) bars were mainly based on the procedure used for steel reinforcement.
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However, some assumptions were made due to the lack of extensive experimental data, and the effects of some
parameters were disregarded. In this study, the accuracy of existing equations for the minimum splice length of
GFRP bars embedded in concrete is evaluated using the results of 132 splice beam tests that experienced splitting
failure with different characteristics, such as splice length, concrete cover, bar spacing, compressive strength of
concrete, modulus of elasticity of bars, and confinement. This study employed multiple linear regression (MLR)
analysis to develop a model with a selected dataset to predict the bond strength and minimum splice length of
GFRP bars required to develop design stress. This offers a more accurate prediction of bond strength and the
developed stress in spliced bars compared to current North American design codes. Using the proposed equation,
minimum splice lengths were, on average, 6%, 22%, and 33% less than ACI 440.11-22 design code for effective
concrete cover to bar diameter (c/d,) ratios of 2.0, 2.5, and 3.0, respectively. In the presence of 8 mm diameter
steel stirrups at spacing intervals of 50, 100, 200, and 300 mm, with c¢/d, ratio of 2.0, the calculated minimum
splice length using the proposed equation was, on average, 58%, 46%, 36%, and 32% less than ACI 440.11-22,
respectively. Further research is needed to assess the impact of GFRP stirrup confinement within the splice re-
gion, varied staggering patterns, and recent advancements in the material and bond properties of GFRP bars on
the bond strength of GFRP splices. These factors are currently not considered in existing design codes.

Moreover, GFRP bars are more commonly utilized than aramid
fiber-reinforced polymer (AFRP) and carbon fiber-reinforced polymer
(CFRP), mainly due to their relatively lower costs [3,7,8].

The bond between GFRP bars and surrounding concrete is a crucial
parameter that governs serviceability, cracking behavior, and ultimate
capacity of GFRP reinforced concrete (RC) members [7,9]. Unlike
deformed steel reinforcement, GFRP bars possess different mechanical
and physical properties in their longitudinal and transverse directions
and are produced with a variety of surface treatments which results in
different force transfer mechanism between reinforcement and concrete
[5,10,11].

Lap splicing—a commonly used and cost-effective method in con-
struction for transferring force from one bar to another—is frequently
required for GFRP bars due to their limited range of lengths influenced

1. Introduction

The use of non-metallic reinforcement, such as glass fiber-reinforced
polymer (GFRP) reinforcing bars, has become a widely accepted alter-
native to address the corrosion problem of steel reinforced concrete
structures [1-3]. Aside from being corrosion resistant, GFRP bars have
other desirable inherent advantages such as high strength-to-weight
ratio, thermal insulation and lightness, electrical and magnetic
neutrality, simplified on-site management, and lower lifetime mainte-
nance costs compared to steel reinforcing bars [4-6]. In comparison to
deformed steel bars, GFRP bars display a linear elastic response until
failure, with a lower elastic modulus (25%—35% of elastic modulus of
conventional steel) and provide different surface characteristics.
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Nomenclature
u Average bond stress of GFRP bars to concrete (MPa)
f'C Concrete compressive strength (MPa)

des Smaller of the distance from the bar center to closest
concrete surface or two-thirds of center-to-center spacing
of bars being developed (mm)

dp Nominal diameter of a bar (mm)

Ay Cross-sectional area of a GFRP bar (mm?)

Ay Cross-sectional area of transverse reinforcement (mm?2)

S Spacing of transverse reinforcement (mm)

n Number of bars being developed along the splitting plane
Ep Modulus of elasticity of GFRP bars (GPa)

E, Modulus of elasticity of deformed steel bars (GPa)

kq Bar location factor

ko Concrete density factor

k3 Bar size factor

k4 Bar fiber factor

ks Factor to consider bar surface

1q Development length of GFRP bar in tension (mm)

Is Minimum splice length of GFRP bar in tension (mm)

fq Design stress in GFRP tension reinforcement at the
ultimate limit state (MPa)

for Concrete cracking strength (MPa)

fru Ultimate tensile strength of GFRP bars (MPa)

K Transverse reinforcement index representing contribution

of confining reinforcement

fy Yield strength of transverse reinforcement (MPa)

c Concrete cover to center of the bar or one-half of center-to-
center spacing (mm)

o Bar location factor for ACI 440.11-22

by manufacturing and transport considerations [12,13]. To provide
reinforced concrete structural integrity, the section where bars are
spliced needs to provide strength equal to or greater than that outside
the spliced region. This is possible by providing an adequate splice
length to sustain the design stress of reinforcement developed at the
critical section (i.e. end of the spliced zone) [2]. Estimating the adequate
splice length using an empirically based approach requires an extensive
amount of data collected through experimental beam tests.

The splice strength of GFRP bars to concrete, defined as the
maximum tensile strength at which rebar bond failure occurs, has been
the subject of investigation in various studies. These studies have
employed the splice beam test method and have taken into account a
range of influential factors. These factors encompass splice length, bar
diameter, concrete cover, bar spacing, confinement, surface treatment,
bundling, as well as concrete type and compressive strength [2-7,
12-20]. Correspondingly, design codes for FRP reinforcement in the U.
S., ACI 440.11-22 [6], and Canada, CSA S806-12 [21], and Chapter 16
of CSA S6-19 [22], include guidelines for bond mechanism in terms of
embedment length. For tension lap splices, Canadian codes recommend
a value of 1.3 times the development length in all cases, similar to the
splice length suggested by ACI 318-19 [23] for steel bars. However, ACI
440.11-22 proposes differing values based on the spliced bar percent-
ages and stress levels. This distinction is detailed in Table 25.2.2.1 of the
aforementioned code.

The existing empirical equation proposed by ACI 440.11-22 [6] for
development length calculation in FRP-reinforced concrete structures
suffers from limitations due to the lack of available data on embedment
or splice length. Consequently, conservative assumptions had to be
made while disregarding the effects of some parameters. This approach
resulted in an equation that may require excessive lap splice and
development length for FRP bars, as reported in several recent studies
[24-26]. Moreover, the current equation is based on test data that were
conducted over two decades ago using FRP bars with surface de-
formations, such as a helical lug pattern or spiral wrap of fibers [27].
However, the bars used to develop this equation are no longer available
today, and since its calibration, significant improvements have been
made in FRP material properties and production methods.

Therefore, it is crucial to reassess the splice strength of lapped glass
fiber reinforced polymer (GFRP) bars based on the outcomes of recent
experimental studies available in the literature. This will provide a more
representative equation for calculating the minimum splice length of
new generation of GFRP bars embedded in concrete. The present study
evaluates the accuracy of existing lap splice and development length
equations for GFRP bars embedded in concrete by analyzing the results
of 132 splice beam tests experienced splitting failure performed by
previous researchers. This experimental data was then incorporated into

a linear regression model by considering affecting parameters, to derive
a more representative expression for estimating the optimum amount of
splice length of GFRP bars. Finally, recommendations are made for
future studies.

2. Database classification

Five general failure modes are expected in a given FRP-RC section
with spliced bars, depending on various factors such as the splice length,
reinforcement type, concrete properties, and reinforcement ratio. These
modes include pullout of tensile reinforcements (slippage), concrete
splitting, FRP rupture, concrete crushing, and concrete shear. If a spe-
cific splice length results in FRP rupture (in case of under-reinforced
sections) or concrete crushing (in case of over-reinforced sections), it
can be concluded that the minimum splice length is provided. However,
the provided splice length may be much longer than or very close to the
minimum splice length. If bond failure occurs, it is possible to extrapo-
late the minimum splice length that corresponds to a given stress in FRP
bars from a limited number of test results. In practice, the pullout mode
of failure, which may be due to a short splice length and/or high con-
crete cover to bar diameter ratio, is less likely to occur [28]. Therefore,
the design of the test specimens is mainly based on selecting splice
lengths that would fail in the bond splitting failure [2].

Previous studies have used various test methods to assess the
experimental values for the average bond stress (u.y) acting on the
surface of lapped GFRP bars. This is referred to as bond strength in this
context. These methods include pullout tests, notched beam tests,
hinged beam tests, beam end tests, and beam-splice tests. However, each
method yields different bond strength results due to varying bond
response characteristics. The pullout test is easy, quick, and cost-
effective, but it cannot accurately represent the actual stress condition
in flexural members. This is because it places the concrete around the
reinforcing bar under compression while the bar itself is in tension,
neglecting curvature effects present in real structural elements, thus
leading to potential overestimation of bond strength.

On the other hand, the beam-splice test method offers a more real-
istic representation of the stress state in actual applications and con-
siders curvature effects. Consequently, it provides a better evaluation of
bond behavior in real-life scenarios. However, conducting this test on
large-scale specimens can be expensive compared to other methods.
Despite its cost, the beam-splice test method was efficient in previous
research, making it a suitable choice for evaluating the bond behavior of
lap-spliced GFRP bars in this study [2]. Hence, to evaluate the splice
strength of GFRP reinforcing bars, a review of the technical literature
related to the bond behavior of GFRP bars used splice beam test is
presented in the following. Among previous studies, the results failed in
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splitting are used to evaluate the accuracy of the current North American
design codes (ACI 440.11-22, CSA S806-12, and CSA S6-19) and to
propose a representative equation for estimating minimum splice length
of GFRP bars.

Aly et al. [12] investigated the effects of bar diameter (15.9 and
19.1 mm) and splice length (ranged from 500 to 1100 mm) on the bond
strength of sand-coated GFRP bars by testing 18 splice beams. Through
analyzing the maximum theoretical stress in GFRP reinforcement,
calculated based on maximal moment, they reported that the developed
stress of spliced GFRP bars was linearly proportional to the splice length.

Mosley et al. [5] tested 6 lap splice beams to evaluate the effects of
splice length (305 and 457 mm) and spliced bars clear spacing (25 and
120 mm) on the bond strength of GFRP bars having the bar diameter
15.9 mm. Fig. 1 provides the geometric and reinforcement details of the
test specimens along with test set-up of spliced beams. Their findings
outlined that the bond strength is proportional to the square root of the
development length and is enhanced with increasing the elastic modulus
of bars. Moreover, it was shown that increasing bar spacing changed the
failure mode from side splitting to face splitting while the bond strength
of GRFP bars is improved up to 50%.

Harajli and Abouniaj [16] carried out an experimental study con-
sisting of 6 splice beam tests experienced concrete cover splitting mode
with and without confinement using steel stirrups. All the specimens
reinforced with 12 mm bar diameter with splice lengths of 15dy, 20dy,
and 30d, to investigate the bond behavior of GFRP bars in concrete.
They concluded that GFRP bars resist 42-67% of their maximum tensile
strength depends on their splice length. Moreover, it was shown that
confinement has a significant effect in increasing the bond strength of
GFRP bars by up to 31%.

The experimental program conducted by Choi et al. [17] on bond
strength of GFRP bars in unconfined concrete indicated their lower bond
strength compared to the conventional deformed steel bars. The test
variables included splice length of 10d, to 70d,, different cover thick-
nesses and bar spacing. Based on the results, the average bond strength
decreases with increasing splice lengths, decreasing cover thicknesses or
reducing bar spacing. A further study by Choi et al. [20] found that
GFRP bars had an increased bond strength when the concrete cover and
spacing between the bars were increased. This was confirmed by testing
11 GFRP reinforced beams with splice lengths of 45d,, 60dy, and 75ds.
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Esfahani et al. [18] conducted another experimental study on the
bond strength of GFRP bars by performing 11 splice beam tests. The
experimental parameters were bar diameter (10, 12 and 16 mm), sur-
face treatment (sand-coated and ribbed), splice length (varied from 18d,
to 33d,), concrete compressive strength (ranged from 41 to 72 MPa),
and effect of confinement provide by stirrups within the splice region. It
was found that the concrete compressive strength had no significant
effect on the bond strength of the GFRP bars in spliced beams. In addi-
tion, they concluded that the bond strength of GFRP bars increases with
decreasing bar diameter and using transverse reinforcement within the
splice zone.

Pay et al. [19] carried out 28 splice tests on GFRP reinforced concrete
beams with unconfined splice region to study the bond behavior of GFRP
bars in concrete. The reinforcement details and test set-up used by them
are shown in Fig. 2. It has been reported based on their study that bond
strength of GFRP bars linearly increases with their axial rigidity (which
is multiplied by elastic modulus and cross-sectional area). They also
observed that the bond strength has a positive correlation with the
elastic modulus of the reinforcing bars. Moreover, results of this study
support a nonlinear relationship between bond strength and splice
length as it can be noticed in Fig. 3. While previous research on rela-
tively short splices [5] showed a square root relationship between bond
strength and splice length for GFRP reinforcement, the longer splice
lengths indicate that this relationship is significantly lower than the 0.5
power. They noted that this relationship is not constant and depends on
the elastic modulus of the reinforcement.

Zemour et al. [3], tested six full-scale RC splice beams, each
measuring 4300 mm in length, 250 mm in width, and 400 or 600 mm in
height. The beams were reinforced with GFRP bars of 15.9 mm diameter
(No.5) and subjected to four-point bending until failure. Two splice
lengths of 20db and 40db (320 and 640 mm) were examined. Their
results demonstrated a decrease in bond strength as the splice length
increased, aligning with previous findings in the literature. Interest-
ingly, they found that beam height could not significantly influence the
bond strength of spliced reinforcing bars with relatively long splice
lengths. Furthermore, they concluded that the design equations pro-
vided by JSCE-97 [29], CSA S806-12 [21], and ACI 440.1R-15 [30] can
reasonably predict the splice length of GFRP bars in normal concrete.
Among these, the provisions of JSCE-97 exhibited the highest safety
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Fig. 1. The geometric dimensions, reinforcement details, and test set-up used by Mosley et al. [5].
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Fig. 2. The reinforcement details and test set-up used by Pay et al. [19].

margin. However, it was noted that the current CSA S6-14 provisions
[31] led to a non-conservative prediction in most cases.

More recently, Wu et al. [7] examined 16 lap splice beams to
investigate the bond performance of GFRP bars in concrete. Among the
test parameters were the stirrup spacing, bar diameter, loading type, and
the splice length of all specimens with bar diameters of 20 and 28 mm
was 400 mm. Fig. 4 shows the reinforcement details of specimens. They
reported that, due to confinement provided by stirrups, bond strength
was significantly improved along the splice length compared to the
specimens without stirrups and neglecting the contribution of confine-
ment on bond strength of GFRP bars in design codes such as ACI
440.11-22 may lead to conservative value of development and splice
length. Moreover, stirrups were found to contribute to the bond strength
more effectively in the specimens reinforced with GFRP bars of 20 mm
in diameter compared to those reinforced with GFRP bars of 28 mm in
diameter. Thus, it is recommended that more stirrups be used in the FRP
reinforced concrete structures with larger diameter of longitudinal
reinforcement.

In another recent study, Al-Salloum et al. [13] conducted tests on six
splice beams to investigate the achievable bar stress (f;) given the
existing embedment length, referred to as splice strength in this context.
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They used lap lengths of 40 times the rebar diameter in tension within
constant moment regions. The test variables included two different
stirrup spacing (50 and 100 mm) and two types of lapped splices: con-
tact (with zero spacing) and non-contact (with 18 mm spacing) lapped
splices. The results revealed that the lap length calculated based on ACI
440.1R-15 was overly conservative, particularly depending on the
spacing of confining stirrups. Notably, the bond strength of GFRP rebars
exhibited an increase with a decrease in the spacing of confining stir-
rups. Using confining stirrups led to a significant enhancement in bond
strength, with improvements of 80% and 129% observed for 100-mm
and 50-mm spacing of stirrups, respectively. Table 1 provides details
of all tested specimens and their test results. The experimental splice
strength (f..,) was calculated by multiplying the failure strain by the
elastic modulus of the corresponding bars (Ey).

3. Current design codes

The following section presents a review of three North American
design standards and guidelines on the normalized bond strength

(u/ \/E ) between FRP bars and concrete, and minimum splice length for
FRP bars.

3.1. CAN/CSA S806-12 (Canadian Standards Association 2012)

Canadian Standards Association, CSA S806-02 (2002), specifies the
following equation for the average bond stress (u) of FRP bars to con-
crete in MPa:

desy/f,

— M L 1
1.15(k1k2k3k4k5)ﬂdb ( )

In Eq. (1), f; the concrete compressive strength in MPa; d is the
smaller of the distance from the center of the bar being developed to the
closest concrete surface or two-thirds of the center-to-center spacing of
bars being developed; d, is the nominal diameter of a bar in mm; k; is
bar location factor (1.3 for horizontal reinforcement placed more than
300 mm of fresh concrete is cast below the bar, 1.0 for all other cases); k,
is concrete density factor (1.3 for structural low density concrete, 1.2 for
structural semi-low-density concrete, 1.0 for normal-density concrete);
ks is bar size factor (0.8 for A, < 300 mmz, 1.0 for A, < 300 mmz); k4 is
bar fiber factor (1.0 for CFRP and GFRP, 1.25 for AFRP); ks is a factor to
consider bar surface (1.0 for surface roughened or sand coated or
braided surfaces, 1.05 for spiral pattern surfaces or ribbed surfaces, 1.8
for indented surfaces). Based on the Eq. (1) for the average bond stress of
FRP bars, CSA S806-12 [21] suggested the following equation for the
minimum development length of FRP bars in tension in which the term

de, < 2.5d,, and \/F < 5 MPa.
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Fig. 3. Effect of splice length on normalized bond strength of No.5 and No.8 bars tested by Pay et al. [19].
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In Eq. (2), 14 is development length of the FRP bar in tension; f, is
design stress in FRP tension reinforcement at the ultimate limit state in
MPa; and A, is the area of a bar. Based on CSA S806-12 [21], 1.3, is
recommended to calculate the minimum splice length of FRP bars in
tension.

la =1.15 2)

3.2. CSA S6-19 (Canadian Highway Bridge Design Code 2019)

Canadian Highway Bridge Design Code, CSA S6-14 [31] recom-
mends the following equation to estimate the average bond stress (u) of

FRP bars to concrete in MPa in which the term d.; + Kt,EE'—?’ <2.5dy:

fcr(dcs + KlrEﬁp/Es)
=——— " "~ wh K, =
T T 0dsmdok ke e

A.f,
10.5sn

3)

Where f., is concrete cracking strength (0.4\/E) in MPa; d. is the

smaller of the distance from the center of the bar being developed to the
closest concrete surface or two-thirds of the center-to-center spacing of
bars being developed; K, is transverse reinforcement index representing
the contribution of confining reinforcement; Eg, and E; denote the
elastic modulus of FRP and steel bar in GPa, respectively; f, is the yield
strength of transverse reinforcement in MPa; s is maximum center-to-
center spacing of transverse reinforcement within the embedment
length; n is the number of bars being developed along the potential plane
of splitting; dy, is FRP bar diameter; k; is bar location factor (1.3 for
horizontal reinforcement placed more than 300 mm of fresh concrete is

cast below the bar, 1.0 for all other cases); and k4 is bar surface factor
which is considered as the ratio of the bond strength of the FRP bar to
that of a steel deformed bar with the same cross-sectional area as the FRP
bar, but not greater than 1.0. In the absence of experimental data, k4
shall be taken as 0.8.

According to Eq. (3) for the average bond stress of FRP bars, CSA
S6-19 [22] recommended the following equation for the required
development length of FRP bars in tension based on the specified design
tensile stress of FRP bar (fy) in MPa where A, is the cross-sectional area
of a FRP bar:

kiky fy Aqfy
—XxApwhere : K, =
x g xApwhere : Ky = 705~

ly=045— 14
¢ des + KB /B fur

4

Similar to CSA S806-12, CSA S6-19 [22] recommends 1.3 times of
development length (1.3ly) as minimum splice length of FRP bars in
tension.

3.3. ACI 440.11-22 (ACI Committee 440 2022)

Based on ACI 440.11-22 [6], the normalized average bond stress

acting on the surface of FRP bar (u/ \/E) is determined through linear

regression originally developed by Wambeke and Shield [27], based on
269 bond tests which yielded a valuable database covering beam-end
tests, notch-beam tests, and splice tests. The normalized bond strength

(u/ \/E) is a function of the normalized concrete cover (c/dy,) and

normalized embedment length (l4/dy), as described by the following
equation:
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Table 1
Test parameters and details of specimens.
Specimen identification f’c 1s dy £ ¢ fru E; Surface configuration s Ax fexp. Uexp.
dp

MPa mm mm mm MPa GPa mm mm? MPa MPa

Mosley et al.[5] B-G1-1 38.6 457 15.9 28.7 20.5 607 40.5 W and S - - 264 2.30

B-G2-1 37.8 457 15.9 28.7 20.5 593 37.6 R* - - 224 1.95

B-G1-2 29.0 305 15.9 19.2 20.5 607 40.5 W and S - - 199 2.59

B-G2-2 27.0 305 15.9 19.2 20.5 593 37.6 R - - 203 2.65

B-G1-3 41.2 305 15.9 19.2 46.0 607 40.5 W and S - - 340 4.43

B-G2-3 40.9 305 15.9 19.2 46.0 593 37.6 R - - 322 4.20

Pay et al. B-PG-5-18 36.3 457 15.9 28.7 20.7 614 44.1 s - - 326 2.84
[19]

B-PG-5-36 37.7 914 15.9 57.5 20.7 614 44.1 S - - 344 1.50

B-PG-5-24 32.0 610 15.9 38.4 20.7 614 44.1 S - - 331 2.16

B-PG-5-24b 32.0 610 15.9 38.4 20.7 614 44.1 S - - 350 2.28

B-PG-5-12 28.8 305 15.9 19.2 20.7 614 44.1 S - - 210 2.74

B-PG-5-54 28.8 1372 15.9 86.3 20.7 614 44.1 S - - 349 1.01

B-PG-5-12b 28.8 305 15.9 19.2 20.7 614 44.1 S - - 269 3.51

B-HGO-5-18 36.3 457 15.9 28.7 20.7 490 40.0 W and S - - 227 1.97

B-HGO-5-36 37.7 914 15.9 57.5 20.7 490 40.0 W and S - - 328 1.43

B-HG1-5-18 36.3 457 15.9 28.7 20.7 676 44.1 W and S - - 281 2.44

B-HG1-5-36 37.7 914 15.9 57.5 20.7 676 44.1 W and S - - 305 1.33

B-HG1-5-24 32.0 610 15.9 38.4 20.7 676 44.1 W and S - - 269 1.75

B-HG1-5-24b 32.0 610 15.9 38.4 20.7 676 44.1 W and S - - 291 1.90

B-HG1-5-12 28.8 305 15.9 19.2 20.7 676 44.1 W and S - - 189 2.46

B-HG1-5-54 28.8 1372 15.9 86.3 20.7 676 44.1 W and S - - 347 1.01

B-HG1-5-12b 28.8 305 15.9 19.2 20.7 676 44.1 W and S - - 240 3.13

B-HG2-5-24 32.0 610 15.9 38.4 20.7 793 50.3 W and S - - 328 2.14

B-HG-8-18 36.3 457 25.4 18.0 25.4 524 39.3 W and S - - 163 2.26

B-HG-8-36 37.7 914 25.4 36.0 25.4 524 39.3 W and S - - 210 1.46

B-HG-8-12 27.7 305 25.4 12.0 25.4 524 39.3 W and S - - 112 2.33

B-HG-8-12b 27.7 305 25.4 12.0 25.4 524 39.3 W and S - - 117 2.44

B-HG-8-24 28.8 610 25.4 24.0 25.4 524 39.3 W and S - - 166 1.73

B-HG-8-54 28.8 1372 25.4 54.0 25.4 524 39.3 W and S - - 228 1.06

B-HG-8-24b 28.8 305 25.4 12.0 25.4 524 39.3 W and S - - 184 3.83

B-PG-8-18 36.3 457 25.4 18.0 25.4 524 42.7 S - - 192 2.67

B-PG-8-36 37.7 914 25.4 36.0 25.4 524 42.7 S - - 199 1.38

B-PG-8-12 32.0 305 25.4 12.0 25.4 524 42.7 S - - 138 2.87

B-PG-8-12b 32.0 305 25.4 12.0 25.4 524 42.7 S - - 127 2.64

Specimen identification f’c I dy I c fru E¢ Surface s Ay fexp. Uexp.

dp configuration

MPa mm mm mm MPa GPa mm mm? MPa MPa

Choi et al. B-2As-110db-c25 30.0 127 13.6 9.3 32.2 690 40.8 HW' - - 178 4.76
[17]

B-2As-120db-c25 30.0 254 13.6 18.7 32.2 690 40.8 HW - - 281 3.76

B-2As-L30db-c25 30.0 381 13.6 28.0 32.2 690 40.8 HW - - 322 2.87

B-2As-1L40db-c25 30.0 508 13.6 37.4 32.2 690 40.8 HW - - 357 2.39

B-2As-L55db-c25 30.0 699 13.6 51.4 32.2 690 40.8 HW - - 501 2.44

B-2As-L70db-c25 30.0 889 13.6 65.4 32.2 690 40.8 HW - - 513 1.96

B-2Is0-L30db-c25 30.0 381 12.8 29.7 31.8 617 42.0 S - - 430 3.62

B-2Is0-L40db-c25 30.0 508 12.8 39.6 31.8 617 42.0 S - - 467 2.95

B-2Is0-L50db-c25 30.0 635 12.8 49.5 31.8 617 42.0 S - - 493 2.49

B-2Is0-L60db-c25 30.0 762 12.8 59.5 31.8 617 42.0 S - - 521 2.19

B-3K2-L15db-c25 23.0 191 12.0 15.9 31.4 692 37.2 S - - 292 4.60

B-3K2-L30db-c25 23.0 381 12.0 31.8 31.4 692 37.2 S - - 393 3.09

B-3K2-L45db-c25 23.0 572 12.0 47.6 31.4 692 37.2 S - - 509 2.67

B-3K2-L60db-c25 23.0 762 12.0 63.5 31.4 692 37.2 S - - 542 2.13

B-3K2-L30db-c13 23.0 381 12.0 31.8 18.7 692 37.2 S - - 381 3.00

B-3K2-L30db-c51 23.0 381 12.0 31.8 36.0 692 37.2 S - - 431 3.39

B-4K2-L30db-c25 23.0 381 12.0 31.8 29.1 692 37.2 S - - 364 2.86

B-5K2-L30db-c25 23.0 381 12.0 31.8 20.2 692 37.2 S - - 385 3.03

B-4K2-L45db-c25 23.0 572 12.0 47.6 29.1 692 37.2 S - - 399 2.09

B-5K2-L45db-c25 23.0 572 12.0 47.6 20.2 692 37.2 S - - 437 2.29

B-3As-L15db-c25 23.0 191 13.6 14.0 32.2 690 40.8 HW - - 248 4.42

B-3As-1L30db-c25 23.0 381 13.6 28.0 32.2 690 40.8 HW - - 305 2.72

B-3As-L45db-c25 23.0 572 13.6 42.1 32.2 690 40.8 HW - - 336 2.00

B-3As-L60db-c25 23.0 762 13.6 56.1 32.2 690 40.8 HW - - 415 1.85

Choi et al. 3 F-L45-1.5 32.0 572 12.7 45.0 25.4 741 49.3 HW - - 378 2.10
[20]

3 F-L45-2.0 32.0 572 12.7 45.0 31.4 741 49.3 HW - - 468 2.60

3 F-145-2.5 31.0 572 12.7 45.0 38.4 741 49.3 HW - - 499 2.77

3 F-L60-2.0 30.0 762 12.7 60.0 31.4 741 49.3 HW - - 490 2.04

3 F-L75-2.0 32.0 953 12.7 75.0 31.4 741 49.3 HW - - 591 1.97

4 F-145-1.5 30.0 572 12.7 45.0 25.4 741 49.3 HW - - 261 1.45

4 F-145-2.0 34.0 572 12.7 45.0 31.4 741 49.3 HW - - 308 1.71

4 F-1L45-2.5 34.0 572 12.7 45.0 31.4 741 49.3 HW - - 373 2.07

5 F-L45-1.5 32.0 572 12.7 45.0 21.9 741 49.3 HW - - 232 1.29

(continued on next page)
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Table 1 (continued)

Specimen identification f’C 1s dy I c fru E; Surface configuration s Ay fexp. Uexp.
dp
MPa mm mm mm MPa GPa mm mm? MPa MPa
5 F-L45-2.0 30.0 572 12.7 45.0 21.9 741 49.3 HW - - 254 1.41
5 F-L45-2.5 28.0 572 12.7 45.0 21.9 741 49.3 HW - - 286 1.59
Zemour et al.[3] G-N-40-40d 39.0 636 15.9 40.0 38.0 762 50.0 S - - 420 2.63
G-SC-40-40d 41.0 636 15.9 40.0 38.0 762 50.0 S - - 413 2.58
G-N-60-40d 39.0 636 15.9 40.0 38.0 762 50.0 S - - 440 2.75
G-SC-60-40d 41.0 636 15.9 40.0 38.0 762 50.0 S - - 392 2.45
G-N-40-20d 39.0 318 15.9 20.0 38.0 762 50.0 S - - 287 3.59
G-N-60-20d 35.5 318 15.9 20.0 38.0 762 50.0 S - - 348 4.35
Specimen fL 15 dy I ¢ fr Ef Surface s Ay fexp. Uexp.
identification dy configuration
MPa mm mm mm MPa GPa mm mm? MPa MPa
Aly et al. 5G-50 N 49.0 500 15.9 31.4 48.0 590 40.0 S - - 508 4.04
[12]
5G-70N 43.0 700 15.9 44.0 48.0 590 40.0 S - - 519 2.95
6 G-50 N 41.0 500 19.1 26.2 49.6 560 37.0 S - - 377 3.60
6 G-70 N 43.0 700 19.1 36.6 49.6 560 37.0 S - - 481 3.28
6 G-80 N 41.0 800 19.1 41.9 49.6 560 37.0 S - - 553 3.30
6G110N 41.0 1100 19.1 57.6 49.6 560 37.0 S - - 590 2.56
6G70z 45.0 700 19.1 36.6 49.6 560 37.0 S - - 352 2.40
6G70Z 43.0 700 19.1 36.6 49.6 560 37.0 S - - 372 2.54
6G110Z 43.0 1100 19.1 57.6 49.6 560 37.0 S - - 394 1.71
6G70L 43.0 700 19.1 36.6 49.6 560 37.0 S 300 100.5 432 2.95
6G70N 43.0 700 19.1 36.6 49.6 560 37.0 S 150 100.5 481 3.28
6G70M 45.0 700 19.1 36.6 49.6 560 37.0 S 50 100.5 556 3.79
6G70N-KW 45.0 700 19.1 36.6 49.6 560 37.0 S - - 415 2.83
6G70N-FX 43.0 700 19.1 36.6 34.6 560 37.0 S - - 466 3.18
6G70N-KX 43.0 700 19.1 36.6 49.6 560 37.0 S - - 481 3.28
6G70N-PX 45.0 700 19.1 36.6 51.4 560 37.0 S - - 427 291
6G70N-KY 43.0 700 19.1 36.6 49.6 560 37.0 S - - 528 3.60
6G70N-PY 45.0 700 19.1 36.6 51.4 560 37.0 S - - 471 3.21
Harajli and Abouniaj[16] R1.25L15 48.0 180 12.0 15.0 21.0 500 37.0 R - - 210 3.51
R1.25L20 48.0 240 12.0 20.0 21.0 500 37.0 R - - 256 3.21
R2L15 48.0 180 12.0 15.0 31.0 500 37.0 R - - 215 3.58
R2L20 48.0 240 12.0 20.0 31.0 500 37.0 R - - 292 3.65
R1.25L30 52.0 360 12.0 30.0 21.0 500 37.0 R - - 271 2.25
R1.25L20-C 52.0 240 12.0 20.0 21.0 500 37.0 R 80 100.5 336 4.20
Esfahani et al.[18] $10-40-NC 41.0 180 10.0 18.0 30.0 700 37.0 S - - 485 6.73
R16-40-NC 41.0 400 16.0 25.0 20.5 1000 60.0 R - - 218 2.18
R16-40-S150 41.0 400 16.0 25.0 20.5 1000 60.0 R 150 100.5 320 3.20
R16-40-S100 41.0 400 16.0 25.0 20.5 1000 60.0 R 100 100.5 418 4.18
R16-40-S50 41.0 400 16.0 25.0 20.5 1000 60.0 R 50 100.5 518 5.18
R12-40-S150 41.0 400 12.0 33.3 13.5 1000 60.0 R 150 100.5 575 4.31
R12-40-S100 41.0 400 12.0 33.3 13.5 1000 60.0 R 100 100.5 685 5.14
R12-40-S50 41.0 400 12.0 33.3 13.5 1000 60.0 R 50 100.5 829 6.22
R12-70-S150 72.0 400 12.0 33.3 13.5 1000 60.0 R 150 100.5 559 4.19
R12-70-S100 72.0 400 12.0 33.3 13.5 1000 60.0 R 100 100.5 685 5.14
R12-70-S50 72.0 400 12.0 33.3 13.5 1000 60.0 R 50 100.5 885 6.64
Al-Salloum et al.[13] B3 49.0 480 12.0 40.0 26.0 1286 52.0 R - - 492 3.08
B4 49.0 480 12.0 40.0 26.0 1286 52.0 R 50 100.5 961 6.01
B5 49.0 480 12.0 40.0 26.0 1286 52.0 R 100 100.5 869 5.43
B6 49.0 480 12.0 40.0 26.0 1286 52.0 R - - 527 3.29
B7 49.0 480 12.0 40.0 26.0 1286 52.0 R 50 100.5 990 6.19
B8 49.0 480 12.0 40.0 26.0 1286 52.0 R 100 100.5 923 5.77
Specimen identification f'C I dy 15 ¢ fru E; Surface s Ay fexp. Uexp,
dp configuration
MPa mm mm mm MPa GPa mm mm? MPa MPa
Wu et al.[7] MG20-S50 55.9 400 20.0 20.0 38.0 696 51.1 R 50 100.5 335 4.18
MG20-S100 55.9 400 20.0 20.0 38.0 696 51.1 R 100 100.5 337 4.21
MG20-5125-1 55.9 400 20.0 20.0 38.0 696 51.1 R 125 100.5 282 3.53
MG20-5125-2 55.9 400 20.0 20.0 38.0 696 51.1 R 125 100.5 262 3.28
MG20-S125-3 55.9 400 20.0 20.0 38.0 696 51.1 R 125 100.5 270 3.37
RG20-S125 55.9 400 20.0 20.0 38.0 696 51.1 R 125 100.5 280 3.49
MG20-S200 55.9 400 20.0 20.0 38.0 696 51.1 R 200 100.5 221 2.77
MG20-S0 55.9 400 20.0 20.0 38.0 696 51.1 R - - 192 2.40
MG28-S50 55.9 400 28.0 14.3 47.0 650 48.8 HW 50 100.5 276 4.83
MG28-S100 55.9 400 28.0 14.3 47.0 650 48.8 HW 100 100.5 299 5.24
MG28-5125-1 55.9 400 28.0 14.3 47.0 650 48.8 HW 125 100.5 198 3.46
MG28-S125-2 55.9 400 28.0 14.3 47.0 650 48.8 HW 125 100.5 195 3.41
MG28-5125-3 55.9 400 28.0 14.3 47.0 650 48.8 HW 125 100.5 152 2.67
MG28-5125-4 55.9 400 28.0 14.3 47.0 650 48.8 HW 125 100.5 196 3.44
MG28-S200 55.9 400 28.0 14.3 47.0 650 48.8 HW 200 100.5 171 2.98
MG28-S0 55.9 400 28.0 14.3 47.0 650 48.8 HW - - 165 2.89

tWrapped and sand-coated
*Ribbed
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* *Sand-coated
tHelically wrapped
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where f/c is concrete compressive strength in MPa; c is the effective
concrete cover which is the lesser of the cover to center of the bar being
developed or one-half of the center-to-center spacing of bars being
developed; d, is the diameter of a FRP bar; and 14 is embedded length of
FRP bar in concrete. The study predominantly used GFRP bars (240 out
of 269 tests) with various bar surface conditions and diameters having
the concrete compressive strength ranged from 28 to 45 MPa.

Using Eq. (5), ACI 440.11-22 [6] recommended the following
equation for the required development length of FRP bar in tension in
which the term c¢/d, < 3.5:

1 7“0083\/-7340
T B6e+E

x dy (6)

In Eq. (6), 14 is FRP bar development length in tension; f; is design
stress in FRP bar; and o is bar location factor (1.5 for horizontal rein-
forcement placed more than 300 mm of fresh concrete is cast below the
bar, 1.0 for all other cases). In contrast to two Canadian design codes,
ACI 440.11-22 [6] has included a classification for the percentage of
bars spliced at a section. This classification introduces Class A and B
splices, which correspond to sections with 50% and 100% of bars
spliced, respectively. ACI 440.11-22 [6] recommends using 1.0 and 1.3
times the development length as the necessary lap length for Class A and
Class B splices in tension. It is worth noting that while this recommen-
dation is similar to the approach used in ACI 318-19 [23] for the min-
imum splice length of steel bars, there is currently no experimental study
available confirming this suggestion for GFRP bars. Therefore, further
research may be necessary to investigate the effect of staggering distance
and percentage of bars spliced at a section.

4. Evaluation of available design codes

Here a comparison has been conducted between the results of 132
splice beam tests which showed splitting failure in previous studies to
assess the accuracy of current design codes in estimating of splice
strength of GFRP bars. Table 1 presents the test parameters of 101 beams
without stirrups and 31 beams confined using steel stirrups along the
splice length. There is a range of lap splice lengths (I;) from 127 mm to
1372 mm, bar diameters (dy) from 12.0 mm to 25.4 mm, l;/dy, from

10.0 to 86.3, concrete compressive strength (f/c) from 23 MPa and
72 MPa, ultimate nominal tensile strength (fy) of GFRP bars from
490 MPa to 1000 MPa, FRP bars elastic modulus (E;) from 37 GPa to
60 GPa, stirrup spacing (s) from 50 mm to 300 mm, with stirrup’s
diameter of 8 mm for all tests. Fig. 5(a) to Fig. 5(f) compares the rela-
tionship between experimental splice strength of GFRP bars (f.,, ) with
the theoretical predictions (f,) of ACI 440.11-22, CSA S6-19, and CSA
S806-12 design provisions by solving for fy in Eq. 6, Eq. 4, and Eq. 2,
respectively. It should be noted that the basic development length (1)
for the calculation of GFRP bar stress was defined as g =1/1.3
considering the lap splice condition of the test specimens.

ACI 440.11-22 [6] predicts all test results with an average ratio of
the test result to prediction (fex,. /facra40) €qual to 1.05 and coefficient of
variation (COV) of 0.307 which shows this design code slightly un-
derestimates test results as it is shown in Fig. 5(b). The relatively large
value of COV also indicates the predicted results are dispersed along
with the whole range of I, /dy, as it can be seen in Fig. 5(a). Furthermore,
the results presented in Fig. 5(a) indicate that ACI 440.11-22 provides
an acceptable estimation of the minimum splice length of GFRP bars for
specimens without confinement. On the other hand, this design code
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obviously underestimates the results of almost all specimens having
stirrups within the splice region, as the effect of confinement is not taken
into account in this provision. As demonstrated in Fig. 5(d), the CSA
S$806-12 [21] considerably underestimates the developed stress in GFRP
bars with an average ratio of the test result to prediction (fexp. /fcsa ssos)
of 1.26 and a coefficient of variation (COV) of 0.475. Moreover, as the
ratio of splice length to bar diameter increased, the test
result-to-prediction ratio decreased. This is due to non-uniform bond
stress distribution, which leads to lower average bond strength by
increasing the splice or development length [26].

This factor is disregarded by CSA S806, since the bond strength does
not depend on embedment length as it can be noticed in Eq. (1). When
the ratio splice length to bar diameter was greater than 40, CSA S806
overestimated all the test results. By separating test results of specimens
with and without stirrups as it is illustrated in Fig. 5(c), it can be noticed
that CSA S806-12 slightly overestimates the test results by increasing
the developed stress in bars for specimens without confinement. On the
other hand, for specimens having stirrups within the splice region, CSA
S806-12 clearly underestimates the test results, as expected since this
design code, like ACI 440.11-22, does not take the effect of confinement
into account.

Fig. 5(f) indicates that CSA S6-19 [22] slightly overestimates the test
results by showing an average ratio of the test result to prediction
(fexp. /fcsa s6) equal to 0.96 and coefficient of variation (COV) of 0.407.
Similar to CSA S806-12, as the ratio of splice length to bar diameter
increased, the test result-to-prediction ratio decreased and when this
ratio is higher than 40, CSA S6-19 overestimates almost all test results.
By analyzing the test results separately as it can be seen in Fig. 5(e), it is
evident that CSA S6-19 overestimated the test results by increasing the
developed stress in bars in specimens without stirrups. Additionally,
although the effect of stirrups within the splice region is considered in
this design code by introducing transverse reinforcement index (Ky), the
test results were still slightly underestimated. This can be attributed to
the fact that the confinement effect provided by the concrete cover and
stirrups is limited to 2.5 times the bar diameter in this design code which
needs to be corrected.

It can be concluded that all the current North American design codes
need to be improved to be able to accurately estimate the ultimate stress
developed by splicing GFRP bars, as the experimental to predicted
values (fe,p /f,) are generally scattered. Nonetheless, ACI 440.11-22
provides more reliable predictions of splice strength compared to the
other two design code for specimens without confinement. On the other
hand, CSA S6-19 provides more accurate prediction of the experimental
results for specimens having stirrups within splice region. The following
section presents a proposed model for the average bond stress acting on
the surface of GFRP bars. Consequently, a more representative equation
is proposed for the minimum splice length of GFRP bars, covering the
weaknesses of current design codes.

5. Proposed model to predict bond strength

The analysis of a dataset comprising 132 lap splice test results
characterized by splitting failure looked at predicting the normalized

bond strength (u/ \/E) of spliced GFRP bars as the dependent variable.

This prediction model was developed using a multiple linear regression
(MLR) analysis. The analysis considered the effect of unitless parameters
as independent variables that were shown, based on the available
literature, to have an impact on the bond performance of GFRP bars.
These parameters include the normalized splice length of GFRP bars
(dp/15), the normalized concrete cover and bar spacing (c/dy), and the
normalized confinement effect due to the presence of stirrups within the
splice region (Ky/dy). The multiple linear regression (MLR) analysis
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Fig. 5. Comparison of test results with prediction of (a-b) ACI 440.11-22 design method; (c-d) CSA S806-12 design method; (e-f) CSA S6-19 design method.
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resulted in Eq. (7) as follows:

u 1
¢ ki

c

Ky Ay Er
+ 2.0d—;)where Ky = 10?51 )

dh C
5.0—+0.145—
(.09 +0145g

It should be noted that c is the lesser of clear concrete cover (side and
bottom) or one-half of the clear spacing of bars being developed; K, is a
factor that represents the contribution of confining reinforcement across
potential splitting planes which can be defined as the Eq. (7) where A, is
the cross section area of GFRP bars; s is the spacing of transverse rein-
forcement; n is the number of bars being developed along the splitting
plane; E; is modulus of elasticity of GFRP bars; E; is the modulus of
elasticity of deformed steel bars, which is considered to be 200 GPa; and
k; is a factor correspond for the effect of bar location which is set as 1.3
(for top bar casting position) and 1.0 (for bottom bar casting position). It
is important to highlight that there is a scarcity of available data
regarding the impact of GFRP stirrups on splice strength. Consequently,
further experimental investigations are necessary to explore the effects
of GFRP stirrups by readjusting the confinement index (K).

Incorporating the candidate model requires verifying that the main
assumptions underlying the linear regression model are satisfied. The
first step involves checking the model prediction plot to determine if the
relationship between observations and model predictions follows a
linear pattern. Fig. 6(a) shows that this assumption is almost satisfied.
Further investigation into the linearity of the model could be conducted
by gathering more data placed at the higher tail of the plot, where higher
bond strength values would be expected.

The next assumption pertains to the normality of the model, neces-
sitating that the residuals adhere to a normal distribution. A quantile-
quantile plot (Q-Q plot) serves as a tool to assess the conformity of
model residuals to normality. If the points on the plot approximately
form a straight diagonal line, the normality assumption is considered
satisfied. Fig. 6(b) presents the Q-Q plot of the model, demonstrating
that the proposed model satisfies the normality assumption, with re-
siduals roughly following a normal distribution.

The other assumption of linear regression is that the residuals have
constant variance at every level of predicted values, as well as the entire
range of independent variable values, known as homoscedasticity.
Figs. 7(a) to 7(c) show the values of residuals versus the values of the
independent variables x;, x3, and x3, which represent dy /I, ¢/dy, and
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Ky /dy, respectively. These plots show that the standardized residuals are
scattered about zero with no clear pattern. Furthermore, Fig. 7(d)
demonstrates that the prediction-to-observation ratios did not follow a
specific pattern and are scattered uniformly about 1.0 within each level
of predicted values. Based on these results, the proposed model satisfies
all linear regression assumptions, including linearity, normality, and
homoscedasticity.

By substituting the normalized bond strength (u/ \/fT,) with the

resulting stress in GFRP bars (fy), the minimum splice length (l;) to
develop the corresponding stress can be calculated using Eq. (8) as fol-
lows. It is worth noting that Eqs. (7) and (8) are recommended for use
when c/d, < 3, as the database includes test data for ¢/d;, up to about 3.
In cases where c¢/d, > 3, additional experimental results are required to
verify and update the equation. Moreover, since the dataset includes
specimens with confinement having a maximum effective concrete
cover to bar diameter c¢/dy, of 2.6, in situations where stirrups are present
within the splice region, the value of ¢/d, in Eqs. (7) and (8) should not
exceed 2.5.

k,—f_ — 240
Ay Ef
=0V S 250mmwhere : K, = 102 B @®
7.0 +95.0% sn'E,

As depicted in Fig. 6(a), the proposed equation for evaluating the
bond strength of GFRP bars in concrete has led to a more accurate
prediction compared to current design codes both in case of specimens
with and without confinement stirrups. The estimated versus experi-
mental values of developed stress in GFRP bars exhibit a linear rela-
tionship with correlation coefficient (R-factor) of 0.984. Moreover,
proposed model predicts the test results with an average ratio of the test-
to-prediction of developed stress in GRFP bars (fe., /fpop) of 1.00
ranging from 0.54 to 1.63 and coefficient of variation (COV) of 0.241.
These findings are presented on Fig. 6(b), demonstrating a significantly
more precise fit to the experimental data than current design provisions.
Fig. 8.

Table 2 provides a statistical comparison of the experimental splice
strengths with those predicted by the proposed analytical expression, as
well as by selected design codes and previous models. The comparison is
based on the average and coefficient of variation (COV) of the ratio of
the test results to the splice strength predicted by the different methods.
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Fig. 6. Assessment of linear regression assumptions: (a) linearity check, (b) normality evaluation.
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Fig. 8. Predicted to experimental values of stress in GFRP bar splices using linear regression model for specimens (a) with and without confinement; (b) tested in

different studies.

Table 2

Comparison the theoretical and experimental splices strengths.

Method

Average Test-to-Prediction Ratio
(fexp. /fprop.)

Coefficient of Variation
(Cov.)

Proposed model [
Eq. (8)]

ACI 440.11-22[6]

CSA S806-12[21]

CSA S6-19[22]

1.00

1.05
1.26
0.94

0.241

0.307
0.475
0.398

11

The comparison of results reveal that using the proposed Eq. (8) to
calculate the splice strength provides predictions with less scatter and
greater accuracy than other methods. The average test-to-prediction
ratio of splice strength calculated using Eq. (8) is 1.00. However, the
average test-to-prediction ratio is 1.05, 1.26, and 0.94 for ACI
440.11-22, CSA S806-12, and CSA S6-19, respectively. Additionally,
the proposed equation exhibits a lower coefficient of variation (COV) of
0.241 compared to the proposed equations by current design codes,
which have COV values of 0.307 for ACI 440.11-22, 0.475 for CSA
S806-12, and 0.398 for CSA S6-19. Accordingly, the proposed Eq. (8)
demonstrates a more accurate prediction of the minimum splice length
of GFRP bars required to develop a specific amount of design stress,
compared to those provided by design codes.
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As seen in Table 2, the proposed model and the model proposed by
ACI 440.11-22 demonstrate greater accuracy in predicting the splice
strength of GFRP bars compared to equations given by CSA S806-12 and
CSA S6-19. Therefore, a comparison between the proposed Eq. (8), and
Eq. (6) provided by ACI 440.11-22, considering 1.3 times the develop-
ment length as the splice length, has been made in terms of the calcu-
lated minimum splice length of GFRP bars.

The results show that the proposed model predicted a minimum
splice length shorter than that in ACI 440.11-22 for a range of design
stress (fg) from 500 to 1000 MPa, assuming a concrete strength of
40 MPa and an effective concrete cover to bar diameter (c/d,) ranging
from 2.0 to 3.0. To assess the effect of concrete-cover confinement, a
comparison was made between the proposed model and ACI 440.11-22,
as shown in Fig. 9(a). The proposed expression predicts the minimum
splice length of GFRP bars to be approximately 6%, 22%, and 33% less
than that of ACI 440.11-22 on average, for an effective concrete cover to
bar diameter (c/d,) of 2.0, 2.5, and 3.0, respectively.

In addition, the confinement effect of stirrups within the splice re-
gion was taken into consideration, assuming an effective concrete cover
to bar diameter (c/d,) ratio of 2.0 and a concrete strength of 40 MPa.
The results showed that when steel stirrups with a diameter of 8 mm
were used at spacing intervals of 50, 100, 200, and 300 mm, the pro-
posed equation resulted in a minimum splice length of GFRP bars that
was, on average, 58%, 46%, 36%, and 32% less than that stipulated by
the ACI 440.11-22 design code, as shown in Fig. 9(b). Additionally,
Fig. 10 demonstrates the simultaneous effect of concrete cover
confinement (c/dy,), and stirrup spacing (s), on the ratio of minimum
splice length calculated by the proposed Eq. (8) and Eq. (6) given by ACI
440.11-22 when assuming an average design stress (f4) of 700 MPa.
Fig. 10 illustrates that the proposed expression gives a lower splice
length than ACI 440.11-22 when stirrups are used within the splice
region for all ranges of effective concrete cover to bar diameter (c/dy)
values. The ratio of (I prop. /15 Ac1440) ranges from 0.42 to 0.68, 0.46 t0 0.8,
and 0.5 to 0.98 depending on the spacing of the stirrups for a given
values of (c/dy) equal to 2.5, 2.0, and 1.5, respectively. This can be
attributed to the neglect of the influence of stirrup confinement along
with the splice zone in ACI 440.11-22. It is worth noting that the dataset
of specimens with stirrup confinement within the splice region has a
maximum effective concrete cover to bar diameter (c/d,) of 2.6. Beams
with tight stirrup spacing and large cover might not be governed by
splitting failure. Consequently, a comparison of given splice length was
not made when (c/dy) is greater than 2.5 and stirrups were used within
the splice region.
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Fig. 10. The simultaneous effect of concrete cover confinement (c/d,) and
stirrup spacing (s) on the ratio of minimum splice length calculated by the
proposed expression and ACI 440.11-22.

6. Conclusion

In this study, the accuracy of current design codes in evaluating the
minimum splice length of GFRP bars in concrete was assessed by
comparing the results of 132 splice beam tests that experienced splitting
failure. Subsequently, multiple linear regression (MLR) analysis was
conducted using the splice test results to develop a model predicting the
bond strength and minimum splice length of GFRP bars in concrete. The
prediction accuracy of this model was then compared to existing equa-
tions considering 1y = 1;/1.3 as it is suggested.

The parameters that were proven to affect the bond behavior of GFRP
bars, such as concrete compressive strength (f;), embedment or splice
length (I;/dy), the effect of concrete cover and spacing between adjacent
bars (c/dy), the influence of confinement due to the presence of stirrups
within the splice region (K, /dy), and the effect of bar location (k; ), were
considered. Based on the obtained results, the following conclusions can
be drawn:

e The study evaluates the performance of three North American design
codes (ACI 440.11-22, CSA S806-12, CSA S6-19) in predicting the
ultimate stress developed by lap spliced GFRP bars. ACI 440.11-22
design code slightly underestimates test results with a 1.05 average
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Fig. 9. Comparison of the minimum splice length (I;) predicted by the proposed model and ACI 440 considering the effect of: (a) concrete cover (c/dy); and (b)

confinement spacing (s).
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ratio of test result to prediction, and has a relatively high coefficient
of variation (COV) of 0.307, indicating dispersed results. While it
gives acceptable prediction for specimens without confinement, it
underestimates results for specimens with stirrups.

CSA S806-12 consistently underestimates GFRP bar stress, exhibiting
an average test-to-prediction ratio of 1.26 and a coefficient of vari-
ation (COV) of 0.475. This underestimation is attributed to its
neglect of non-uniform bond stress distribution, resulting in less
accurate predictions as splice length increases. CSA S6-19 tends to
overestimate test results, showing an average test-to-prediction ratio
of 0.96 and a coefficient of variation (COV) of 0.407. Although this
design provision considers the effect of stirrups, it still slightly un-
derestimates results since CSA S6-19 imposes a limit on the
maximum combined contribution of concrete cover and confinement
(term [des + Ky Egp/Es] in Eq. 4) to not be taken greater than 2.5d,.
The proposed Eq. (7) have provided an evaluation bond strength of
lap spliced GFRP bars in concrete and have led to a more accurate
prediction of splice strength. The comparison between the current
North American design codes and the proposed expression revealed
that the proposed model provides more reliable and accurate pre-
diction showing correlation factors (R-factor) of 0.984 between the
predicted and experimental values of splice strength, while the
average test-to-prediction (fey,. /fprop.) ratio and the coefficients of
variation (COV) were 1.00, and 0.241 respectively.

In contrast to ACI 440.11-22, the proposed model considers the in-
fluence of stirrup confinement within the splice region. The com-
parison of minimum splice lengths calculated by the proposed Eq. (8)
and Eq. (6) provided by ACI 440.11-22 reveals an average reduction
of 6%, 22%, and 33% for effective concrete cover to bar diameter
(c/dy) ratios of 2.0, 2.5, and 3.0, respectively. When stirrups are
incorporated within the splice region at intervals of 50, 100, 200, and
300 mm, with (c¢/dp) at 2.0, the model shows an average reduction of
58%, 46%, 36%, and 32% compared to ACI 440.11-22. The ratio of
(s prop. /1s,Ac1440) Varies from 0.42 to 0.68, 0.46 to 0.8, and 0.5 to 0.98
for (c/dy) values of 2.5, 2.0, and 1.5, respectively.
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