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ARTICLE INFO ABSTRACT

Keywords: The GFRP bar-concrete bond behavior is known to be influenced by factors such as bar surface
GFRP bars treatment, bar diameter, and concrete strength. This study aims to provide a comprehensive
Bond

understanding of the bond behavior of GFRP bars embedded in concrete. Pull-out specimens are
cast from two concrete batches with different compressive strengths. Two surface coating con-
ditions are considered, i.e., one with a lacquer finish and one without. Specimens with three
bonded lengths are used to determine the role of the bonded length in the bond mechanism (i.e.,
5dp, 10dp, and 20dp, where d, = nominal bar diameter). Two free end conditions of the pull-out
specimens are examined: one with the bar protruding at the free end and another with the bar cut
at the free end (i.e., the bar is cut flush with the concrete surface). The pull-out test responses are
analyzed in terms of applied load versus loaded end slip and free end slip. Three-point bending
(TPB) tests are conducted on concrete notched beams with two different widths (75 mm and 150
mm). Beams are either reinforced with a single GFRP bar or they are not reinforced and used as
benchmark. Notched beams are only cast from one of the concrete batches used for the pull-out
test specimens. This study shows how the protrusion of the bar can affect the bond strength in
pull-out tests. In addition, the different bond behavior of the GFRP bars observed in pull-out tests
and TPB tests of notched beams is discussed considering the length of the stress transfer zone for
bars with different surface conditions.

DIC
Pull-out
Bending test

1. Introduction

Glass fiber-reinforced polymer (GFRP) bars offer inherent benefits including low density, high strength, resistance to corrosion, and
non-magnetic nature [1-8]. These advantages over steel bars have led to extensive use of GFRP bars in marine environments and in
bridge decks, where chloride attacks are common and typically result in the degradation of steel reinforcing bars [9-14]. Despite these
benefits, GFRP bars still pose some drawbacks such as linear elastic behavior almost up to peak load or lack of ductility, difficulties in
bending the bars, poor resistance to high temperatures [15-17], and poor shear strength. In addition, GFRP bars have an elastic
modulus equal to 20-25 % that of steel bars and their bond with concrete is affected by different bar surface treatments (e.g., sand
coating, spiral winding, grooving, resin ribs) [18-24], bar diameter d [25], concrete strength [26], concrete cover [27], and bar
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position [28-31].

Crack initiation and propagation in a concrete structure reinforced with GFRP bars depend on the stress transfer between the
reinforcement and concrete and on the mechanical properties of concrete and bar [28]. Understanding the behavior of the bar-concrete
bond is crucial. Over the past decade, extensive research has focused into the behavior of the bond between GFRP bar and concrete, and
various factors outlined earlier have been investigated. Pull-out tests are commonly used to experimentally investigate bar-bond
behavior due to their simple setup and direct application of the pull-out force. The required bonded length (/) for the pull-out test,
as per ASTM D7913 [32] and ISO 10406-1 [33], is 5dp and 4dy (dp = bar diameter), respectively. Recently, the authors have inves-
tigated the effect of GFRP bar diameter [34] and free end protruding portion of the GFRP bar [35] on GFRP bar-concrete bond behavior
using pull-out tests. It was found that the axial stress at peak load using smaller diameter bars was higher compared to the larger
diameter bars [34]. This trend depends on the stress-transfer mechanism between the bar and concrete and different behaviors were
observed in the literature [36,37]. In the other study, the protruding portion of the GFRP bar was found to provide higher peak loads
compared to specimens without any protrusion [35]. For 5d, and 20d}, bonded length specimens, the increase in peak loads was 142 %
and 28 %, respectively. Furthermore, the authors have also calibrated an interfacial cohesive material law (CML) using pull-out test
results from a previous study [28], with different bonded length specimens [38] and with different free end conditions in pull-out
specimens [35].

A study of the influence of elevated temperatures on the bond properties of GFRP bar-concrete was conducted through pull-out tests
with a bonded length of 5d;, in Ref. [39]. The test results indicated a 34 % reduction in bond strength (i.e., average interfacial shear
stress at peak load) for ribbed GFRP bars (glass transition temperature Ty = 104 °C) at 100 °C compared to ambient temperature, while
sand-coated bars (glass transition temperature Ty = 98 °C) exhibited an 80 % reduction. These results highlight the combined effect of
environmental conditions and the surface characteristics of the GFRP bar. The effect of the bonded length was examined for a
sand-coated GFRP bar by the authors [28]. Additionally, the same study showed no discernible impact of concrete age; the concrete
strength ranged between 34 MPa and 46 MPa. For bonded lengths greater than 10dp, ACI 440.1R-15 predicted a greater bonded length
necessary to achieve a specific stress in the bar compared to values obtained from pull-out tests presented in the study. The effect of
bonded length was also investigated by Ref. [40] using carbon FRP bars where they found that the bond strength decreased as the
bonded length increased. The effect of bonded length was also investigated in Refs. [41,42]. The effect of surface condition and bar
location was investigated by another study [29] using a hinged beam. Two surface conditions were explored: one with helical
wrapping and fine sand coating (max sand diameter equal to 0.5 mm), and the other with only fine sand coating (max diameter equal to
0.5 mm). The study indicated a higher bond strength for the latter condition. Moreover, when the bar was positioned at the top of the
beam, the bond strength was found to be lower compared to its placement at the bottom. In a related study [26], variations in bond
strength and failure modes corresponding to changes in concrete compressive strength were reported. Namely, failure occurred within
the bar or within concrete for high- and low-strength concrete, respectively. Interestingly, the research concluded that the impact of
bar surface treatment on bond strength was less significant in low-strength concrete when compared to high-strength concrete. In a
recent study by the authors [43], the GFRP bar-concrete bond behavior was investigated by performing three-point bending (TPB) tests
on concrete notched beams reinforced with a GFRP bar. In that study, the GFRP bar force and slip from the notched beam tests were
compared with responses from the pull-out tests of the same bonded length. It was found that the responses initially matched. Af-
terwards, a higher rate of load increment was observed for the pull-out test responses, indicating that the pull-out responses were an
upper bound. However, the study did not conduct a comprehensive pull-out test campaign using the same concrete to examine the
other influencing factors for GFRP bar-concrete bond behavior discussed earlier.

A comprehensive test campaign of pull-out tests is essential for understanding the GFRP bar-concrete bond behavior. Additionally,
testing a small-scale notched beam reinforced with a GFRP bar in a TPB setup can serve as an intermediate test between pull-out tests
and full-scale beam tests to study the bond behavior in the presence of a bending moment. In this paper, pull-out tests are conducted to
investigate the influence of concrete strength, surface condition, and bonded length. Pull-out specimens prepared according to ASTM
D7913 [32] include a free end protruding bar, the impact of which has yet to be fully addressed in the literature. This study
comprehensively examines the effect of free end bar protrusion on the GFRP bar-concrete bond behavior, which was not considered in
the literature. A total of 56 pull-out specimens are cast using two different batches of concrete. The two concrete batches are
distinguished as a high-strength concrete batch and a low-strength concrete batch. Two GFRP bar surface conditions are examined: one
with a lacquer finish (identified by L in the name of the specimens) and another without any lacquer (identified by UL in the name of
the specimens). Two free end conditions are studied: one with a free end protruded bar and one without any protrusion. Additionally,
three bonded lengths are investigated, i.e., 5dp, 10dp, and 20dp, where dp is the nominal bar diameter. The results are analyzed in terms
of applied load versus loaded end slip or free end slip (for low strength concrete batch only). Bond strength [32] is computed and
discussed considering the different influencing factors mentioned above. In total, 19 notched beams are prepared from the
high-strength concrete batch and tested in a TPB setup to investigate the GFRP bar-concrete bond behavior, including both types of bar
surface finishings. Digital image correlation (DIC) is used to obtain full-field displacement and strain fields. Using the DIC data and
cross-sectional analysis, the force in the GFRP bar and the slip in notched beams are obtained. Finally, the GFRP bar force-slip re-
sponses from notched beams are compared to the applied load versus loaded end slip responses of pull-out tests. The results obtained
provide an insight into the short-term bond behavior of the bars studied. Although the available literature indicated that exposure to
acid, alkaline, and saline environments only marginally affected the bond behavior of composite bar-concrete pull-out specimens [19],
further tests should be performed to assess the long-term bond behavior of the bars considered in this study.
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2. Experimental campaign

In this Section, the mechanical properties of concrete and GFRP bars are described. The geometrical dimensions and preparation of
the specimens for pull-out tests and TPB tests are explained. Finally, the test setups and procedures are presented.

2.1. Material properties

The GFRP bar used in the experimental campaign was featured with helical lugs, with a lug net spacing of 5.4 mm (Fig. 1). In the U.
S. system, the bars are categorized as size #4. The nominal diameter (dp) of the bars was 12 mm. The bar was manufactured using
vinylester resin and E-CR glass, with a minimum fiber mass content of 75 %. Although all the bars were manufactured in the same
manner, they were differentiated by their surface conditions. The bars were divided into two types: one was coated by the manu-
facturer with an exterior lacquer coating and the other was uncoated. In Fig. 1, the two surface conditions are discernible. The
lacquered (L) bar shows a glossy finish due to the applied coating, while the unlacquered (UL) bar has a flat finish. The geometric and
mechanical properties of the GFRP bars can be found in Table 1, as provided by the manufacturer [44]. The diameter reported in
Table 1 was computed from the bar cross-sectional area (Ap) obtained according to Ref. [45].

The tensile strength of the unlacquered bars was also determined by the authors. The details of the GFRP bar tensile tests can be
found in Ref. [28]. The average tensile strength for the unlacquered bars was equal to 977 MPa.

Two different concrete batches were used to cast the specimens. The concrete batches differed by their strength. The two batches of
concrete are named Batch A and Batch B in the remainder of the paper. The pull-out test specimens and cylinders for material
characterization were cast from both batches. The beams for the TPB tests were only cast from concrete Batch A. The concrete mix
proportions were (water, cement, fly ash, fine aggregate, and coarse aggregate): 1.0:2.7:0.7:10.7:11.1 and 1.0:2.4:0.6:7.7:9.1 for Batch
A and Batch B, respectively. Type I portland cement and Carey limestone were used. The maximum aggregate size was 10 mm for both
batches of concrete. Specimens were covered with a plastic sheet after the casting process was completed and until demolding, which
occurred 24 h later. Subsequently, the specimens were placed in a curing room for 28 days. The curing room maintained a temperature
and relative humidity of 21 °C and 99 %, respectively. The curing process was same for all the beams and pull-out specimens.

Concrete compressive and splitting tensile strengths were determined per ASTM C39 [46] and ASTM 496 [47], respectively. These

tests were performed on 150 mm (diameter) x 300 mm (height) concrete cylinders. The average compressive strength (fc) was
determined at different ages (days from casting), using three specimens for each age, and is plotted in Fig. 2a, for both batches of

concrete. Similarly, Fig. 2b shows the average splitting tensile strength (ﬁ), also obtained from three specimens, across different
concrete ages for both batches of concrete. It should be mentioned that the curing process for the cylinders used for material char-
acterization of the concrete was same as the beams and cylinders as discussed above. At 28 days, concrete Batch A showed an average
compressive strength of 40.3 MPa, while Batch B showed 27.8 MPa. Henceforth, Batch A is referred to as the high-strength concrete
batch, and Batch B as the low-strength concrete batch.

2.2. Specimen preparation

The pull-out specimens consisted of a GFRP bar embedded in a concrete cylinder (Fig. 3). However, in six specimens, the bar was
embedded in a concrete cube, following ASTM D7913 [32] standard. The purpose of testing cubic pull-out specimens was to verify that
there was no influence of the shape of the concrete specimen on the test results. Pull-out specimens, cast from both concrete batches,
were fabricated using lacquered (L) and unlacquered (UL) GFRP bars. Additionally, specimens with varying bonded lengths (/) were
investigated for both batches of concrete. These bonded lengths were chosen as multiples of the nominal bar diameter (dp). From Batch
A concrete, 34 pull-out specimens were cast, featuring bonded lengths of 5d;, 10dp, and 20d,. Among these, five were cubic pull-out
specimens (/' = 5dp). Batch B concrete was used to cast 22 pull-out specimens, predominantly comprising 5d, and 10d} specimens.
Batch B included one 20d;, bonded length specimen and one cubic pull-out specimen with /' = 5dp. The concrete cylinder of the pull-out
specimens had a diameter of 200 mm. The bar, with a protruded part of 40 mm at the free end, was inserted into the cylinder with a
bond breaker of 140 mm at the loaded end. Prior to testing, the protruded part of the bar was cut flush with the concrete surface for
some pull-out specimens, to study the effect of the absence of the protruded bar at the free end. Additional details of the pull-out
specimen preparation can be found in Refs. [28,48].

A total of 19 notched beams were tested in a TPB test setup (Fig. 4). Among these, ten notched beams had a nominal width (B) of 75

5.4 mm
e Unlacquered (UL)
Lacquered (L)

Fig. 1. GFRP bars used in the experimental study.
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Table 1

GFRP bar geometric and mechanical properties as per manufacturer [44].
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GFRP bar type Diameter, (mm) Area, Ay (mm?) Elastic modulus, E, (GPa) Tensile strength, f, (MPa)
Lacquered (L) 13.2 137 64.2 1096
Unlacquered (UL) 13.5 144 62.5 1155
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Fig. 3. Pull-out test setup: a) schematic of the test setup; b) photo of the real test setup; c) fixture used to measure the loaded end slip (g) using three
LVDTs; d) fixture used to measure the free end slip (8) using one LVDT; and e) fixture used to measure the free end slip () using two LVDTs.
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Fig. 4. Three-point bending test setup: a) actual photo of a test specimen; b) DIC setup; and c) a schematic of the test setup.

mm, while the remaining nine had a nominal width of 150 mm. When the bond failure is associated with concrete damage, there might
be splitting of the concrete itself due to the radial stresses that arise from the interfacial stress transfer, especially when ribbed bars are
used. To explore the case of a smaller amount of concrete on the side, two different widths of the beams were considered. The notched
beams had some common nominal dimensions: nominal depth (D) of 150 mm, length (L) of 550 mm, loading span (S) of 450 mm
(=3D), and initial notch length (ag) of 75 mm, with a notched width (I) of 3 mm. Fifteen beams out of 19 were reinforced with either a
lacquered (L) or unlacquered (UL) GFRP bar. The GFRP bar was positioned at the mid-width of the specimen and the distance between
the centroid of the bar cross-section and the bottom face of the beam was 38 mm. Within this group, four beams were wrapped with a
carbon fiber-reinforced polymer (CFRP) sheet on both sides of the initial notch to prevent shear failure. Four notched beams were cast
as plain concrete without any reinforcement. The beam size was determined according to the draft of the ACI/ASCE 446 Technical
Committee report, a guideline previously utilized by the authors [43,49]. Further details regarding the beam design are available in
Ref. [43]. The choice of a depth (D) of 150 mm for the notched beams resembled that of specimens employed in traditional fracture
mechanics tests and referenced in ASTM €293 [50], which determines the modulus of rupture of concrete. For GFRP bar reinforced
concrete notched beams (briefly named GFRP-RC notched beams), the notches were cast, while unreinforced beams had their notches
saw-cut with a V-shaped tip diamond blade. The GFRP bars were extended beyond the beam ends, allowing for displacement mea-
surement at both ends using LVDT holders mounted onto these extended portions. Specific details about the casting process for the
notched beams can be found in Ref. [43]. Nine GFRP-RC notched beams (using both L and UL bar) were prepared for DIC. This involved
applying a speckle pattern onto one of the beam side faces, as shown in Fig. 4b. Before testing the specimens, the dimensions D, B, and L
of the notched beams were measured at three different locations.

2.3. Test setup and procedure

2.3.1. Pull-out test
The experimental setup of pull-out tests, in accordance with ASTM D7913 [32] standard, involved restraining the specimen be-
tween two steel plates. These plates, designated as the top and bottom plates, were connected by four steel rods (Fig. 3a and b). To


astm:C293
astm:D7913

M.M. Rahman et al. Journal of Building Engineering 108 (2025) 112819

measure the displacement at the loaded end (g) of the bar, three linear variable displacement transformers (LVDTs) were used (Fig. 3c).
The displacement (8) of the free end of the bar was measured for Batch B-concrete specimens only. In cases where the bar was cut flush
with the concrete surface at the free end, a 3D printed plastic support for an LVDT was used to measure the free end slip (8) of the bar
(Fig. 3d). Alternatively, for specimens with a protruding bar at the free end, either one LVDT or two LVDTs were used to measure 3. In
the case of one LVDT, the same holder mentioned above was used and the tip of the LVDT was reacting against the end cross-section of
the bar. In the case of two LVDTs, two aluminum holders were glued to the concrete surface near the free end. The LVDTs reacted
against an aluminum plate attached to the free end of the bar (Fig. 3e).

A thin layer of self-leveling mortar was applied to the concrete cylinder top surface to ensure a flat surface in contact with the top
plate of the test setup. The pull-out tests were performed on a servo-hydraulic testing machine with a 250 kN capacity. To facilitate
gripping of the bar by the servo-hydraulic testing machine jaws, a steel hollow cylinder (length = 305 mm, and diameter = 25.4 mm)
was used at the top end of the bar. The test was displacement controlled at rate of 0.88 mm/min. The average (&) of the displacements
measured by the top three LVDTs was used to control the test. Additional details regarding the experimental arrangement and test
protocol can be found in Ref. [28].

2.3.2. Three-point bending (TPB) test

The test setup for the TPB tests is shown in Fig. 4. Two steel support cylinders were positioned apart to create the loading span (S =
3D) for the notched beams. An additional cylinder was placed at the mid-span to apply the load. The crack mouth opening
displacement (CMOD) was measured using a clip-on gauge attached to the bottom edges of the notch. Steel blocks acting as bearing
plates were affixed to the bottom of the beams and positioned on top of the support cylinders to minimize friction. This TPB test setup
configuration was adapted from the draft of the ACI/ASCE 446 Technical Committee report, which was also used in previous studies
[43,49].

The TPB tests were performed in CMOD control (except for CFRP-wrapped reinforced notched beams that were controlled by
machine stroke) using the same servo-hydraulic universal testing machine of the pull-out tests. For CFRP-wrapped specimens, failure
of the GFRP bar in tension was expected and the clip-on gauge used to measure the CMOD would have been damaged. The initial
CMOD rate was chosen to reach the peak load (Fp,qy) of the first ascending branch in the load response of the beams within a timeframe
of 150-210 s. The unreinforced notched beams began with a CMOD rate of 0.0002 mm/s. This rate was increased to 0.0005 mm/s
when the load reached 85 % of Fp,4 in the descending portion of the response (softening branch). Finally, the CMOD rate was further
increased to 0.001 mm/s upon reaching 35 % of Fpqy in the descending portion of the response. For the GFRP-RC notched beams the
initial CMOD rate was 0.0002 mm/s. Once the first peak load (Fpqy) or the initial change in slope was identified, the CMOD rate was
adjusted to 0.001 mm/s within the CMOD range of 0.15 mm-0.24 mm. Additionally, as the CMOD reached between 0.50 mm and 1.00
mm, the CMOD rate was further increased to 0.01 mm/s. A change in the CMOD rate was necessary to achieve approximately a
constant strain rate at the tip of the propagating crack. The GFRP-RC notched beams wrapped with CFRP were tested in stroke control.
The stroke rate was 0.015 mm/s. For unreinforced notched beams, the test was stopped when the load was between 3 % and 5 % of
Fpnax- For GFRP-RC notched beams without CFRP wrap, the test ended when shear failure occurred, while when the GFRP-reinforced
beams were wrapped with CFRP the test ended when the notch ligament was completely fractured, and bar fiber rupture occurred.

Table 2
Summary of the pull-out test specimens.

Pull-out Test Nomenclature: X_Y_Z Q_(ASTM)

X = Type of GFRP bar used; Lacquered (L) or Unlacquered (UL)

Y = Bonded length (©); expressed as multiple of bar diameter (d5)

Z = Free end bar condition; C if free end bar is cut and P if free end bar is not cut

Q = Number of specimen in each series; ASTM = If present, the specimen shape is cubic (ASTM 7913 [32])

Series X Y Z Number of replicates Number of replicates Specimen shape
Batch A Batch B

L5CQ L 5d, C 3 2 Cylinder
L5PQ L 5dp P 4 3 Cylinder
L.10.CQ L 10d, C 3 3 Cylinder
L10PQ 1 10d, P 0 1 Cylinder
1.20.C.Q L 20d, C 1 0 Cylinder
L20PQ L 20d, P 3 0 Cylinder
UL5CQ UL 5dp C 3 3 Cylinder
UL5PQ UL 5d, P 4 2 Cylinder
UL_10.CQ UL 10d, C 3 3 Cylinder
UL_10_P.Q UL 10d, P 0 3 Cylinder
UL 20 CQ UL 20d, C 2 0 Cylinder
UL_20_P_Q UL 20d, P 3 1 Cylinder
L 5 P.Q ASTM L 5dy P 3 0 Cube
UL_5_P_Q_ ASTM UL 5dp P 2 1 Cube
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3. Experimental results of the pull-out tests

The nomenclature used for the pull-out tests follows the format X Y_Z_Q. X is either equal to L (lacquered) or UL (unlacquered),
indicating the type of GFRP bar used. Y denotes the bonded length (/) as a multiple of the nominal diameter (dp). For instance, when Y
=5, it indicates a bonded length of 5d;. Z indicates the free end bar condition. Z is equal to C when the protrusion of the bar was cut
flush with the concrete surface, or Z is equal to P for specimens featuring the bar protrusion. Lastly, Q represents the number of
specimen sharing the same type of bar (L or UL), bonded length (), and free end condition (C or P). The cubic pull-out test specimens
are distinguished by adding “ASTM” at the end of their name. Table 2 summarizes the nomenclature of all pull-out specimens and the
number of specimens tested. Tables 3 and 4 show the names of the tested specimens from Batch A and Batch B concrete, respectively.
These tables also include the concrete age at the time of testing (counting from the day of casting), the failure mode, peak load (P*),

average peak load (1_3*), along with the coefficient of variation (CoV) for each group of specimens, and the bond strength (7). The bond
strength (t*) was computed as defined in ASTM 7913 [32]:

. P

T T rdy =

It should be noted that for some bonded lengths, and surface and protrusion conditions only one or two specimens were tested. The
effect of the protrusion was observed after the specimens were cast and some replicates were cut to obtain specimens without the
protrusion. The low CoV for group of specimens with 3 or more specimens encouraged the authors to consider reliable those tests
without sufficient replicates.

3.1. Applied load P versus the loaded end slip g for all specimens
The load responses for all the specimens from both batches of concrete are shown in Fig. 5 in terms of applied load (P) versus the

loaded end slip (g). The loaded end slip (g) was computed by subtracting the GFRP bar elongation from the average displacement of the
three LVDTs (£) at the top

Table 3
Specimen geometry and experimental results for the pull-out tests cast from Batch A concrete.
Specimen / (mm) Age of concrete when tested (days) Failure mode P (kN) P (kN) [CoV] 7" (MPa)
L5C1 60 76 Slippage 25.1 21.8 [0.13] 10.1
L.5.C2 60 125 Slippage 18.0 7.2
L5.C3 60 125 Slippage 22.2 8.9
L5P1 60 70 Slippage 53.6 53.0 [0.03] 21.5
L5P2 60 94 Slippage 50.2 20.2
L5P3 60 101 Slippage 54.8 22.0
L5P4 60 101 Slippage 53.2 21.4
L10C1 120 63 Slippage 64.6 66.8 [0.06] 13.0
1.10.C2 120 103 Slippage 63.2 12.7
L.10.C3 120 103 Slippage 72.6 14.6
L20C1 240 125 Slippage 105.9 105.9 10.6
L20P1 240 59 Bar rupture 137.6 136.5 [0.04] 13.8
L 20_P_2 240 61 Bar rupture 130.0 13.1
L20P3 240 67 Bar rupture 142.0 14.3
UL5C1 60 75 Slippage 21.9 22.9 [0.06] 8.6
UL5.C2 60 125 Slippage 21.8 8.6
UL5C3 60 125 Slippage 25.0 9.8
UL5P1 60 70 Slippage 53.8 55.0 [0.03] 21.1
UL5P_2 60 94 Slippage 57.6 22.7
UL5P.3 60 94 Slippage 55.2 21.7
UL 5P 4 60 101 Slippage 53.6 21.1
UL 10C1 120 63 Slippage 57.6 61.1 [0.04] 11.3
UL_10.C2 120 103 Slippage 64.2 12.6
UL_10.C3 120 104 Slippage 61.6 121
UL 20 C_1 240 125 Slippage 103.5 106.0 10.2
UL_20_C2 240 125 Slippage 108.5 10.7
UL_20P_1 240 59 Bar rupture 137.3 139.3 13.5
UL_20_P_2" 240 61 Grip failure 124.3 12.2
UL 20 P_3 240 67 Bar rupture 141.3 13.9
L 5 P_1ASTM 60 76 Slippage 50.8 52.5 [0.08] 20.4
L5 P2 ASTM 60 103 Slippage 48.5 19.5
L_5_P_3_ASTM 60 104 Slippage 58.3 23.4
UL_5_P_1_ASTM 60 76 Slippage 50.5 51.1 19.8
UL_5_P_2 ASTM 60 104 Slippage 51.8 20.4

@ Specimen excluded from the computation of average peak load.
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Table 4
Specimen geometry and experimental results for the pull-out tests cast from Batch B concrete.
Specimen / (mm) Age of concrete when tested (days) Failure mode P* (kN) P (kN) [CoV] 1" (MPa)
L5C1 60 105 Slippage 22.5 23.0 9.0
L.5.C2 60 106 Slippage 23.6 9.5
L5P1 60 101 Slippage 37.1 34.3 [0.06] 14.9
L5P2 60 105 Slippage 32.1 12.9
L5.P.3 60 107 Slippage 33.7 135
1.10.C_1 120 106 Slippage 47.6 50.0 9.6
L.10C2 120 119 Slippage 52.4 10.5
1.10_C_3" 120 106 Grip failure 42.2 8.5
L10P1 120 107 Slippage 60.3 60.3 12.1
UL5C1 60 101 Slippage 29.5 26.5 [0.08] 11.6
UL5.C.2 60 105 Slippage 25.6 10.1
UL5.C3 60 106 Slippage 24.3 9.6
UL5P1 60 105 Slippage 32.7 34.2 12.9
ULS5.P.2 60 107 Slippage 35.7 14.0
UL_10C1 120 119 Slippage 48.7 48.5 [0.02] 9.6
UL_10C2 120 119 Slippage 47.4 9.3
UL10.C3 120 119 Slippage 49.4 9.7
UL_10_P_1 120 107 Slippage 62.4 60.7 [0.04] 12.3
UL_10_P_2 120 108 Slippage 57.1 11.2
UL_10 P_3 120 108 Slippage 62.6 12.3
UL_20_P_1 240 109 Slippage 102.0 102.0 10.0
UL_5_P_1_ASTM 60 119 Slippage 31.5 31.5 12.4

@ Specimen excluded from the computation of average peak load.
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Fig. 5. Applied load (P) versus loaded end slip (g) for: a) Batch A concrete; and b) Batch B concrete.

g=8&— L& (2)

where g, is the strain in the unbonded portion of the GFRP bar, which was determined by dividing the applied load by the product of
cross-sectional area (Ap) and the elastic modulus (Ep) provided by the manufacturer for each type of bar [44] (see Table 1). L, = 270
mm is the length of the segment of the bar between the beginning of the bonded area and the location where the LVDT holder was
attached to the bar (Fig. 3). It should be mentioned that the readings of the three top LVDTs were consistent. Fig. 5a and b show the
applied load (P) versus the loaded end slip (g) responses for all the pull-out tests cast from Batch A and Batch B concrete, respectively.
The P-g responses from both batches have similar features: at the beginning of the test, the response is linear elastic followed by a brief
non-linear part before attaining the peak load (P*). The specimens in series L_20_P_Q and specimens UL_20_P_1 and UL_20_P_3 from
Batch A concrete failed due to bar rupture. Their applied load versus loaded end slip responses were similar (in terms of initial stiffness
and shape of the curve) to those of the other specimens. After the peak load is reached, the load decreases as g increases and the
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response featured oscillations in the load. For Batch B specimens, the values of g corresponding to the peak and valley of the oscillation
appear to be consistent.

In a previous study by the authors [28], similar load responses were observed for a different type of GFRP bar that had the same
nominal diameter as the GFRP bars used in this study. However, in that study, the GFRP was sand coated with a helically wrapped
carbon fiber bundle on the surface. The magnitude of the oscillations in the previous study [28] was not as significant as that observed
in this study. In addition, the highest load during the first oscillation after P* was similar in magnitude to P* for few specimens in the

previous study [28], which was not observed in this study. If the average peak loads P ofLand UL specimens with the same bonded
length from this study and the sand coated bars from the previous study are compared, it can be observed that the P for L and UL bars

from both batches are higher compared to P of the sand coated bars (for example considering /' = 5dp, the average peak loads using L
and UL bars from Batch A concrete are 284 % and 295 % higher than the average peak loads using sand coated bars in the previous
study [28]). It should be noted that the concrete compressive strength in the previous study was 34 MPa at 28 days from the day of
casting. Since the GFRP bars used in both studies had the same nominal diameter and similar tensile strength, these differences can be
attributed to the surface conditions of the bar.

3.2. The effect of GFRP bar coating

To investigate the effect of GFRP bar surface coating, specimens from both concrete batches using L and UL bars that had the free
end bar cut flush with concrete (i.e., C specimens) were selected and the P-g responses for those specimens are shown in Fig. 6. The
reason for only considering C specimens is that the effect of protrusion could create an interference in the comparison. Fig. 6a shows
the P-g responses for Batch A-concrete specimens. If the load responses of specimens with the same bonded lengths (5dp, 10d;, and
20dp) and with L and UL bars are considered, the peak loads and the overall trend of the response are similar except for L, 10_C_3, which
had higher peak load compared to other L._10_C and UL_10_C specimens. The average peak load for L bar specimens with 5d;, 10d;, and
20dp bonded lengths was 21.8 kN, 66.8 kN, and 105.9 kN. For UL bar specimens, the average peak loads were 22.9 kN, 61.1 kN, and
106.0 kN. The difference in peak loads between L bar and UL bar specimens was 1.1 kN for 5dp, 5.7 kN for 10dp, and 0.1 kN for 20dj,
bonded length, which was deemed negligible. From Fig. 6b, which shows the same comparison between L and UL bars but for the Batch
B-concrete specimens, it can be observed that there is no significant difference in peak loads and overall response trend between L and
UL specimens except for L._10_C_2 and UL_5_C_1, which had higher peak loads compared to the other specimens of the same group.
Fig. 6 shows that the peak and valley of the oscillation in different specimens occurs at a similar value of g regardless of the bar type and
bonded length. This phenomenon was also observed in the previous study with sand coated bars [28].

3.3. The effect of concrete strength

The effect of concrete strength is discussed by comparing the responses of Batch A- (fC, = 40.3 MPa) and Batch B- (ﬂ, = 27.8 MPa)
concrete specimens. Fig. 7 shows the effect of concrete strength in pull-out tests considering only L bar specimens. To separate the
effect of the bar protrusion from the effect of concrete strength, Fig. 7a and b show the P-g responses for L bar specimens for different
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Fig. 6. Effect of GFRP bar coating for: a) Batch A-concrete specimens; and b) Batch B-concrete specimens.
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Fig. 7. Effect of concrete strength on specimens with lacquered GFRP bars: a) free end cut; and b) free end protruded bar.

bonded lengths without and with the free end protrusion, respectively. From Fig. 7a, the responses from both batches of concrete have
similar features as described in the previous sections. In terms of peak loads, /' = 5d; specimens from both batches show insignificant
difference. However, for / = 10d, specimens, the average peak load for Batch A-concrete specimens was 66.8 kN, which is approx-
imately 1.4 times the average peak load (47.4 kN) of Batch B-concrete specimens. It could be assumed that the smaller bonded length
(# = 5dp), having comparatively lesser contact area with the concrete than that of specimens with longer bonded length, might not be
enough to reflect the effect of concrete strength. Fig. 7b only consists of / = 5d}, specimens that have protruded L bar at free end. Again,
the P-g responses have similar features, which do not vary with concrete strength. For Batch A-concrete cylindrical and cubic (ASTM)
pull-out specimens, the average peak loads are approximately 1.5 times higher than the average peak load of Batch B-concrete cy-

lindrical specimens (ﬁ* = 34.3 MPa). Since the results of Fig. 7a suggested that the smaller bonded length might not be enough to
reflect any effect of concrete strength on the peak load, the higher peak loads observed for Batch A-concrete / = 5dj specimens can be
attributed to the presence of the protruded bar at the free end. It can be assumed that higher strength concrete (Batch A) showed higher
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Fig. 8. Effect of free end protrusion for: a) specimens with lacquered (L) bars from Batch A concrete; and b) specimens with lacquered (L) bars from
Batch B concrete.
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resistance as the protruded bar at the free end was starting to move inside, whereas the lower strength concrete (Batch B) showed
comparatively lesser resistance. Additional discussion on this point is provided in the next sub-Section.
The effect of concrete strength in the pull-out specimen tests with UL bars was similar to that described above for the L bars.

3.4. The effect of free end bar protrusion

Fig. 8a shows the effect of the free end bar condition, i.e., a comparison between protrusion (P) specimens and cut-flush (C)
specimens, focusing on Batch A-concrete L bar specimens, with two different bonded lengths (i.e., 5d and 20dp). For specimens with /

= 5dp, P ofC specimens was 21.8 kN, showing a 31.2 kN reduction compared to P ofP specimens. In terms of overall load response
features, no other significant differences were observed due to the presence of the free end bar protrusion. For / = 20d, specimens, the

only C specimen exhibited a peak load of 105.9 kN, while P of P specimens was 136.5 kN, showing a 30.6 kN increase over the C
specimen. This suggests that the presence of the protrusion contributed approximately 31 kN to the peak load, independently of the
bonded length. It can be assumed that the protrusion acted as an anchor at the free end and the load difference between C and P
specimens could be regarded as the load required to initiate the slippage of the protrusion inside the concrete. The P-g responses using
Batch A-concrete UL bars specimens were also compared in terms of the effect of the protrusion and it was found that its effect was
consistent across bonded lengths, and it did not seem to be influenced by the surface coating of the bar. Both L and UL bar specimens
showed load differences of similar magnitude when C and P specimens were considered, as it can be inferred from Table 3.

Fig. 8b shows the effect of free end bar protrusion on Batch B-concrete specimens. In Fig. 8b, the P-g responses for L bar specimens
with bonded lengths of 5d; and 10d}, are reported. No significant differences were observed in the features of load responses due to the

free end conditions. For C specimens with / = 5dj, P was 23 kN, showing a reduction of 11.3 kN compared to 2 (=34.3 kN) for P

specimens. In the case of /7 = 10dp, the P was equal to 50.1 kN, which resulted 12.9 kN lower than P* (=60.3 kN) of specimen L._10_P_1.
Similarly to the results from Batch A-concrete specimens discussed above, the Batch B-concrete L specimens showed a consistent
contribution to peak load due to the presence of the protrusion, regardless of the bonded length. Batch A-concrete specimens with L
bars showed on average a higher gain in peak load (31 kN) compared to Batch B-concrete specimens with L bars (12.1 kN) due to the
effect of free end bar protrusion. The protrusion acts like an anchor and therefore energy, i.e., additional load, is required for the
protruded part to damage the surface of concrete at the free end and slip in. This energy is dependent on the properties of concrete and
therefore concrete with a lower strength should have less resistance to the slippage of the protruded part into concrete. The P-g re-
sponses with UL bars from Batch B concrete was also investigated and similar results as the L bars were found, as it can be inferred from
Table 4.

3.5. GEFRP bar slip at the free end

The free end slip (§) was measured for all Batch B-concrete specimens. Fig. 9 shows the P-§ responses for these specimens. When two
LVDTs were used to measure the free end slip, the average value of both LVDTs was used as 8. At the beginning of the test, the free end
slip was near zero, followed by a brief linear P-6 response. The linear response was followed by a nonlinear part that ultimately led to
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Fig. 9. Effect of bar surface coating on the free end slip for Batch B-concrete specimens: a) free end cut; and b) free end protruded.
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the peak load (P*). Following the peak load, the P-5 responses resembled the P-g responses, featuring an oscillating pattern. Similarly to
the P-g responses, the peaks and valleys of the oscillations in P-§ also appeared to occur at consistent & values. As the bonded length
increased, the load at which a nonzero & was observed also increased. Fig. 9 shows the effect of bar surface coating on the P-5 responses.
In Fig. 9a, the P-5 responses are plotted for C specimens with / = 5dp and /' = 10dj. The /' = 5d} specimens showed no remarkable
influence of surface coating on P-5 responses. Similarly, the / = 10d} specimens showed no significant effect of surface coating. Fig. 9b
shows the P-5 responses for P specimens. No substantial differences were identified between the responses of L bar specimens and UL
bar specimens. As a confirmation of the anchor effect of the protruding part of the bar at the free end, it can be observed that the values
of § for the same bonded length, bar coating condition, and load magnitude are smaller for P specimens than for C counterparts. This is
particularly evident when the ascending branches of the responses are compared.

3.6. Failure modes of pull-out tests

Most pull-out tests were stopped when substantial slippage between the GFRP bar and the concrete occurred. In Tables 3 and 4, this
type of failure is denoted as “slippage”. For Batch A-concrete specimens, irrespective of the coating condition (except for UL _20_P_2),
when the bonded length was 20d; and the specimen featured a protruded part at the free end, rupture of the bar was observed. This
type of failure is labeled as “bar rupture” in Table 3 and it is shown in Fig. 10a. No Batch B-concrete specimen failed due to bar rupture.
Furthermore, specimens UL_20_P_2 from Batch A concrete and L, 10_C_3 from Batch B concrete exhibited slip between the cylindrical
hollow grip and the bar, most likely due to an incorrect application of epoxy resin. These two specimens are categorized as “grip
failure” in both Tables 3 and 4, and are excluded from the computation of the average peak loads. In a prior investigation involving
sand-coated bars [28], pull-out tests (with protrusion at the free end) did not show bar rupture at /= 20d}, (bar rupture occurred at /' =
40dp). In contrast, when using L or UL bars, bar rupture was achieved with / = 20dj (Batch A concrete), indicating a shorter bonded
length needed to develop the stress transfer for L and UL bars compared to sand-coated bars. It should be noted that none of the pull-out
specimens failed due to the splitting of the concrete cylinder. This is consistent with findings by Gravina et al. [51] that reported
splitting failure likely occurs when the concrete cover-to-bar diameter ratio is smaller than 3.5.

Debris was observed on the bottom plate of the test fixture just beneath the protruded GFRP bar (Fig. 10b). Conversely, no debris
was found in C specimens as the bar started slipping inside (Fig. 10c). As the protruded bar began to slip inside the concrete cylinder,
the helical lugs started shearing off, resulting in debris of GFRP bar mixed with concrete debris. To investigate the bar and concrete
interface, a few specimens from both batches of concrete were longitudinally cut open for microscopic analysis. Fig. 10d-g show the
portion of the specimen cut open and its microscopy images for Batch A-concrete L_10_C_1 specimen. On the concrete surface

d) L 10 C 1 (Batch A)

Rupture of the fibers
a)

Fig. 10. Pull-out specimens after tests and microscopy images of L_10_C_1 from Batch A concrete: a) rupture of the bar fibers; b) accumulated debris
on the bottom plate of the test fixture; c) bottom of the pull-out specimen with free end cut; d) impressions of bar helical lugs on concrete; ) photo of
the cut open portion of the specimen; f) the lacquer coating found on concrete surface; and g) concrete between helical lugs of the bar.
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(Fig. 10d), impressions of the helical lugs were found, along with remnants of the partially abraded helical lugs of the GFRP bar. The
lacquer of the bar appeared to be removed by the concrete (Fig. 10e-f) as the bar slipped with respect to concrete. Additionally,
Fig. 10g shows remnants of concrete between the helical lugs, which had undergone severe abrasion.

Fig. 11a—d show portion of the specimen cut open and its microscopic images for Batch A-concrete UL_5_P_1. In contrast to L,_10_C_1
from the same batch, the bar surface appeared to be severely damaged (Fig. 11a-b).

The concrete sheared off the helical lugs, leaving white residue on the concrete surface (Fig. 11c). It can be assumed that the
combined factors of the absence of lacquer coating and the high strength of the concrete contributed to the shearing off of the helical
lugs (Fig. 11d). For comparison with Batch B-concrete specimens, Fig. 11e-g include the cut open portion of Batch B-concrete UL _5_P_1
specimen and its microscopy images. Despite featuring a protruded free end bar and no lacquer coating, the helical lugs on the surface
did not appear to be sheared off but instead underwent partial abrasion only, with concrete residues present between the helical lugs
(Fig. 11e-g). This phenomenon was attributed to the lower strength of the concrete. Therefore, the observed failure modes show the
influence of concrete strength on the bond mechanism. This explains the different values of the peak load between Batch A- and Batch
B-concrete specimens with the same bonded length and the presence of the protrusion at the free end. The different bond behavior
attributed to mechanical properties of concrete should be studied including microstructure analysis of concrete, which was not carried
out in this work.

3.7. Bond strength t* versus bonded length /

Fig. 12a shows the bond strength (z") for all pull-out specimens as a function of /. The specimens in Fig. 12a are categorized based
on concrete batch, surface coating, pull-out specimen geometry, and free end conditions. Generally, it can be observed that the bond
strength within each group of specimens remains consistent. In Fig. 12b, the average bond strength (") for each group of specimens is
shown as a function of /. For Batch A-concrete specimens with /' = 5dj, both L and UL bars exhibit T~ approximately twice as high for P
specimens compared to C specimens. A similar trend is observed for Batch B-concrete specimens with /= 5dp, although the difference
is not as large as for Batch A-concrete specimens, which indicates that the presence of the protrusion and the concrete strength affect
the peak load. For Batch B-concrete ~ = 10d; specimens, a difference in T~ associated with the free end condition is present but less
pronounced than that of specimens with / = 5d;,. For Batch A-concrete / = 20d}, specimens, a similar trend is observed. In general, the
difference in T~ between C and P specimens decreases as / increases. However, the difference between C and P specimens has a
different rate with increasing bonded length for Batch A- and Batch B-concrete specimens. For different groups of specimens, including
Batch A-concrete L and UL specimens with bar protrusion, Batch B-concrete L and UL specimens with protrusion, and Batch B-concrete
UL specimens without protrusion, T" tends to decrease as the bonded length increases.

This observation aligns with a previous study on pull-out specimens with free end protruded bars [28]. Thus, specimens with free
end protruded bars show a consistent behavior as bonded length increases, regardless of surface coating and concrete strength. From
the remaining group of specimens, i.e., Batch A-concrete L specimens without protrusion and Batch A-concrete UL specimens without
protrusion, 7" increases as / increases from 5dp to 10dj, followed by a decrease at / = 20dp. A similar increasing pattern in bond

UL 5 P_I (Batch A) UL 5 _P_I (Batch B)

residue from sheared off helical lugs; and d) protruded free end condition. Microscopy images of UL_5_P_1 from Batch B concrete: e) photo of the cut
open portion of the specimen; f) concrete residue in between helical lugs; and g) abraded helical lugs with concrete between them.

Fig. 11. Microscopy images of UL_5_P_1 from Batch A concrete: a) photo of the cut open portion of the specimen; b) scratched bar surface; ¢) white
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Fig. 12. a) GFRP bar-concrete bond strength versus bonded length including all the specimens from both batches of concrete; and b) average GFRP
bar-concrete bond strength versus the bonded length for all specimens from both batches of concrete categorized in different groups of specimens.

strength is observed for Batch B-concrete L specimens without protrusion as the bonded length increases from 5dj to 10dp. For Batch
A-concrete ASTM specimens, which featured the bar protrusion, their T* values were consistent with their corresponding cylindrical
specimens with the same bar coating and /= 5d;,. Only one Batch B-concrete ASTM specimen was tested and while it might not be
statistically significant, it was consistent with the corresponding cylindrical specimens as well.

4. Experimental results for the TPB tests

The experimental results of the 19 TPB tests on Batch A-concrete notched beams are reported in this section. The GFRP-RC notched
beams were named NB_Z_Y_X, where Z is either L or UL and identifies if the beam was reinforced with either a lacquered bar (L) or an
unlacquered bar (UL). Y denotes the width of the specimen in inches, which was either 3 inches or 6 inches. Thus, Y is equal to 3 (i.e., B
=75 mm) or 6 (i.e.,, B= 150 mm). X denotes the number of the beam within each group. The NB is used as an acronym for notched
beams. The GFRP-RC beams that were wrapped with CFRP were identified with a W at the end of their name, i.e., NB_Z_Y_X_W, where
W is used to indicate wrapped. The unreinforced concrete specimens were named NB_Y_X_P, where P is used to indicate plain spec-
imens and Y and X are defined above. Table 5 summarizes the nomenclature of all notched beam specimens and the number of
specimens tested. Table 6 shows the average measurements of notched beam depth (D), width (B), and length (L) along with their
coefficient of variation (CoV) expressed as a percentage. Additionally, the initial notch length (ao) and the weight of each specimen are

Table 5
Summary of notched beam specimens.

Notched Beam Test Nomenclature NB_Z_ Y _X_(W)_(P)

Z = Type of GFRP bar used; Lacquered (L) or Unlacquered (UL)

Y = Beam width in inches (3" = 75 mm or 6" = 150 mm)

X = Number of specimen in each series

W = If presents, indicates CFRP wrapped specimens

P = If presents, indicates plain concrete specimens

Series Z Y Number of replicates w P

NB_L3X L 3 4 No No
NB_L_ 6 X L 6 1 No No
NB_L 6 X W L 6 3 Yes No
NB_UL_3 X UL 3 4 No No
NB_UL_6 X UL 6 2 No No
NB_UL 6 X W UL 6 1 Yes No
NB_3 X P N/A 3 2 No Yes
NB_6 X P N/A 6 2 No Yes
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Table 6

— Geometrical properties of the notched beams and experimental results.
Specimen D (mm) [CoV (%)] B (mm) [CoV (%)] L (mm) [CoV (%)] S (mm) Weight (N) ap (mm) Frnax (KN) Fmax (kN) [CoV]
NBL31 154.8 [0.3] 79.5 [1.9] 562.4 [0.2] 457.2 166.4 76.2 5.8 5.2 [11.6]
NB_L 32 153.4 [0.2] 78.2 [0.3] 467.2 [3.4] 457.2 161.5 76.2 5.1
NB_L33 153.5 [0.3] 78.2 [0.3] 560.3 [0.3] 457.2 160.7 76.2 5.5
NB_L 34 153.3 [0.3] 78.4 [0.5] 560.3 [0.3] 457.2 161.1 76.2 4.4
NBL 61 161.3 [4.7] 156.4 [0.8] 561.3 [0.2] 457.2 305.8 76.2 8.3 8.3 [-]
NBL61W 153.4 [0.2] 154.4 [0.2] 560.9 [0.7] 457.2 308.9 76.2 10.1 9.1 [10.0]
NBL62W 153.7 [0.4] 154.4 [0.3] 559.8 [0.3] 457.2 308.7 76.2 8.7
NBL 63 W 153.2 [0.3] 153.4 [0.7] 559.8 [0.3] 457.2 308.4 76.2 8.4
NB_UL 31 154.7 [0.2] 78.2 [1.1] 561.8 [0.3] 457.2 157.0 76.2 - -
NB_UL_3_2 153.5 [0.3] 78.2 [0.3] 562.4 [0.2] 457.2 162.1 76.2 -
NB_UL_3_3 153.4 [0.2] 78.5 [0.6] 559.3 [0.2] 457.2 160.9 76.2 -
NB_UL_3 4 153.5 [0.3] 78.2 [0.3] 560.3 [0.3] 457.2 161.1 76.2 -
NB_UL6_1 151.7 [0.2] 161.9 [8.2] 561.8 [0.0] 457.2 311.6 76.2 12.2 11.9 [3.6]
NB_UL_6_2 153.4 [0.2] 154.4 [0.2] 561.3 [0.0] 457.2 313.0 76.2 11.6
NB_UL 6.1 W 154.5 [0.5] 152.7 [0.2] 558.8 [0.0] 457.2 306.7 76.2 13.6 13.6
NB_3.1P 153.4 [0.2] 78.2 [0.2] 558.8 [0.0] 457.2 157.8 76.2 5.1 4.9 [5.8]
NB_3.2 P 153.3 [0.3] 78.2 [0.9] 558.8 [0.0] 457.2 158.8 76.2 4.7
NB 6_1P 154.0 [0.5] 153.2 [1.4] 558.8 [0.0] 457.2 3109 76.2 9.6 9.2 [6.9]
NB 6.2 P 152.7 [0.5] 154.3 [0.3] 558.8 [0.0] 457.2 308.7 76.2 8.7

reported in Table 6. Table 6 also shows the first peak loads (Fyuqy) for all specimens and the average first peak loads (Fpax) for each
group of specimens along with their CoV (%). It should be mentioned that for the GFRP-RC notched beams, the first peak load Fyqy in
Table 6 is identified as the load point before the start of the descending (softening) part or that where the first change of slope occurred.
If the change in slope was not clearly identified, Fqy is not reported in Table 6. All TPB tests were performed between 109 and 123 days
from the day of casting.

4.1. Applied load versus stroke

Fig. 13a shows the load responses for all notched beams tests in terms of applied load (F) versus machine stroke. Fig. 13b is a call-
out of the first part of the responses of Fig. 13a. Fig. 13a shows that in terms of load carrying capacity the CFRP-wrapped specimens
reached greater loads than specimens without the CFRP wrap. The flexural load-carrying capacity of GFRP-RC notched beams without
CFRP wrap was not attainable, as those specimens failed by concrete shear failure, which is not considered a desirable failure mode in
this study. All the GFRP-RC notched beams show an initial linear response followed by a transition segment defined by a change of
slope or brief descending portion of the response. The second portion of the response is pseudo-linear. For some of the GFRP-RC
notched beams that were not CFRP-wrapped, such as NB_L_3_4, NB_UL 6_1, and NB_UL_6_2, the end of the response features a
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Fig. 13. Load responses for all notched beams: a) applied load (F) versus machine stroke; and b) a call-out of the first part of the responses shown
in Fig. 13a.

15



M.M. Rahman et al. Journal of Building Engineering 108 (2025) 112819

softening behavior that could be caused by the specific shear crack pattern. The remaining GFRP-RC notched beams without CFRP
wrap failed abruptly at different loading points and their load responses is pseudo-linear up to failure. The GFRP-RC notched beams
with CFRP wrap feature a final nonlinear behavior at the end of the second pseudo-linear response, followed by a brief softening
response. For those specimens, the test was stopped due to safety concerns, as the support steel cylinders were nearly at the edge of the
steel plates attached to the bottom of the beams. The call-out Fig. 13b shows that due to the compliance of the test set-up and machine,
the initial responses are not consistent among different responses. However, the features of the load responses for different groups of
specimens are consistent among each group of specimens.

4.2. Applied load versus CMOD

The applied load (F) versus the CMOD responses are shown in Fig. 14a, and a call-out of the initial part of the responses are shown in
Fig. 14b. The CMOD response was not recorded for the CFRP-wrapped GFRP-RC notched beams due to safety concerns for the clip-on
gauge. The responses in Fig. 14a are consistent across different groups of specimens. Fig. 14b shows that the initial responses of
NB_3_X_P and NB_6_X_P specimens is linear. The linear part is followed by a brief non-linear response prior to reaching the first peak
load (Finayx)-

The post-peak descending part features a long tail before the test was stopped when the load was between 3 % and 5 % of Fpqy. All
NB_3_X_P and NB_6_X P specimens show consistent responses for the same width of the beam. This consistency in the load responses
indicates that the concrete had almost constant properties. The GFRP-RC notched beams show the same features discussed earlier for
the applied load versus stroke responses. Fig. 14b shows that the transition portion of the F-CMOD responses after reaching Fpy, is
slightly different between GFRP-RC notched beams with UL and L bars. For the former, the change in the derivative of the F-CMOD
response with respect to CMOD is smoother and the change in the derivative values is within a smaller range. Ultimately, the F-CMOD
responses tend to have the same slope, regardless of the bar surface condition (L or UL). It could be assumed that the absence of lacquer
coating on the UL bars resulted in a slightly different local bond mechanism when the concrete crack propagation initiated. However,
the pull-out test results discussed earlier (Fig. 6) did not show any influence of the lacquer coating in terms of peak load. The bond
mechanism in flexure might be different compared to that of pull-out tests. Additional comments will be provided in the following.

4.3. Free end slip in GFRP-RC notched beams

Two LVDTs were used to measure the free end slip in GFRP-RC notched beams without CFRP wrap. Measurements from the left and
right LVDTs (Fig. 4c) were labeled as A and Ag, respectively. The sum of these two measurements was labeled as Ay = AL + Ag.
Fig. 15a shows the relationship between applied load (F) and Ayq/2 for all GFRP-RC notched beams with L bars, together with the F-
CMOD responses. Half of the A represents the average free end movement of the bar with respect to concrete. Fig. 15a shows that
the free end slip for these specimens is negligible compared to the CMOD. However, a recent study by the authors [43] found sig-
nificant free end slip (up to approximately 2 mm) in notched beams with the same geometrical characteristic as those presented in this
study but reinforced with sand-coated GFRP bars helically wrapped by a carbon fiber bundle. To better understand the free end slip in
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Fig. 14. Load responses for all notched beams equipped with clip-on gauge: a) applied load (F) versus CMOD; and b) a call-out of the first part of the
responses shown in Fig. 14a.
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Fig. 15. Applied load versus the free end slip and CMOD: a) for notched beams with L bars; and b) call-out of the first part of the response
of Fig. 15a.

these specimens, the initial part of the responses in Fig. 15a is shown in Fig. 15b. The maximum value of A /2 for these specimens is
0.055 mm (NB_L_6_1), which is nearly negligible compared to both CMOD and the observed 2 mm free end slip in the previous study
[43]. Additionally, it can be observed that free end slip begins after 40 kN of applied load, a higher value than in the previous study
[43], where free end slip started at an applied load lower than 5 kN. Similar trends were observed in GFRP-RC notched beams with UL
bars, though these results are not presented for the sake of brevity. The significant difference in free end slip in notched beams
reinforced with sand-coated bars and those used in this study indicates that the stress transfer mechanism might develop over a
different bonded length for those two types of bars. This observation is also confirmed by the different bonded length needed to reach
rupture of the fibers in pull-out tests with those two types of bars, as mentioned above. The current specimens failed in shear prior to
reaching maximum loading capacity (except for those that were wrapped with CFRP). The load attained by the notched beams
reinforced with sand-coated bars was similar to that of specimens herein presented and without the CFRP wrap. In those beams, shear
failure did not occur, but the specimens did not reach a value of the applied load that would have corresponded to the rupture of the
fibers. This difference between the two bar types further supports the observation that the bonded length used in notched beams might

Fig. 16. a) NB_L_6_1 failed by shear cracking; b) NB_UL_6_1_W failed by the fiber rupture of the UL bar at mid-span.
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have corresponded to a different development of the shear stresses along the bar-concrete interface.

For comparison, Fig. 15b also shows the P-5 response of Batch B concrete UL_20_P_1, which was the only specimen with bonded
length equal to 20dj that was equipped with LVDTs to measure 8. Although this specimen was cast using a different batch of concrete,
the results presented in Section 3.3 suggest that the initial response of specimens from both batches of concrete were consistent. The
comparison in terms of free end slip between pull-out and TPB test specimens is useful because the bonded length between the notch
plane and one end of the beam was approximately equal to 20dp. The load applied in the pull-out test (P) can be directly compared to
the load in the TPB test (F) because of geometrical dimensions of notched beams used in this study [43]. Fig. 15b suggests that the
curves from both types of tests exhibit a similar trend and a change in slope at similar load levels.

4.4. Failure modes

For all the notched beams, microcracking started in the region surrounding the notch tip prior to reaching the first peak load (Fpqyx)
or any noticeable change in slope was observed. In the case of unreinforced notched beams, crack propagation corresponded to the
descending portion of the load response. The test was stopped for unreinforced notched beams when crack propagation reached the top
outermost fibers of the beam at a load between 3 % and 5 % of Fp. Similarly, in GFRP-RC notched beams without CFRP wrap, the
crack propagated toward the top outermost fibers after the change of slope in the load response. These specimens failed due to shear
cracking (Fig. 16a). For GFRP-RC notched beams with CFRP wrap, a nonlinear response was observed toward the end of the test, which
indicated that the GFRP bar was experiencing large slips with respect to concrete and the bar was reaching the rupture of fibers.
Eventually, all notched beams with CFRP wrap failed due to rupture of the bar fibers (Fig. 16b). The CFRP wrap appeared effective in
preventing shear cracking.

4.5. Force versus load point displacement from DIC

DIC was used to obtain the full field displacement and strain components for one of the side faces of the notched beams. This
analysis was only performed on GFRP-RC notched beams without CFRP wrap, except for beam NB_L_3_3, which was excluded due to
technical issues with the DIC software during testing. The details of the DIC data correlation and the procedure to obtain the load point
displacement (A) from the DIC displacement field are discussed in Refs. [43,52]. In brief, virtual sensors were used to measure the
displacement of the load point and the supports. The latter was subtracted from the former. The virtual sensor was a square within
which the vertical displacements were averaged. Fig. 17a shows the F-A responses obtained from the DIC data. The consistency of these
curves among different specimens can be seen from Fig. 17a. Although the F-stroke responses shown in Fig. 13 were not consistent
among different specimens due to the compliance of the test set-up and machine, the F-A responses obtained from DIC are consistent in
terms of initial stiffness. Fig. 17b, a call-out of the first part of Fig. 17a responses, further shows this consistency across different
specimen groups.

4.6. Fracture process zone from contour plots

The contour plots in Figs. 18 and 19 show the horizontal strain component (g,y) for specimens NB_L_3_1 and NB_UL_3_2, respec-
tively (reference system shown in Fig. 4). These contour plots are capped at a strain (g;) corresponding to the tensile strength of the
concrete. g is computed as:

3

wheref/t is 3.86 MPa (average splitting tensile strength performed at 67 days from the day of casting) and concrete elastic modulus (E.)
is 40.8 GPa (obtained using the F-CMOD responses of unreinforced notched beams [43,49]).

Each specimen is represented by three contour plots corresponding to different load values (Point A, Point B, and Point C), as
indicated by colored circles in Figs. 18 and 19. The contour plots show no stress concentration on the surface of the specimens at the
GFRP bar level. The contour plots capped at ¢, allow to identify the fracture process zone (FPZ) bulb [43,53]. The FPZ is the region
where softening behavior of concrete in tension occurs [53]. The size of the FPZ bulb remains consistent regardless of the bar type (L or
UL).

4.7. Force in the GFRP bar from cross-sectional analysis and DIC

The force in the GFRP bar (Pp,) in notched beams was obtained by performing cross-sectional analysis at the mid-span of the
notched beam. The details of the cross-sectional analysis can be found in Refs. [43,52]. The softening behavior of concrete in tension
was defined by Petersson’s bilinear softening curve [54], which expresses the relationship between the stress transferred between the
faces of the crack and the opening of the crack itself. The fracture energy (Gr) of the unreinforced notched beams was determined using
the work-of-fracture method [55-57] and its average was calculated as 195 N/m. Parameters characterizing the softening region —
such as the starting point (i.e., beginning of the FPZ), length, and the location of the neutral axis (N.A.) — were identified, for each load
point, through DIC analysis using &, profiles, as detailed in Refs. [43,52]. The crack opening corresponding to the softening behavior
of concrete in the spirit of the cohesive crack model [58] was obtained using the Au, profile [43,52]. Two squares were selected on the
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Fig. 18. Contour plots of &y, considering three different load values for NB_L _3_1.

opposite sides of the notch ligament to compute the averages of the horizontal displacements u,, which were then subtracted to obtain
Auy. Pypqr was computed by applying moment equilibrium. Additionally, the slip g of the GFRP bar with respect to the surface of the
notch was determined through DIC analysis, using a similar procedure as that adopted for Au,. Two squares were taken, each with sides
of 10 mm, positioned on either side of the notch with centroids aligned with the axis of the GFRP bar (see sketch within the plot of
Fig. 20a). The distance between the centers of these squares was denoted as . The average horizontal displacements within these
squares were calculated and then subtracted from each other to determine Au,,. Finally, g was computed by subtracting the elastic
deformation of the GFRP bar.
Auy, — Zet
g= 5 (€]
Dividing Eq. (4) by 2 is based on the assumption that equal slip occurred on both sides of the notch. In Fig. 20, the resulting Ppqr
values were plotted against g. The use of the symbol g was chosen to recall the loaded end slip in pull-out tests. In fact, Fig. 20a includes
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Fig. 20. a) Force in the GFRP bar versus the slip in NB_L_3_X, NB_L_6_1, NB_UL_3_X, and NB_UL_6_X specimens (using cross-section analysis) and in
pull-out tests of 20d; bonded length using both L and UL bars; and b) stress in the GFRP bar versus the crack opening obtained from DIC analysis and
using Eq. (5) [59].

the average P-g responses for Batch A-concrete / = 20dp pull-out test specimens (with protruding ends) using L and UL bars to compare
them with the Pp,-g responses. The / = 20d,, pull-out specimens were chosen as the most representative specimens considering the
bonded length in one half of the GFRP-RC notched beams. The specimens with protruding ends were selected to create similar con-
ditions to that of the notched beams. The comparison of the Py,-g and P-g responses suggests that pull-out tests can be considered a
lower bound for the behavior of the bar in TPB tests. In a previous study by the authors [43], using a sand-coated GFRP bar, it was
found that pull-out tests were considered an upper bound. Although the nominal diameter was the same and tensile strength of the
GFRP bars used in both studies were similar, the differences in bar surface (helical lugs versus sand coating) appears to impact their
bond behavior, as discussed above. This observation requires some additional comments. The effect of transversal stresses (i.e.,
perpendicular to the bar) are typically neglected in the cross-sectional analysis of beams. If the transversal stresses are considered and
are compression stresses, they would affect bond. This effect depends on the stress transfer mechanism between the bar and concrete. If
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a bar (like the one in this study) has a relatively short stress transfer zone or effective bond length, then the effect of transversal
compression stresses is more pronounced. If the bar (like the one in the previous study [43]) has a long effective bond length, then the
effect of the transversal stresses is less impactful. Thus, transversal stresses have a higher effect on the ribbed bars herein studied with
respect to the sand-coated bars of [43], which translates into an opposite comparison between pull-out and notched beam specimens.
In turn, the different behavior is related to the effective bond length, which is influenced by the surface condition. To contextualize the
difference between the two types of bars, it should be recalled that to reach failure in tension of the bar in pull-out tests, a bonded
length equal to 40d;, was needed for the sand-coated bars [43]. Conversely, the bars in this study require a bonded length of 20d; to
reach failure in tension in pull-out tests.

The crack opening () at the outermost bottom fibers of the beam was determined using DIC analysis. Two rectangles, each
measuring 10 mm in width and 5 mm in height, were positioned at the edges of the notch. The average horizontal displacement within
each rectangle was calculated and then subtracted from each other to obtain Q. Fig. 20b shows the relationship between the tensile
stress in the GFRP bar (6p4,) and Q for GFRP-RC notched beams without CFRP wrap. The stress 6,4 was obtained dividing Ppqr by Ap.
The results show that neither the type of bar (L or UL) nor the width of the notched beams have a significant effect on the responses.
The crack opening was also calculated using the equation provided in Ref. [59]:

_ Gbar 2 bs 2
Q=27 pky/d.> + <E> 5)

where d, = 44.5 mm is the distance between the bottom part of the beam to the center of the GFRP bar location and b; is the spacing of
the GFRP bar. bs was taken as 75 mm and 150 mm for B =75 mm and B = 150 mm width specimens, respectively. p = m/n, where m is
the distance of the bottom face of the beam to the neutral axis (N.A.) of the beam and n is the distance of the GFRP bar layer to the N.A.
location. The N.A. was obtained from the DIC analysis. The bond-dependent coefficient (kp) was taken as 1.2 as recommended in
Ref. [59]. Using Eq. (5), the opening of the crack was computed considering both the width of the notched beams and also the type of
the GFRP bar (L and UL have a different elastic modulus). Fig. 20b shows that the crack opening (Q) obtained using Eq. (5) for B=75
mm closely resembles the crack opening in notched beams obtained from DIC analysis, regardless of the bar coating. However, in
general, the comparison of the 6,4 — Q obtained from Eq. (5) with the responses obtained from DIC analysis shows that the former
behaves as a lower bound. In a previous study by the same authors, using a sand-coated GFRP bar, the 65, — Q obtained from Eq. (5)
behaved as an upper bound. This observation further supports the fact that the bond behavior of the bars herein presented is different
from that of the sand-coated bars.

5. Conclusion

A comprehensive GFRP bar-concrete bond behavior was investigated using the pull-out tests and TPB tests of notched beams. Two
types of GFRP bars with identical geometry but varying surface conditions were used. One bar surface was finished with lacquer
(named L bars), while the other had no lacquer (referred to as UL bars). Both bars featured helical lugs on their surfaces. Pull-out
specimens were cast from two distinct concrete batches: one with high-strength concrete (Batch A) and the other with low-strength
concrete (Batch B). The notched beams were cast only from the high-strength concrete batch. The study analyzes the load re-
sponses and draws the following conclusions.

1) The average peak loads in pull-out specimens using lacquered and unlacquered GFRP bars were higher than those of another
GFRP bar with comparable geometry but featuring a sand coating, as studied by the same authors.

2) The variation in GFRP bar surface coating did not appear to affect the bond behavior between the GFRP bar and concrete when
the peak loads of the pull-out tests were considered.

3) Specimens cast from higher-strength concrete, with free end bars cut and lacquered bars, showed higher peak loads in 10dp
bonded length specimens compared to those from lower-strength concrete. However, this behavior was not seen in 5d, bonded
length specimens. It can be assumed that the shorter bonded length might not sufficiently reflect the influence of concrete
strength in 5d;, specimens. Lacquered bars with free end protruded bars from high-strength concrete showed higher loads even
with a 5dj, bonded length, surpassing the specimens from lower concrete strength. The protruding free end bar part showed
increased resistance from higher-strength concrete, resulting in higher peak loads. The impact of concrete strength on unlac-
quered bars was similar to that of lacquered bars.

4) Specimens featuring lacquered and unlacquered bars with free end protrusion from higher-strength concrete consistently
showed an approximately 30 kN increase in peak loads, irrespective of bonded length or bar surface coating over the specimens
with free end cut. Similarly, specimens from lower-strength concrete consistently demonstrated higher peak loads for those with
free end protrusion over the free end cut specimens, although the increase in peak loads was not as substantial as in the higher-
strength concrete specimens. It can be assumed that both free end protrusion and concrete strength influenced to generate
higher peak loads simultaneously.

5) The free end slip did not show any discernible impact attributable to concrete strength, surface coating, or free end conditions.

6) Irrespective of the bar surface coating, the average bond strength of specimens with a protruded free end bar appeared to
decrease as the bonded length increased. In contrast, for specimens with the free end cut, there was an increase in average bond
strength from 5d;, to 10dp, followed by a decrease from 10d, to 20dp.
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7) The bond strength corresponding to peak loads in Batch A-concrete 5d; bonded length specimens was approximately twice that
of Batch B-concrete 5d, bonded length specimens, considering both lacquered and unlacquered bars. This difference in bond
strength due to concrete strength was also observed in 10dj, and 20d, bonded length specimens, although not as pronounced as
in the 5d, bonded length specimens, as the different concrete strength is also related to the effect of the protrusion of the bar,
which decreases as the bonded length increases.

8) The bond strength evaluated with pull-out tests depends on the bonded length and free end condition. This indicates that the

bar-concrete interfacial shear stress is not constant along the bonded length and depends on the presence of the protruding part

of the bar. Based on the results presented, bonded lengths greater than prescribed in guidelines ASTM D7913 and ISO 10406-1

should be adopted when pull-out test results are used to determine the bond properties to be introduced in mechanical models

for the determination of bond-dependent structural parameters such as the anchorage length and crack spacing and opening in
structural elements. In addition, the protruding part of the bar should be avoided since it is not present in structural elements.

The negligible free end slip in notched beams suggests the stress transfer mechanism might develop over a shorter bonded

length for the two types of bars used in this study compared to the sand-coated GFRP bar used in a previous study [43] by the

same authors.

0) The comparison of applied load versus slip from notched beams and pull-out tests suggests that the pull-out tests can be
considered a lower bound for the behavior of the bar in TPB tests. In the previous study [43], the trend was opposite. The
authors argue that the difference between notched beam and pull-out tests depend on the length of the stress transfer zone. As
stresses normal to the bar arise in the notched beam specimens, their effect is more pronounced if the effective bond length is
short since higher shear stresses are distributed within a shorter length near the mid-span, where the normal (compressive)
stresses develop.
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