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Abstract

This study investigates the performance of steel and GFRP bars as post-installed reinforcement for retrofitting concrete
infrastructure through experimental evaluation of the structural performance of the beam-column connection specimens.
Three groups of concrete specimens were tested under flexural loading to investigate the influence of bar diameter, bar
material (Steel vs. GFRP), and installation method on failure modes, load-deflection curves, and bond strength. The main
failure mode at the connections was concrete breakout; however, specimens reinforced with small-diameter post-installed
bars tended to fail by bar pullout. The load capacity increases by 9.64% and 12.5% when the diameter of the post-installed
GFRP bar increases from 12 to 16 mm and 20 mm, respectively, and the deflection at the midspan of the beam decreases by
17.9% and 33.6% for 16 and 20 mm bars. Specimens with cast-installed reinforcements showed comparable load capacity
to post-installed specimens but exhibited lower displacements. Increasing bar diameter reduced bond strength, and GFRP
bars showed lower bond strength than steel bars. Overall, the results highlight the potential of GFRP bars as reliable post-
installed reinforcement for strengthening critical concrete connections.

Keywords: Post-Installed Bars; GFRP Bars; Beam-Column Connection; Bond Behavior; Adhesive Anchorage; Self-Consolidating Concrete.

1. Introduction

Post-installed reinforcing (PIR) bars, used as adhesive anchors, are among the most prevalent anchoring solutions
for retrofitting older structures and strengthening newly cast structural members [1]. PIR bars can be effectively utilized
in any region of hardened concrete for rehabilitation and strengthening initiatives, including floor slab connections, wall
and beam connections, beam and column connections, vertical connections, and major structural repairs. Moreover,
incorporating PIR in beam-column connections enhances their vital role in RC frames [2-4].

The main method of load transfer between concrete and reinforcement (including GFRP) comprises chemical
adhesion, mechanical anchoring between the concrete and reinforcement bars, and frictional resistance. The relative
contribution of mechanisms evolves as the concrete member ages, where the chemical bond between concrete and
reinforcement weakens throughout its lifespan [5-7]. The adhesive anchors rely on the bond between the reinforcement
and the bonding agent, or the bonding agent itself, along the concrete, to transmit stresses [8].

Post-installation is a sustainable approach that minimizes operational costs, environmental effects, and resource
consumption [9]. PIR techniques have acquired a significant role in retrofitting and restoring aged infrastructure [10].
Cook et al. (1998) demonstrated the sensitivity of PIR systems to drilling conditions and environmental parameters,
including temperature and humidity, thereby establishing a fundamental comprehension of their intricate behavior [11].
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Since the invention of epoxy-based adhesives in the 1990s, cementitious adhesives have gradually been replaced by
chemical-based adhesive PIR systems. Steel bars used as PIR with proper chemical adhesive binders exhibited
comparable or higher bonding capacity than cast-in straight bars, especially when using shorter embedment lengths [12].
This performance is significantly influenced by the compatibility of adhesive stiffness with the mechanical properties
of the bars [13]. Although some PIR systems have bond strengths that are remarkably higher than those of cast-in rebar,
they are only regarded as being equal to cast-in rebar at most, due to existing design standards; the utilization of the
higher measured capacity is not approved [14-16].

Mahrenholtz et al. (2015) emphasized discrepancies in the design of PIR systems as bonded anchors and cast-in
reinforcement, revealing substantial variations in design assumptions and permissible bond stresses [17]. Agarwal [18]
also demonstrates a key difference in the load transmission process between cast-in rebars and post-installed rebars,
which vary because of the existence of an extra coating layer of the adhesive material separating the rebar from the
concrete. In a cast-in approach where reinforcement is incorporated inside concrete under the influence of tension, the
axial force propagates across the length of the rebar, inducing circumferential compressive stresses via the ribs towards
the adjacent concrete. The resulting stresses may lead the adjacent concrete to burst. Conversely, in the post-installed
system, failure may arise at the two interfaces of rebar/adhesive or adhesive/concrete; nevertheless, this supplementary
layer of adhesive beneficially influences the system by redistributing radial pressure from the ribs to the adjacent
concrete.

Many investigations have been conducted on the performance of PIR. However, most previous research has
primarily focused on the pull-out capacities of steel rebars as PIR using small-scale specimens, which do not replicate
the stress conditions in structural members [19, 20]. Despite the increasing applicability of PIR systems, no published
research has been conducted to assess the performance of GFRP bars used as PIR in beam-column connections. Due to
the growing impact of climate change on RC infrastructures, GFRP rebars have been introduced as an alternative to steel
reinforcement for structures vulnerable to harsh environmental conditions [21, 22]. Mahrenholtz (2012) reported that
standard anchor testing procedures tend to overlook complex failure modes, such as concrete breakout and bond
deterioration under structural loads [23].

This study investigates the structural and anchorage behavior of reinforced concrete beam-column connections
incorporating post-installed steel and GFRP bars. The experimental program examines the effects of bar diameter,
material, and installation method on crack patterns, failure mode, flexural performance, and bond performance of PIR
under monotonic loading. Cracked-section analysis was used to calculate bond stresses, and the results were compared
in terms of failure mechanisms, load-displacement relationships, bond stresses, and strain measurements to understand
how bar diameter, bar material, and installation method influence system behavior.

Most previous research concentrated solely on the pull-out capacity of GFRP bars as PIR embedded in small
specimens. Therefore, the present work provides a deeper understanding of the anchorage performance of GFRP bars
used as PIR in more realistic experimental models of beam-column connections subjected to flexural loading. The
investigation included bar material (GFRP and Steel), bar size, and installation method on full-scale beam-column
connection specimens. The failure mode, bond strength, and load-displacement results were investigated. This research
offers a more realistic evaluation of the PIR and contributes to the future guidelines for using GFRP and steel bars as
PIR in structural connections.

2. Materials
2.1. Steel and GFRP Bars

For the beams and columns, Deformed steel reinforcing bars were used. The size bars (12 mm and 16 mm) served
as the primary reinforcement, while the bars (10 mm) served as transverse reinforcement for the beam and the two
similar columns. GFRP bars in three different diameters (12 mm, 16 mm, and 20 mm) were employed to strengthen
beams longitudinally. This range of commercially available bar diameters was selected to capture the effect of bar size
on the structural behavior. The GFRP rebars were tested following the ACI 440.3R-04 requirements [24]. The steel
rebars were tested according to A615/A615M-01b [25]. Table 1 shows the obtained yield stress and ultimate tensile
strength values for each steel bar, as well as the ultimate tensile strength values for GFRP bars.

Table 1. Properties of Steel and GFRP Bars

Bar Diameter (mm) Bar Material  Yield Stress (MPa) Ultimate Stress (MPa) Elongation
10 Steel 469 653 19.1%
12 Steel 463 696 17.2%
12 GFRP - 1020 1.3%
16 GFRP - 913 0.9%
20 GFRP - 970 1%
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2.2. Cement

Locally available Portland cement that complied with ASTM CI150 [26] was utilized; Table 2 illustrates the
properties of cement.

Table 2. Physical and Chemical Properties of the Cement

No. Physical Characteristics Value Limits % [26]
1 Standard Consistency (w/c) 0.295
2 Initial setting 120 Minutes >45 Minutes
3 Final setting 285 Minutes <375 Minutes
4 Compressive strength (3 days) 25.1 MPa >12 MPa
5 Compressive strength (7 days) 35.6 MPa >19 MPa
6 Fineness (sieve no. 170) 1.8% <10
Chemical composition Content % Limits % [26]
7 Si0, 21.3
8 ALO; 4.8
9 Fe,03 5.64
10 CaO 59.45
11 MgO 2.50 <6
12 SOs 2.04 <3
13 Free Lime 0.89 ---
14 Loss on ignition 1.60 <3
15 Insoluble residue 0.24 <0.75
16 Solid Solution 19.69 -

2.3. Limestone Powders

Limestone powders (CaCO3) were utilized as a filler, with the particles passing through screen No. 50 (0.3mm) to
enhance stability and flow.
2.4. Water

Portable water was used for mixing and curing.

2.5. Fine and Coarse Aggregates

Natural river sand that complied with ASTM C136/C136M-19 [27], as shown in Table 3, served as fine aggregate.
A river-rounded shape gravel with a maximum size of 12.5 mm that complied with ASTM C136/C136M-19 [27], as
shown in Table 4, was used as a coarse aggregate. Figures 1 and 2 illustrate the sieve analysis of the fine and coarse
aggregate.

Table 3. Grading of Fine Aggregate

Sieve Size (mm) Passing % Passing % Limits [27]
4.75 90 90-100
2.36 77 75-100
1.18 69 55-90
0.6 53 35-59
0.3 12 8-30
0.15 4 0-10
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Figure 2. Sieve analysis of coarse aggregate

Table 4. Grading of Coarse Aggregate

Sieve size (mm) Passing% Passing % Limits [27]
12.5 100 100
9.5 89 85-100
4.75 27 10-30
2.36 7.5 0-10
1.18 4 0-5

2.6. Hyperplast PC200

Hyperplast PC200 is a highly efficient superplasticizing additive made of polycarboxylic polymers with long chains
that are especially designed to allow the quantity of water in the concrete to function more efficiently. This effect may
be used in high-strength and flowable concrete mixtures to provide the optimum concrete performance and dependability
[28]. Table 5 shows the Hyperplast PC200 Technical Properties at 25°C.
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Table S. Technical Properties of Hyperplast PC200 at 25 °C

Parameter Specifications [29]
Color Light yellow liquid
Freezing point ~-3°C
Specific gravity 1.05 +£0.02
Alr entrainment Typically, less than 2% additional air is entrained above the control mix at normal dosages

2.7. Adhesive

For the post-installation of the GFRP reinforcement bars in the embedded region of the columns, Sika Anchor-3030
was used as an adhesive. As specified by the producer (Sika), the mechanical and curing properties are illustrated in
Table 6.

Table 6. The mechanical and curing properties of Sika Anchor 3030 [30]

Property Value
Type Two-component epoxy adhesive
Color Grey
Application Temperature +5 °C to +40 °C
Gel Time (at 20 °C) 25 minutes
Full curing time (at 20 °C) 12 hours
Long term -40 °C min. / +50 °C max.
Service Temperature
Short-term +70 °C
Compressive strength 95 MPa (7 days, +20°C)
Tensile Strength in Flexure 45 MPa (7 days, +20°C)
Tensile Strength 23 MPa (7 days, +20°C)
Modulus of Elasticity in Tension 5500 MPa (7 days, +20°C)

3. Mix Proportions

A self-consolidating concrete (SCC) mix was utilized to ensure sufficient flowability and appropriate infill
surrounding the bars that were post-installed. The mix was designed to achieve a compressive strength of 35 MPa at 28
days. The mix was proportioned to 193 kg/m?* of cement, 37.5 kg/m? of limestone powder, 975 kg/m? of fine aggregate,
780 kg/m? of coarse aggregate, and 1.2% superplasticizer. A water-to-cement ratio of 0.48 was selected. To make sure
that the SCC mix complies with the EFNARC’s regulations [31]. The three common workability tests were the slump
flow and the T50 time tests for indicating flow spread and viscosity (Figure 3), the V-Funnel test for assessing flow time
and potential blockage, and the L-Box Test for evaluating passing ability and segregation resistance.

r,V'.

5
2

]

(a) Limestone Powder (b) Slump Flow Measuring (c¢) Cylinder Casting

Figure 3. Limestone powder, slump flow measuring, and cylinder casting

The selected SCC had a T50 of 2.4 sec., a V-funnel time of 8 seconds, an L-box ratio of 0.92, and a slump flow
diameter of 790 mm, which satisfy the EFNARC’s regulations for SCC [31]. A total of twelve standard cylinders of
(150 x 300 mm) were cast and cured according to the procedure described in ASTM C192/C192M-07 [32], six of them
for the columns batch, and six cylinders for the beams batch. From each batch, two cylinders were tested for splitting

strength, and the remaining four were tested for compressive strength. The results of the cylinder tests are illustrated in
Table 7.
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Table 7. Compressive and Splitting Tensile Strengths of SCC concrete

Batch Test Type Number of Specimens Strength Range (MPa) Average Strength (MPa)
Columns Compressive 4 35.5-36.3 36.1
Columns Splitting 2 3-3.1 3.05

Beams Compressive 4 34.8-36.1 355

Beams Splitting 2 3.1-3.2 3.1

4. Experimental Program

The overall experimental workflow shows the process of the methodology is illustrated in Figure 4.

Material Characterization
(Steel, GFRP, Adhesive, SCC)

Select Installation Method

>a L.

Cast-in-Place (C1P) Post-Installed (PI)

e

Select Rebar Material
(Steel or GFRP)

v

Specimen Design & Grouping
(Dimensions & Details)

¥

Drilling & Hole Cleaning
(Blowing, brushing)

Adhesive Injection
& Bar Installation

v

Beam-Column Assembly
SCC Casting & Curing

¥

Instrumentation Setup

(Load Cell, LVDTs, Strain Gauges)

¥

Testing & Data Analysis
(Crack pattern, Failure Mode,
Load-Displacement, Bond results)

Figure 4. A flowchart illustrating the experimental procedure of the study

4.1. Load Measurement Device

The dimensions of all specimens were identical, but the reinforcing details and installation procedures varied. Figure
5 illustrates the dimensions of a specimen reinforced with 12 mm (GFRP /Steel) post-installed bars. The two identical
columns were 1500 mm high, 200 mm wide, and 250 mm long, with four vertical 16 mm Grade 60 rebars, two at each
face as longitudinal reinforcement, confined by 10 mm ties spaced at 90 mm intervals as transverse reinforcement. The
reinforced concrete rectangular beam was 200 mm in width, 300 mm in depth, and with a length of 1400 mm as a clear
span. Four longitudinal reinforcement bars, two at each face with different bar diameters, along with bar materials and
installation method, were used in each group set for those beams. The rebar at the connection region was either post-
installed or cast-in-place. The beam stirrups were 10 mm in diameter, spaced at 120 mm intervals center to center to be
utilized as transverse reinforcement, and a clear concrete cover (40 mm) from all sides of the columns and beam was
used. The specimens were divided into three main groups, each group focusing on a specific parameter, to evaluate the
effect of bar diameter, bar material, and installation method. Table 8 illustrates the description of each group. The cast-
in reference specimen reinforced with steel bars was detailed according to the ACI-318 code [33]. The longitudinal
reinforcements on either face of the beam in group 1 consisted of four post-installed GFRP reinforcement bars, two at
each face, each specimen reinforced with a different GFRP bar size (12, 16, and 20 mm). The embedment length
provided for each specimen was 10db, where db is the diameter of the bar. To evaluate the impact of the installation
method, two specimens from group 2 were used. Each specimen's beam was reinforced with GFRP bars, with one using
a post-installed method and the other a cast-in method. The bar diameter of the two specimens was kept constant (12
mm). To examine the impact of bar material, each specimen's beam in group 3 was reinforced with either GFRP or steel
bars that were post-installed. The bar diameter of the two specimens was kept constant (12 mm).
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Figure 5. Details of post-installed 12 mm GFRP specimen in group (1)

Table 8. Description of Specimen Groups

Group No. Description
Group 1 Three Specimens with post-installed GFRP bars, each with a different diameter: 12, 16, and 20 mm
Group 2 Two Specimens with post-installed bars, each with a different bar material: steel or GFRP
Group 3 Two Specimens with GFRP bars, one cast-in and one post-installed

4.2. Construction of the Specimens

The procedure started with preparing the forms and installing the reinforcement for the two columns. The casting of
the two columns initiated simultaneously. After casting, lifting hooks were installed, and the concrete surface was
smoothed. The formworks were stripped 72 hours after casting, and curing was initiated by covering the concrete surface
with a wet burlap for 28 days. The concrete surface regions that will include the beam-column connections interaction
were roughened to provide sufficient cohesion. The holes for the beam’s post-installed rebars were drilled via a drilling
hammer to the intended length; the holes were cleaned via a wire brush and jet air twice. As shown in Figure 6, the
adhesives were injected, and the rebars were installed during the set time recommended by the supplier. The stirrups
were inserted and distributed along the beam’s longitudinal reinforcement. The formwork for the beam was installed,
and casting with the same SCC mix was applied, in the same way as for the columns. After 72 hours, the formwork was
displaced. The curing process was the same as for the columns.

(a) Post-Installation of Rebar (b) Stirrup’s Placement
Figure 6. Post-installed specimens
4.3. Testing Method

As shown in Figure 7, the experimental setup included a hydraulic jack centrally positioned to apply a concentrated
load at the beam’s mid. span. The jack, connected to an automatic hydraulic pump (capacity: 1000 kN), applied load
increments of 1 kN. A pressure transducer, along with an in-line dial gauge, was employed to monitor the applied loads.
A calibrated LVDT was positioned precisely below the loading point and coupled to a data gathering system that logged
at 1 Hz to measure displacement. Crack development was documented and captured at each load phase. To record strain
behavior, four 6 mm strain gauges were mounted on the top and bottom reinforcement bars, two at the beam-column
connections, as well as two at the mid span. All sensors, which included the LVDT and load cell, have been connected
to a TDS-530 data logger to provide for synchronized data collecting during the loading process.
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Figure 7. Test setup

5. Results and Discussion
5.1. Crack Pattern and Mode of Failure

The specimens in group 1, as shown in Figures 8 to 10, indicate that the initial crack pattern of the three specimens
in this group was similar. For all the specimens in group 1, the first visible cracks appeared at the top tension face of the
beam next to the beam-column interface at a load of approximately 30-43 kN, followed by the initiation of vertical
cracks at the mid-span of the beam’s bottom face at a load of 39-46 kN. As loading progressed, more vertical cracks
appeared at midspan, and the first cracks at the interface propagated downward. When the load increased (121-208 kN),
a horizontal crack initiated, branched from the initial vertical crack, and extended along the post-installed bars at the
columns. Specimens with larger bar diameters (16 and 20 mm) exhibited earlier and more noticeable cracking than the
specimen with 12 mm. Earlier cracks are attributed to the system's inability to disperse stresses effectively due to the
greater axial stiffness.

L

Figure 8. Failure pattern of specimen reinforced with 12 mm post-installed GFRP bars

Figure 10. Failure pattern of specimen reinforced with 20 mm post-installed GFRP Bars
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Moreover, when the load reached 145 kN, the specimens with larger diameters (16 and 20 mm) experienced flexural
cracks at the beam’s negative moment regions due to their stiffer response when compared to the 12 mm specimen. At
midspan, the 12 mm bar specimen exhibited a pure flexural failure mode, while due to the increased stiffness and stress
concentration, the 16 mm and 20 mm bar specimens demonstrated a flexural-shear failure mode. At the connection
regions, the specimen reinforced with 12 mm GFRP as post-installed bars failed by concrete splitting combined with
bar pull out, whereas specimens with bar sizes of 16 mm and 20 mm failed by concrete cone breakouts.

For group 2, as shown in Figure 11, the first crack of the specimen with post-installed steel bars initiates at the mid-
span of the beam’s bottom face at 53 kN. As the load increased to 70 kN, the crack widened and extended vertically.
Simultaneously, a vertical crack started to appear at the top face of the beam-column interface. As the load increases,
additional flexural cracks appear at mid-span, and the interface crack propagates downward. At 160 kN, a horizontal
crack initiates at the columns along the embedment length of top post-installed steel bars. At higher loads, concrete
splitting cracks formed, and debonding of the steel bars is observed at the connection, as shown in Figure 12.
Additionally, the flexural cracks widened at midspan, and a flexural-shear crack was observed near peak load.

i

Figure 12. Pull-Out Failure of PI Steel Bars

In contrast, the GFRP specimen showed its first crack at the top face of the beam-column interface at 43 kN. As the
load increased, the interface crack propagated vertically downward, and the first crack at the bottom of the midspan
appeared at 46 kN. As loading progressed, multiple flexural cracks showed at midspan. At higher load, the flexural
cracks widened, and horizontal cracks initiated along the post-installed GFRP bars combined with slippage of the top
GFRP bars, indicating a splitting combined with pull-out mode of failure. The brittle characteristics of GFRP restrict
stress redistribution, resulting in rapid expansion of cracks and culminating in abrupt and less ductile failure relative to
steel.

For the cast-in specimen in Group 3, as shown in Figure 13, the first visible crack initiated at the bottom face of the
midspan of the beam at 43 kN. At 70 kN, the crack extended, and another flexural crack initiated; additionally, at the
top face of the interface, a flexural crack initiated. At higher load, flexural-shear cracks were observed at midspan, and
a horizontal crack formed along the embedment of the top cast-installed bars. Near the peak load, flexural cracks at the
beam’s negative moment regions were formed. At peak load, the GFRP rebars ruptured suddenly at mid-span.

Figure 13. Failure pattern of Specimen reinforced with 12 mm cast-in GFRP bars
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In contrast, the post-installed specimen exhibited a sudden drop, indicating that connection failure was the
primary mode of failure. First, flexural cracks were initiated and developed in the left end of the beam at the negative
moment at the interfaces. Near the ultimate load bond failure (slip) at the connection start, which caused this sudden
failure.

5.2. Load-Displacement Behavior

To investigate the load-displacement behavior, the load-deflection curves regarding specimens within various
groups were plotted as shown in Figures 14 to 16 to assess initial stiffness, peak load, and ductility. It can be shown
from Figure 14 that all specimens in group 1 exhibited elastic behavior in the initial linear portion. Specimens
reinforced with 12 mm GFRP rebars showed lower initial stiffness as compared to larger GFRP rebars. This
indicates that a larger cross-sectional area increases stiffness. After the first visible crack, the stiffness decreased
due to crack propagation.

250
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Figure 14. Load-deflection curves of group 1 specimens
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Figure 15. Load-deflection curves of group 2 specimens
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Figure 16. Load-deflection curves of group 3 specimens

For 16 mm and 20 mm specimens, the transition occurred more gradually, contrary to the 12 mm specimen, which
exhibited a sharper transition in the load-deflection curve. The peak applied load for each specimen varies with bar
diameter. The 20 mm specimen exhibited the highest load of 237.3 kN with a corresponding mid span deflection of
18.71 mm. Peak applied load dropped, and the corresponding deflection increased as the bar diameter decreased. For all
specimens, the post-peak exhibited a sudden drop after the peak, indicating a brittle failure. As the bar diameter
increased, the drop of the curve was sharper.

Figure 15 illustrates that the two specimens of group 2 demonstrate elastic behavior in the initial elastic portion
before the first crack. Specimen reinforced with post-installed steel rebars shows higher initial stiffness as compared to
the specimen reinforced with post-installed GFRP rebars, due to the difference in modulus of elasticity of the two
materials. After the first visible crack, the stiffness of both specimens decreases significantly. For the steel specimen,
stiffness decreases gradually; however, for the GFRP specimen, stiffness decreases rapidly, which is owing to the brittle
characteristics of the GFRP material. Additionally, the steel specimen reaches a higher peak load of 235.5 kN as
compared to 211.6 kN for the GFRP specimen. On the contrary, the displacement corresponding to the peak load of the
steel specimen (19.81 mm) is smaller than that of the GFRP specimen (27.56 mm). The steel specimen shows a more
ductile response post-peak load in contrast to the GFRP specimen, which displays a sudden drop at peak load.

For group 3, both specimens, as revealed in Figure 16, show identical linear elastic behavior before the first crack.
However, after the first crack, both specimens demonstrate a reduction in stiffness. The cast-in specimen showed a
greater reduction in stiffness compared to the post-installed specimen. The adhesive in post-installed specimens provides
better bonding for the rebars and helps evenly distribute stresses along the post-installed bars, which increases the
specimens’ stiffness. Although the two specimens achieved a comparable peak load, the post-installed specimen
demonstrated a larger displacement (27.56 mm) than the cast-in specimen (20.69 mm). This indicates that post-installed
specimens are more ductile, allowing them to deform without losing their load-bearing capacity.

5.3. Bond Strength and Bond Ratio

Bond strength serves as an indicator for examining the efficiency of the anchorage. In this study, bond strength was
calculated using a cracked section analysis approach based on the stress induced on the GFRP rebars at the cracking
load [34, 35]. The bond strengths were computed using the following expression:

op =nx (Mg x(d—0))/I, (1)

where, n is the modular ratio, M, is the cracking moment, d is the distance between bars and the compression fiber, d is
the depth of the neutral axis, and I is the cracked moment of inertia. To enable comparison among specimens with
varying parameters. A bond ratio was defined as the ratio of the peak load of a given specimen to that of a reference
specimen [12]. A specimen with cast-in steel rebars was considered the reference specimen. The bond ratios for
specimens are plotted in Figure 17. Table 9 summarizes the peak loads, corresponding displacements, calculated bond
strengths, and bond ratios for all tested specimens.
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Figure 17. Bond ratios relative to a reference cast-in steel specimen
Table 9. The Peak Loads, Bond Strengths, and Bond Ratios
No Bar Diameter Bar Installation Maximum Applied Displacement Bond Strength Bond Ratio
. (mm) Material Method Load (kN) at Maximum Load (mm) (MPa)

1 12 GFRP Post-installed 211.6 27.56 714 1.053
2 16 GFRP Post-installed 232 22.64 446.39 1.154
3 20 GFRP Post-installed 237.3 18.71 295.9 1.181
4 12 Steel Post-installed 2355 19.81 331.63 1.172
5 12 GFRP Cast-in 210.5 20.69 710 1.047
6 12 Steel Cast-in 200.9 19.94 282.9 1

For group 1, as the bar diameter increased, the bond strength of the post-installed GFRP bars decreased, even though
they attained a higher peak load. This inverse relationship is due to the expanded perimeter surface area, which
disseminates bond stresses on GFRP bars more widely. Conversely, the bond ratio increased with larger bar diameter,
reflecting the increase in peak load. When the diameter increased from 12 mm to 16 mm, the bond strength decreased
by 37.47%, even though the peak load increased by 9.64%. This finding aligns with the previous studies,
which demonstrated that an increase in bar size correlates with a reduction in bond strength at a constant embedment
depth [36].

The effect of bar material for post-installed bars was demonstrated in group 2. Although the steel specimen achieves
an increase of 11.29% in the peak load, the bond strength reduced by 53.5% compared to the GFRP specimens. However,
the bond ratio for the steel specimen was slightly higher due to a larger ultimate load value. This behavior can be
explained by the differences in material properties. The compatibility of stiffness between the adhesive and the GFRP
bars helps on inducing better stress transfer process (i.e., increasing bond strength) as compared to steel bars [5, 18].

Group 3 shows that for specimens with GFRP bars, the bond strength, bond ratio, and peak load of the post-installed
specimen and cast-in specimen are similar, with a slight increase in the post-installed specimen’s values. For steel
specimens, post-installed bars increase bond strength, bond ratio, and peak load by 17.22% compared to cast-in
specimens. This indicates the reliable performance of the post-installed specimen and its ability to replicate the
performance characteristics of the cast-in specimen effectively. This improvement results from better confinement of
the post-installed bars, which provides uniform stress distribution along the bars. These results are consistent with
previous studies [37].

5.4. Strain of Longitudinal Reinforcement

Strain data offers insights into flexural behavior, cracking formation, and anchoring performance across various
reinforcing materials, bar diameters, and installation techniques. Table 10, and Figure 18 illustrate the recorded strain
values at mid span and connection for various bar diameters, installation methods, and materials.
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Table 10. Strain Measurements

No Bar Diameter Bar Strain at the top Strain at the bottom Strain at the top Strain at the bottom
(mm) Material mid-section mid. section connection. Section connection Section

1 12 GFRP 0.009244 0.045001 0.008124 0.003091
2 16 GFRP 0.020455 0.046179 0.006703 0.019995
3 20 GFRP 0.017 0.009503 0.007879 0.022562
4 12 Steel 0.001193 0.017763 0.013608 0.004433
5 12 GFRP 0.012183 0.035051 0.025611 0.007261
6 12 Steel - 0.080007 0.002757 0.002761

0.09 -

0.08 -

0.07 A

0.06 -

£ 0.05 |
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Figure 18. Mid Span Strain at the Beams’ Bottom Rebars

At mid span, cast-in steel bars showed the highest strain value, suggesting high flexural performance due to their
higher modulus of elasticity. Followed by the post-installed 12 mm GFRP and steel bars, which show strain values of
0.046179 and 0.045, indicating comparable flexural deformation capabilities at peak load. The cast-in GFRP specimen
had a slightly lower strain value of 0.035. As the diameter of the GFRP bars increased in the post-installed specimens,
the strain values decreased significantly, measuring 0.009503 for the 16 mm specimen and 0.017763 for the 20 mm
specimen, owing to increased stiffness.

At the top of the mid span, the related strain followed a similar pattern but with a smaller magnitude. Compression
strain was recorded in the 20-mm GFRP bars, indicating a shift in the neutral axis. Cast-in GFRP bars showed the
maximum strain value (0.025611) at the beam-column connection, followed by the post-installed 20 mm GFRP bars
(0.013608). This indicates an effective transition in stress between the bar and the surrounding concrete along the
embedded length.

In contrast, the cast-in steel bars recorded the lowest strain value (0.002757) due to local cracking of the surrounding
concrete. The post-installed steel bars, along with post-installed 12 mm and 16 mm GFRP, recorded a comparable strain
value of 0.008124, 0.006703, and 0.007879. At the bottom of the connection, strain values of 0.019995 and 0.022562
were recorded for the post-installed 12 mm and 16 mm GFRP bars, respectively, indicating a notable stress transfer. In
contrast, the cast-in steel bars exhibited a smaller strain value (0.002761).

6. Conclusions

From the experimental investigation of post-installed (PIR) and cast-in steel and GFRP bars in beam-column
connections, the following conclusions can be identified:

e Increasing the diameter of GFRP bars led to earlier initiation of vertical cracks at the beam-column connections,
with larger diameters causing flexural cracks at the beam ends and flexural-shear cracking at mid-span. For
comparison of bar material, cracks in the GFRP specimen initiate earlier at the interface of the beam-column,
whereas in the steel specimen, the first crack is located at the mid-span. Both steel and GFRP specimens experience
debonding failure at the connections; however, at the midspan, the steel specimen indicates a shear-flexural crack,
whereas the GFRP specimen exhibits pure flexural cracks. Regarding the installation method, the cast-in GFRP
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specimen exhibited flexural cracks at the ends of the beam, indicating a stiffer response and better bonding
compared to the post-installed specimen. Moreover, the cast-in specimen failed due to the rupture of the GFRP
bars, while the post-installed specimen failed mainly due to bar debonding, highlighting the effect of adhesive
interfaces on load transfer.

e Regarding load-deflection behavior, increasing the GFRP bar diameter caused an increase in the load capacity and
areduction in the corresponding deflection. The specimen with steel bars achieved a higher load capacity compared
to the specimen with GFRP bars. GFRP specimens, however, recorded higher mid-span deflection because of their
lower modulus of elasticity. In comparing installation methods, both cast-in and post-installed GFRP specimens
recorded a comparable loading capacity. However, the post-installed specimen demonstrated a higher deflection
because of minor slip between the adhesive layer and the surrounding concrete.

e Bond performance analysis indicated that increasing the GFRP bar diameter caused a reduction in the bond
strength, while the bond ratio and load capacities increased. Although steel bars sustain a higher load capacity,
using GFRP bars as an alternative to steel bars results in a higher bonding strength. Post-installed and cast-in GFRP
specimens recorded a comparable performance in terms of bond strength, bond ratio, and load capacity.
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