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Abstract

Bond-slip behaviour of glass fiber-reinforced polymer (GFRP) bars embedded in conventional concrete has been widely
investigated. In contrast, the bond-slip behaviour of near-surface mounted (NSM) GFRP bars bonded in reinforced recycled
aggregate concrete (RAC) seems to be less explored, while recycled materials have been increasingly used due to reasons
of environmental pollution and resource exhaustion. This study aimed to experimentally and theoretically examine the
bond-slip behaviour of NSM GFRP bars in reinforced RAC under monotonic and cyclic loadings. To achieve this aim,
twenty-four tests were performed, which were divided into two groups by monotonic and cyclic loadings. In each group,
twelve tests were performed on ten reinforced RAC specimens and two reinforced normal aggregate concrete (NAC)
specimens. The test results confirmed the brittle shear failure of concrete in the proximity of a resin-concrete surface.
Bond-slip behaviour can be characterized by nonlinear and linear branches, in which the linear branch dominates the
behaviour. Under monotonic and cyclic loadings, the average slips of GFRP bars in reinforced RAC were 0.238 and 0.284
mm, and their coefficients of variation (COV) were relatively large at 0.142 and 0.130, respectively. In contrast, ultimate
loads had a relatively low COV of around 0.038. The effect of cyclic loading significantly increased the ultimate slip by
19.3%, whereas it negligibly reduced the ultimate load; consequently, the stiffness was reduced by 19.4%. A modified
smooth model was proposed to predict the bond-slip behaviour of NSM GFRP bars in reinforced RAC under monotonic
and cyclic loadings. The simplicity and accuracy of the model can be useful for engineers in structural retrofitting using
NSM FRP technique.
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1. Introduction

Near-surface mounted fiber-reinforced polymer (NSM FRP) is a promising retrofitting technique that has attracted
researchers worldwide. NSM FRP has been investigated for beams [1, 2], columns [3], and structures [4]. This method
has been proven to be more effective than the externally bonded method [5-7] because NSM FRP works with inner
concrete; thus, FRP is more efficiently exploited, avoiding premature debonding failure. Additionally, the NSM
technique has better fire resistance and less damage because FRP is protected by concrete. The most important aspect
of the NSM technique is the bond between FRP and concrete. Bond-slip behaviour of NSM FRP plays an important role
in the behaviour of concrete components or structures retrofitted with NSM FRP [8, 9].

In the last decades, numerous studies have been performed on several different aspects/issues of NSM FRP [10].
FRP strips and FRP bars can be commonly used for NSM retrofitting. Regarding NSM using FRP strips, Hassan &
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Rizkalla [11] experimentally and analytically investigated the bond-slip behaviour of NSM CFRP strips in concrete
beams, and an analytical model was proposed to estimate the shear stress at the interface. José & Joaquim [12]
investigated the bond between NSM CFRP laminate strips and concrete. The results indicated that the pull-out force
increased with the increase in bond length, whereas the concrete strength only marginally affected the bond-slip
behaviour. Rashid et al. [13] investigated the intermediate crack debonding interaction of NSM FRP and external bonded
(EB) FRP with concrete cover. The results indicated that EB plates and adjacent plates exhibited no interaction.
However, NSM plates and adjacent plates exhibited strong interaction when the lateral spacing was less than 53 mm.
Oehlers etal. [14] used NSM FRP strips to improve the intermediate crack debonding capacity and found that embedding
NSM FRP strips substantially increased the debonding resistance and slip capacity. Vasquez & Seracino [15] assessed
the performance of available analytical models for predicting the debonding of NSM FRP strips. Zhang et al. [16]
conducted 3D finite modeling and indicated that the concrete strength and the height-to-width ratio of grooves played
important roles in bond-slip behaviour. A bond-slip model, which was the product of a power function and a
trigonometric function, was proposed. Zhang et al. [17] developed models of bond strength and bond length for NSM
CFRP strips in concrete. These models were validated by comparing them with the experimental results collected in the
literature. Dai et al. [18] used a new analytical method to develop a bond-slip model of an NSM FRP sheet. The
interesting point was that this method avoided using many strain gauges installed on FRP to obtain the strain distribution.
This method used the relationship between load and loaded-end slip to derive a bond-slip model at the interface.

Regarding NSM retrofitting using FRP bars, Lorenzis et al. [19] studied the bond behaviour between NSM FRP rods
and concrete in structures and found that the bond strength was affected by the surface conditions of the FRP bars.
Lorenzis et al. [20] used a modified pull-out test to investigate the bond behaviour between NSM FRP rods and concrete,
in which the issue of eccentricity was eliminated. The results indicated that the failure mode was at the epoxy-concrete
interface. In addition, the ultimate load of specimens using cement mortar was lower than that using epoxy. Galati and
Lorenzis [21] experimentally investigated the effect of different parameters on the bond behaviour of NSM FRP bars in
concrete. The results showed that local bond strength moderately increased as the groove dimensions increased. There
was no reduction in bond strength when the clear distance of the square groove size was equal to or larger than twice
the groove dimension. Shehab et al. [22] studied the bond-slip behaviour of NSM FRP bars with consideration of
different parameters and freeze/thaw cycles. The results indicated that the increase in groove size insignificantly
increased the ultimate load, whereas the tensile strength of concrete was an important factor that governed the failure
mode. The variation in temperature due to freeze/thaw cycles caused hair cracks in adhesive materials, which were then
governed by the failure mode. Sharaky et al. [23] studied the effects of material and construction details on the bond
behaviour between NSM FRP bars and concrete. Different failure modes were observed. For square grooves, failure of
the bar-epoxy interface was delayed, and the ultimate load increased by 14.8% when the groove size increased from 1.5
to 2 times the diameter of the FRP bar. Sharaky et al. [24] experimentally investigated different parameters that affected
the bond behaviour of NSM FRP bars in concrete and found that adhesive properties, FRP bar diameter, and bar surface
treatment critically affected the bond capacity and failure mode.

Kalupahana et al. [25] investigated the bond characteristics of NSM CFRP bars and found that bars with a lower
ratio of cross-sectional area to perimeter, e.g., rectangular bars, exhibited higher effectiveness. This ratio significantly
affected the failure mode in the form of separation of concrete cover. Lee et al. [26] studied the bond performance of
different NSM FRPs in concrete and found that GFRP bars had higher strength but lower slip than CFRP bars. The pull-
out load and material efficiency of the strip were higher than bars with other sections. Caro et al. [27] experimentally
investigated the bond behaviour of deep embedment CFRP and GFRP in concrete. The results indicated that the pull-
out capacity increased while the bond strength and initial stiffness decreased with the increase in embedded length. A
mathematical model was proposed to predict the bond strength of deep embedment FRP, and good accuracy with the
experimental results was achieved. Gémez et al. [28] numerically studied the bond-slip behaviour of NSM FRP in
concrete, considering the shape of the local bond-slip rule and its parameters. The results indicated that the shape of the
bond-slip rule exhibited a marginal effect on the slip of FRP. In contrast, the friction branch significantly affected the
distribution of bond stress and slip at the ultimate state.

In 2021, Gémez et al. [29] experimentally and numerically predicted the performance of NSM CFRP laminates in
RC members subjected to sustained loading for 1000 h. A time-dependent bond-slip model based on strength reduction
and creep coefficient was proposed. The creep coefficient governed the time-dependent bond-slip behaviour of
specimens subjected to 15% of the ultimate load. Zhang & Xue [30] used artificial intelligence techniques and available
empirical models to predict the bond strength of NSM FRP. The results showed that models based on artificial
intelligence techniques had a higher determination coefficient but lower other statistical indices compared with those
based on available empirical models. The increase of bond length, FRP stiffness, ratio of depth to width of grooves, and
concrete strength increased the bond strength. Slaitas & Valivonis [31] examined bond strength models of NSM FRP in
RC members at the ultimate stage. An analytical method without using failure criteria or experimental fracture energy
was proposed. The reduction of member stiffness due to slip between FRP and concrete was evaluated for use in
predicting the load-carrying capacity of FRP-retrofitted members.
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Wang & Cheng [32] performed 24 pull-out tests of NSM CFRP rods and strips in concrete to investigate the strength
and characteristics of the bond. The results indicated that bond behaviour was positively affected by the strengths of
adhesive and concrete. An analytical trilinear model was proposed and verified through good agreement with the
experimental results. Aghamohammadi et al. [33] performed a reliability study on three models of bond strengths of
NSM FRP bars and strips in concrete. Available data from 451 tests was collected and analyzed. The findings indicated
that significant improvements were needed to the considered bond models of strength reliability related to the existing
factors of strength reduction. Li et al. [34] experimentally investigated the effect of strain rate on bond behaviour
between BFRP bars and RAC. The results showed that the increase in strain rate decreased the bonding mechanism of
interlocking and friction. The increase in strain rate improved bond behaviour and weaken the bond mechanism.
Formulae were proposed to estimate the bond behaviour under various strain rates. Yazdani et al. [35] considered data
correlation to estimate FRP-to-concrete bond capacity models. Extensive data collected from the literature was used to
improve the reliability and accuracy of such models. The method of mixed-effects regression was to analyze clustered
databases, and the data correlation significantly improved its reliability and decreased the uncertainty of models.

Recently, Mosallam et al. [36] performed 15 pull-out tests of NSM CFRP strips on U-shaped RC specimens. The
results indicated that the geometry of the grooves significantly influenced the bond strength and failure mode. FRP with
lower moduli and higher rupture strains could improve the stiffness and performance of the NSM system. Aljidda et al.
[37] experimentally and analytically studied the bond performance of NSM FRP bars, accounting for different
parameters such as FRP types, bar surfaces, adhesive types, and bond length. The results confirmed the outperformance
of NSM-Gel adhesive on bond strength compared with other adhesives. The bond strength of NSM CFRP was the
highest, while the bond strengths of NSM BFRP and GFRP were similar. An analytical bond-slip model of NSM FRP
bars was calibrated. Reviews on FRP strengthening RC members using groove methods have been conducted by
researchers such as Sanginabadi et al. [38].

The fast growth of infrastructure has resulted in a high demand for building materials. To meet this demand, natural
resources are being heavily exploited, causing concerns about environmental pollution and resource exhaustion.
Therefore, recycled materials are becoming increasingly necessary for sustainable development. Construction waste,
e.g., old concrete from demolished or damaged buildings, can be recycled. Different aspects of recycled-aggregate
concrete (RAC) have been investigated, e.g., mechanical properties [39-48], strengths of structural components [46, 49,
50], and frame structures [51].

There have been several studies on the properties of RAC, NSM FRP in normal-aggregate concrete (NAC), and
NSM FRP in reinforced NAC, as reviewed above. In contrast, studies on the bond-slip behaviour of NSM FRP bars
in reinforced RAC are hardly found in the literature. Furthermore, in practice, loads often vary with time, e.g., a live
load acting on a floor and then transferring to beams, traffic loads acting on a bridge girder, etc. Therefore, not only
monotonic loading but also cyclic loading should be used to investigate the bond-slip behaviour of NSM FRP bars in
reinforced RAC. A sound understanding of the bond-slip behaviour of NSM FRP bars in reinforced RAC should be
developed to provide technical information for engineers who work in the field of FRP retrofitting. This study aimed
to experimentally and theoretically examine the bond-slip behaviour of NSM GFRP bars in reinforced RAC under
monotonic and cyclic loadings. To achieve this aim, 24 pull-out tests of NSM GFRP bars under monotonic and cyclic
loadings were performed. These 24 tests included 20 tests on reinforced RAC and 4 tests on reinforced NAC. The test
results were analyzed to evaluate the different mechanical properties and bond-slip behaviour of NSM FRP bars in
reinforced RAC, highlighting the effect of cyclic loading. Additionally, a modified smooth bond-slip model for NSM
FRP bars in reinforced RAC was proposed. The results obtained from this model showed good agreement with the
experimental results. The simplicity and accuracy of the model make it useful for structural engineers in retrofitting
structures using NSM FRP technique.

2. Experimental Program
2.1. Materials and Specimens

The composition of RAC and NAC was similar and is shown in Table 1. RAC was made of forty-year-old concrete
that was crushed to use as coarse aggregate, whereas the coarse aggregate of NAC was made of normal stone. Figure 1
shows the grading curves of fine and coarse aggregates, in which the upper and lower bounces adopted in TCVN 7570
[52] were also plotted. During the concrete casting, three standard cylinder samples (diameter = 150 mm, height = 300
mm) of each concrete type were taken. The average compressive strengths of three NAC and RAC concrete samples at
the age of 28 days were 26.3 MPa and 22.4 MPa, respectively. Steel $6 and $14 were used for transverse and longitudinal
reinforcement, respectively. The thickness of concrete cover was 30 mm measured to the center of stirrups. GFRP bar
$10 was used for the tests. Three specimens of $10 GFRP bars were taken to test the tensile strengths. Resin TCK 510
R was used for NSM retrofitting. The mechanical properties of the resin provided by the manufacturer are the elastic
modulus of 2.76 GPa, the tensile strength of 40.08 MPa, and the compressive strength of 128 MPa.
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Table 1. Concrete mix

Material Mass/volume per m?
PC40 cement 300 kg
Coarse aggregate, Dmax =20 mm 1151 kg
Sand <2.5 mm 863 kg
Water 131 liter
100 — 100 < =——
9 | % | -
S 80 F s 80 F
‘é,’ 70 F = 70 F
7 60 % 60
§ 50 S 50 |
E 40 ¢ ’ % 40 r —e— Stone
g 30 f, —e—Sand 5 30 4
= —e—RA
S 20 --e--Upper bound 20 —-e--Upper bound
10 -« —Lower bound 10 - o —Lower bound
0 L L L L 0 — L L L L L
0 1 2 3 4 5 5 10 15 20 25 30 35 40
@ Sieve opening (mm) (b) Sieve opening (mm)

Figure 1. Grading curves of fine ana coarse aggregates

There were twelve reinforced concrete (RC) blocks, in which ten blocks were of reinforced RAC and two blocks
were of reinforced NAC. These twelve blocks were labeled as ‘Concrete type’-‘Number’. Concrete types were RAC
and NAC and the number varied from 01 to 10 for RAC blocks and 01 to 02 for NAC blocks. Each concrete block
designed with two pull-out tests [53] was adopted in this study. The top sides of specimens were used for monotonic
loading, whereas the bottom sides of specimens were used for cyclic loading. The structure of specimen labels was
‘Concrete type’-‘Number’-‘Loading type’. ‘Loading type’ was M and C, representing monotonic and cyclic loadings,
respectively. Table 2 shows 24 specimens which were made from ten RAC and two NAC blocks.

Table 2. Names and loading types of specimens

No. Group  Specimen Loading  Group
1 RAC-01-M
2 RAC-02-M
3 RAC-03-M
4 RAC-04-M
5 RAC-05-M
RAC
6 RAC-06-M .
Monotonic M
7 RAC-07-M
8 RAC-08-M
9 RAC-09-M
10 RAC-10-M
11 NAC-01-M
NAC
12 NAC-02-M
13 RAC-01-C
14 RAC-02-C
15 RAC-03-C
16 RAC-04-C
17 RAC-05-C
RAC
18 RAC-06-C i
Cyclic C
19 RAC-07-C
20 RAC-08-C
21 RAC-09-C
22 RAC-10-C
23 NAC-01-C
NAC
24 NAC-02-C
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Figure 2 shows the specimens at different preparation stages. Figures 2-a and 2-b show reinforced RAC and NAC
blocks before and after grooving, respectively. Figure 2-c shows the specimens which were used for monotonic loading.
After the tests of specimens under monotonic loading (Figure 2-c) were completed, NSM GFRP bars were installed on
the other sides of these reinforced concrete blocks as shown in Figure 2-d to use for cyclic loading. Figure 3 shows
dimensions 150x200x500 mm of the concrete blocks and the installation of NSM GFRP bars. Figure 3-b shows locations
of FRP bars for monotonic and cyclic loading tests. The bond length was selected to be Lponded = 12 x drp = 120 mm,
where dsp is the diameter of GFRP bar, which was used by previous researchers [22]. The unbonded length Lunbonded =
50 mm, which was used by Ceroni et al. [53, 54], was adopted. Singh et al. [55] and ACI 440.2R-17 [56] recommended
a minimum size of 1.5 x dsyp; thus, the groove size of 15 x 15 mm was used in this study. Figure 3c shows the flowchart
of the above-described experiments.

7 mA B AR

\

(c) Specimens for monotonic loading (d) Specimens for cyclic loading

Figure 2. Specimens

Grooves 15x15 mm 420 NSM GFRP bar
i 330 120 \50i 250 M@/ for M loading
T ] NSM GFRP o
S b I~
Q | arldmm &
Stirrups 6 mm  |Steel bars 14 mm C NSM GFRP bar
| 500 | 150 for C loading
(a) Specimens and dimensions (b) Cross section
10 reinforced RAC blocks
2 reinforced NAC blocks

j
Cutting M and C grooves

J

Installing NSM GFRP bars on M grooves N Load-slip curves
Pullout tests under monotonic loading under monotonic loading
j
Installing NSM GFRP bars in C grooves Load-slip curves
Pullout tests under cyclic loading ~|under cyclic loading

(c) Flowchart of the experiments

Figure 3. NSM GFRP specimens (dimensions are in mm)
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2.2. Test Setup

Figures 4-a and 4-b show general and close views of the experiment setup, respectively, which is outlined in Figure
4-c. The testing system included a strong steel frame, two support reactions, a hydraulic jack, a clamp, a load cell, a
load transfer system, and two rollers. The load cell was attached to the movable end of the hydraulic jack to measure
the load exerting on the load transferring system. The load-transferring system included four ¢16 high-strength steel
bars and two steel plates. This load transferring system converted the compression force of the hydraulic jack to the
tension force acting on the GFRP bar. There were two rollers to support the weight of the load-transferring system.
With this system, the lateral load of the hydraulic jack was transferred to the GFRP bar, while the weight of the load
transfer system was supported by the two rollers. The clamp was specially designed using a hollow steel tube with a
thickness of 10 mm and an outer diameter of 38 mm. One end of this steel tube was fixed to the load transfer system,
while the other end was inserted by the GFRP bar into the hollow. There are several bolts on the side of this hollow
steel tube. Inside the steel tube, there was a half of other small steel tube with a thickness of 3.5 mm. When a specimen
was installed on the testing system, the GFRP was in the 38 mm steel tube, and the small half-steel tube was in between
the GFRP bar and the bolts. When the bolts were tightened, the forces of these bolts exerted on the small half-steel
tube. The function of this small half-steel tube was to distribute the forces of the bolts in the form of pressure on the
GFRP bar (not the concentrated forces directly from the bolts). With this mechanism, the GFRP bar can be fixed to the
hollow steel tube while its failure is avoided.

(a) General view (b) Close view

ol LVDT1 LVDT2 LVDT3 A4 @16 steel bars to transfer load Load cell

\_ Clamp : =
j]_‘gt‘g_@_/ﬂ nwop " wawmp il !—Iydraulic _Ej
Sg Reaction Jack
Reaction| @ H E @
Roller Roller\

I

I i

(c) Outline

Figure 4. Experiment setup

The measurement system included three LVDTs and a load cell. LVDT 1 and LVDT 2 were installed to measure the
displacements of free end (Usreeend) and loaded end (Uicadedend), respectively. LVDT 3 was installed to measure the
displacement of the concrete block (Usieck). The accuracy of LVDTs was 10-3 mm, which was adequate to measure the
relatively small displacements. The slips of free end (Sreeens) and loaded end (Sioadedend) Were calculated based on
Equations 1 and 2:

Sloadedend = Wioadedend — Ublock 1)

Sfreeend = Ufreeend — Ublock 2
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2.3. Loading and Testing Procedure

The monotonic loading can be useful for the case of static loading while the cyclic loading can be useful for the case
of repeated/varied loading in practice. The average increasing load was approximately 50 N/s. If many cycles were
applied, it could cause overlap and difficulty in analysing the degradation of mechanical properties. The cyclic loading
used in this study was as follows. The increment interval of load was selected to be AP = 2500 N; therefore, the peak
load of the i cycle was i x AP =i x 2500 N. In each cycle, the load was increased from 0 up to the peak load of that
cycle, and then the load was slowly released to zero [57]. Figure 5 shows the cyclic loading history described above.
This loading procedure was applied until the specimen failed. It should be noted that, after the specimen was installed,
the specimen was loaded to 1 kN and then released to zero. The goal of this step was to eliminate any contact-related
errors. After this step, the main testing procedure was conducted.

A
ANTANR
AVAVRVE

Ratio of load to AP

O R, N WA OO N
—

Figure 5. Cyclic loading history
3. Experimental Results
3.1. Failure Modes

Figure 6-a shows a typical failure mode of specimens on the testing system. Figures 6-b and 6-c show the failure of
specimens under monotonic and cyclic loadings after testing, respectively. All specimens had brittle failure. When
failure occurred, NSM GFRP bars were unable to resist any load, and the load sharply dropped to zero. During the
loading process, the load continuously increased to the ultimate, and there is no descending branch. When the specimens
failed, a small explosive sound was heard, and pieces of concrete shot toward the loading side and left/right sides. Failure
in the form of GFRP rupture was not observed in the tests.

(b) Failure of specimens under monotonic loading (c) Failure of specimens under cyclic loading

Figure 6. Failure modes
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It should be noted that the failure modes shown in Figures 6-b and 6-c were the states of specimens after taking from
the testing system. The concrete in the proximity to the GFRP bars disintegrated into several pieces, forming an inclined
failure surface. However, the failure mode of the specimen on the testing apparatus (Figure 6-a) shows a clear failure
surface around the resin. This can be evidence that specimens failed in the form of shear failure, with the failure surface
in concrete around the resin. When specimens failed, the GFRP bar, together with the resin, rapidly moved toward the
loading side. During this rapid movement, the rough surface of the resin exerted a lateral stress on the concrete,
disintegrating it into small pieces. This process occurred very quickly; thus, the failure should be considered at the
beginning state of this process rather than at the state after taking specimens from the testing apparatus. Therefore, the
concept of shear failure in the resin was adopted to compute the shear stress in this study.

3.2. Load-Slip Curves under Monotonic Loading

Figures 7-a to 7-k show load-slip curves of RAC specimens under monotonic loading. The axis limits were set to be
the same for visual comparison. Generally, the ultimate slips of specimens are quite different. This difference was
expected and was a reason for designing ten specimens in each group to increase the accuracy. The load-slip curves can
be generally divided into two branches: branch 1 when the load varies from 0 to about 5 kN, and branch 2 when the load
varies from about 5 kN to the ultimate. The slope of branch 1 is much larger than that of branch 2. Figures 7-1 and 7-m
show the load-slip curves of the free end and loaded end of specimens NAC-01-M and NAC-02-M, respectively. When
Figures 7-1 to 7-m are compared with Figures 7-a to 7-k, the ultimate loads of NAC specimens are much higher than
those of RAC specimens. Quantitative comparisons are presented in Section 4.

20 20
~ 15 L
z L Z L
< e < /’
B0} L Bl
— /’ - /'
o --=-- Freeend o | eee- Free end
51 51
Loaded end Y Loaded end
0 1 1 1 0 1 1 1
0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4
Slip (mm) Slip (mm)
(a) RAC-01-M (b) RAC-02-M
20 r
z z
< =9
2 2
3 3
----- Free end = = =Freeend
Loaded end Loaded end
0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4
Slip (mm) Slip (mm)
(c) RAC-03-M (d) RAC-04-M
20 | 20
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Figure 7. Load—slip curves of specimens under monotonic loading

3.3. Load-Slip Curves under Cyclic Loading

those of RAC specimens. Detailed comparisons are presented in Section 4.
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Slip (mm) Slip (mm)
(9) RAC-07-M (h) RAC-08-M
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Figures 8a to 8-k show the load—slip curves of RAC specimens under cyclic loading. The axis limits were set to be
the same for visual comparison. Overall, the ultimate loads, ultimate slips, and number of cycles are different from
specimens to specimens. However, the similar characteristic is as follows. The stiffness when the load is under 5 kN is
much larger than that when the load is above 5 kN. The envelop curves were determined and used for analyses of
different mechanical properties. These ten envelope curves were also used to compute the average curve, which is used
for comparisons in the later sections. Figures 8-1 and 8-m show the load—slip curves of NAC specimens NAC-01-C and
NAC-02-C, respectively. It is clear that the ultimate loads, ultimate slips, and the number of cycles are much higher than
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Figure 8. Load-slip curves of specimens under monotonic loading

4. Analyses of the Experimental Results
4.1. Analyses of Load-Slip Curves under Monotonic Loading

For ten RAC specimens, ten load—slip curves of loaded ends were used to compute the average curve. The procedure
to obtain the average curve is described as follows. First, the minimum load of ten maximum loads was determined.
Then, the domain of load (from zero to the just-mentioned minimum load) was divided into several intervals with an
increment of 0.05 kKN. At a certain load, for example, 2 kN, there were ten corresponding loaded-end slips, which were
obtained from ten load-loaded-end slip curves. Then, the average and standard deviation of these ten slips were
computed. This step was repeated for all load intervals; consequently, the average and ‘average + one standard deviation’
load-slip curves were obtained. This procedure was also applied for ten load-free-end slip curves to obtain the
corresponding average and ‘average * one standard deviation’ curves. Figure 9-a shows ten curves of the loaded end
and the corresponding average curve. The two curves corresponding to ‘average + one standard deviation’ are also
plotted in this figure. Similarly, Figure 9-b shows ten curves of free ends, the average of these curves, and the two
‘average + one standard deviation’ curves. These average curves are used for analyses in the later sections. Figure 9-C
shows the two average bond-slip curves of the free end and loaded end of RAC specimens taken from Figures 9-a and
9-b, respectively, for comparison. It can be seen that these two curves are very close to each other. This shows a relatively
small elongation of GFRP bars, providing information for developing models to predict bond-slip behaviour.
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Figure 9. Load - slip curves of RAC group specimens under monotonic loading
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Figures 10-a and 10-b show the load-slip curves of the loaded and free ends of specimens NAC-01-M and NAC-02-
M under monotonic loading, respectively. The curves can be divided into two branches: branches 1 and 2 when the load
is below and above 5 kN, respectively. The stiffness of branch 2 is much smaller than that of branch 1. The procedure
to compute the average curves was used, and the obtained average load-slip curves of the loaded and free ends are shown
in Figures 10-a and 10-b, respectively. These two average curves are plotted in Figure 10-c for comparison. As can be

seen in this figure, these two curves are quite close to each other, showing a small elongation of GFRP bars.
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Figure 10. Load-slip curves of NAC group specimens under monotonic loading

Figure 11-a shows the ultimate slips of RAC and NAC specimens under monotonic loading. It can be seen in this
Figure that the ultimate slips of RAC specimens vary significantly. The lowest slip is 0.186 mm while the highest slip
is 0.304 mm. The average slips of free and loaded ends are 0.227 mm and 0.250 mm (0.238 mm on average), respectively
while these two slips have a similar standard deviation of 0.034 mm. The corresponding coefficients of variation (COV)
are 0.138 and 0.147 (0.142 on average), respectively, which are relatively high. The average slips of loaded and free
ends of NAC specimens are 0.259 mm and 0.239 mm, respectively. Compared with the average slips of NAC specimens,
those of RAC specimens are negligibly (3.5%-4.9%) higher. In contrast, the ultimate loads of RAC specimens are quite
close to one another as shown in Figure 11-b. The ultimate loads vary from 16.17 kN to 18.27 kN. The average and
standard deviation of the ultimate load are 17.56 kN and 0.677 kN, respectively. Correspondingly, COV is 0.039, which
is relatively small and is much smaller than COVs of ultimate slips. The ultimate loads of two NAC specimens are 20.18
kN and 20.86 kN; their average value is 20.52 kN. Compared with this average value, the average ultimate load of RAC
specimens is 14.4% lower. This lower percentage can be explained by that the strength of RAC are
(26.3-22.4)/26.3x100%=14.8% of the strength of NAC.
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Figure 12 compares the average curves of RAC and NAC specimens under monotonic loading. The curves of NAC
specimens are higher than those of RAC specimens. It shows that the curves can be divided into two branches: branch
1 can be a parabola up to around 5 kN and branch 2 is from 5 kN to the ultimate. It is worth noting that this characteristic
was also found for the case of cyclic loading presented in the later section.
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Figure 12. Comparisons of average load-slip curves

4.2. Envelop Load-Slip Curves under Cyclic Loading

0.4

Envelop curves of the cyclic behaviours presented in Figure 8 were determined and used in this section. Figure 13a
shows ten envelop load-loaded-end slip curves of specimens. These curves were used to compute the average and
‘average * one standard deviation’ curves, which were plotted as the red curves in this figure. Figure 13b presents similar
curves, but these are of free ends. The two average curves in Figures 13-a, and 13-b are plotted in Figure 13c for
comparison. As can be seen in Figure 13-c, the two curves are very close to each other. These average curves are used

for analysis in the later sections.
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Figure 13. Envelop load-slip curves of RAC group specimens under cyclic loading

Figure 14-a shows the envelop load—slip curves of loaded ends of NAC specimens (NAC-01-C and NAC-02-C) and
their average curve, while Figure 14-b shows those of free ends of these specimens. The average load—slip curves exhibit
two stages which are divided by the load of approximately 5 kN. The stiffness of the first branch is much higher than
that of the second branch. Figure 14-c shows a comparison of these two averages envelop curves. It can be seen that
these two average curves are quite close to each other, which shows the axial deformation of the FRP bar is small while
the slip can mainly depend on the concrete and the resin.
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Figure 14. Envelop load-slip curves of NAC group specimens under cyclic loading

Figure 15-a shows the ultimate slips of loaded and free ends of specimens under cyclic loading. Overall, the ultimate
slips vary significantly from 0.226 mm to 0.367 mm. The average slips of free and loaded ends of RAC specimens under
cyclic loading are 0.276 mm and 0.291 mm (0.284 mm on average), respectively. The standard deviations of these slips
are 0.036 mm and 0.038 mm; therefore, the corresponding COVs are 0.130 and 0.131 respectively. Figure 15-a shows
the ultimate slips of NAC specimens, which vary from 0.292 mm to 0.372 mm. The average ultimate slips of free and
loaded ends of these specimens are 0.324 mm and 0.335 mm, which are 14.8% and 13.0% lower than those of NAC
specimens, respectively. In contrast, the ultimate loads of specimens seem to be close to one another as shown in Figure
15-b. The ultimate loads of RAC specimens vary from 15.83 kN to 17.99 kN. The average and standard deviation of
these loads are 19.43 kN and 0.66 kN, respectively; therefore, COV is 0.038, which is relatively small and much lower
than that of the ultimate slips as mentioned above. Moving on NAC specimens, the ultimate loads of NAC-01-C and
NAC-02-C are 19.56 kN and 19.29 kN (19.43 kN on average), respectively. Therefore, the average ultimate load of
RAC specimens is 10.8% lower than that of NAC specimens. The above lower percentages can be attributed to that the
strength of NAC is 14.8% lower than that of RAC.
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Figure 15. Ultimate slips and loads under cyclic loading

4.3. Absorbed Energy under Cyclic Loading

Vol. 9, No. 02, February, 2023

Figure 16 shows the variations of absorbed energy with respect to the number of cycles. The calculation of absorbed
energy was conducted in MATLAB using area method, which is described as follows. The infinitesimal area A; under
the curve and between loading steps j and j + 1 was computed. For the loading curve, this area was added to the energy
function Ej = Ej.1 + A;. It is noted that initial energy E, is zero. For the unloading curve, this infinitesimal area A; was
subtracted from the energy function. This calculation procedure was carried out until the ultimate. Based on the energy
function obtained, the energy corresponding to each cycle was determined and plotted in Figure 16. It is clearly shown
in Figure 16 that the average energy curve of NAC specimens is much higher than that of RAC specimens. During the
first cycle, the absorbed energy is almost zero, whereas it started to increase in the second cycle. Then, the absorbed
energy significantly increased from the cycle 3 to the ultimate. It is worth noting that the peak load of cycle 2 is 5 kN,
which is corresponding to the point that divided the bond—slip behaviour into two branches. The phenomenon is
attributed to the larger unrecoverable deformation of specimens in the second phase (after 5 kN).
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Figure 16. Absorbed energy
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4.4. Analyses of Cyclic Loading Effects on RAC Ultimate Slip, Ultimate Load, and Stiffness

The effects of cyclic loading on ultimate slip, ultimate load, and stiffness are shown in Table 3. The ultimate slip
significantly increases by 19.3%; however, the ultimate load is marginally reduced by 1.3%. The significant increase in
ultimate slip but marginal decrease in ultimate load leads to a significant reduction in stiffness. The stiffness of the
second branch of RAC specimens under monotonic and cyclic loadings is 57.81 kN/mm and 46.58 kN/mm, respectively.
Therefore, the effect of cyclic loading decreased the stiffness by 19.4%.

Table 3. Effects of cyclic loading

Group Parameter Monotonic  Cyclic %
Ultimate slip (mm) 0.238 0284 193
RAC Ultimate load (kN) 17.56 1733 -13

Stiffness of second branch (kN/mm) 57.81 46.58 -19.4

5. Failure Theory and the Modified Model
5.1. Failure Theory

Figure 17-a shows a simple illustration of a NSM FRP bar in a reinforced concrete block. The FRP bar is bonded to
resin, and then the resin is bonded to cover the concrete. It should be noted that concrete in a reinforced concrete block
can be divided into two portions: 1) concrete surrounded by steel reinforcement, which is called reinforced concrete (the
dashed area in Figure 17-a), and 2) cover concrete, which is called concrete for short. The concrete portion shown in
Figure 17-a is considered to be fixed to reinforced concrete. Because the strength of resin is much larger than that of
concrete, the failure surface is thus in concrete between the resin and reinforced concrete. This agrees with the failure
observed in the tests as described in Section 3.1.

‘L Lbond i
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deoncrete Concrete

Longitudinal steel
Transverse stirrups
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(@) Mlustration of NSM FRP

Reinforced concrete
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(b) A concrete element under pure shear stress  (c) Stress transformation and failure surface
Figure 17. Failure theory
Concrete shown in Figure 17-a can be approximately modelled by elements under pure shear stress state as shown

in Figure 17-b and its principal element is shown in Figure 17-c. The principal stresses o1 and oz are determined as
follows: o1 = 7max (tension) and o3 = - zmax (compression). When the tension stress o1 reaches the tensile strength (f) of
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concrete, failure of concrete occurs. Therefore, mmax = o1 = i is used as a criterion for the failure of specimens. The
tensile strength of concrete should be less than 20% of the compressive strength [58] as shown in Equation 3, in which
k < 0.2. The rough value of tensile strength of concrete can commonly be taken as 0.1f.. The tensile strength of concrete
adopted in FIB MC 2010 [59] is determined by Equation 4. ACI 318-19 [60] recommended the Equation 5 for the tensile
strength of concrete. These values of tensile strength of concrete are used in Sections 5.2 and 5.3.

fi = kf. €)
fi = 03£%° @
fi = 0.62+/f. (5)

5.2. Modified Model

In this section, the original bond—slip model of steel bars in concrete [59] is presented; then, its parameters are
modified to suit the behaviour of NSM GFRP in RAC. Comité Euro-International du Béton and Fédération
Internationale de la Précontrainte (CEB-FIP) [59] used Equation 6 as the model of bond-slip behaviour of steel in
concrete, in which s (mm) is the slip; o« = 0.4 and 0.5 for deformed and plain steel bars, respectively; zmax is the shear
bond strength; s,,,4. IS the ultimate slip; and «a is a parameter defining the shape of the curve.

s \@
T = Tmax (S ) (6)
max

The above model is modified by redefining its parameters to suit the case of NSM GFRP bars in reinforced RAC.
The maximum slip is taken to be s,,,, = 0.25 mm, which is close to the average ultimate slips of the tested specimens;
max = T, which is equal to the ultimate shear stress of concrete; o is selected to be 0.5.

5.3. Validation of the Modified Model

Prior to validation, the experimental load—slip curves are converted to stress—slip curves by dividing the load by the
shear surface area of concrete Ac = 3 x dgroove X Lbond, in Which dgroove is the dimension of grooves, Luong is the bond length
and 3 is the three surfaces of concrete contacting with resin. Figure 18 shows the average slip—stress curves of RAC
specimens. These curves clearly include two parts: part 1 from zero to about 1 MPa and part 2 from 1 MPa to ultimate.
This shape can be explained by the following mechanism. At a small shear stress, the slip is very small, and materials
work in their elastic range with their initial shear modulus. When the shear stress increases, the shear modulus decreases
to some extents. Additionally, this stress causes micro cracks which reduce the stiffness of specimens. The point where
the curves change the stiffness can be considered as the ‘micro cracking’ point, at which micro cracking occurred in the
concrete region close to the resin and FRP bars. Moreover, because the load—slip curves of free and loaded ends are very
close to each other, the average curve of these two curves was computed and used for verification.

Figure 18-a shows the comparisons between the bond-slip curves of the modified model and the curve obtained from
experiments in the case of monotonic loading. Figure 18-b shows a similar comparison, but for the case of cyclic loading.
Using the tensile strength recommended by ACI 318-19 [60], the modified model exhibited an overall match with the
experimental results; however, there is a difference at the end of the curve when the load approaches the ultimate in the
case of monotonic loading. In the case of cyclic loading, the difference is in the middle of the curve. These differences
are because the curve is expressed by a smooth equation, which is normally difficult to match in the whole domain.
Using the tensile strength recommended by FIB MC 2010 [59] or the rough value of 10% of the compressive concrete
strength results in conservative bond-slip behaviour compared with the experimental curves. These two curves are very
close to each other and tend to be safe for design.
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Figure 18. Comparison of bond-slip behaviour of RAC: model vs. experiment
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6. Conclusions
The following conclusions are presented based on the obtained results:

e The majority of specimens failed in the form of brittle shear failure of concrete in the proximity of a resin-concrete
surface. The failure process occurred rapidly, resulting in the disintegration of the concrete into pieces. Brittle
failure resulted in a sudden drop in load to zero, a characteristic that needs to be avoided in retrofitting designs.

e The bond-slip behaviour could be characterized by two stages: nonlinear and linear. However, the nonlinear
portion was within 25% of the ultimate load and within a relatively small slip, whereas the linear portion was a
non-descending branch, which dominated the bond-slip behaviour. Due to the domination of the linear portion, the
whole behaviour could be approximated by a straight line for rough modelling purposes; however, investigation
on this idea needs be further investigated.

e The average ultimate slip of RAC specimens was up to 14.8% lower than that of NAC specimens. The average
slips of RAC specimens under monotonic and cyclic loadings were 0.238 mm and 0.284 mm, and COVs were
relatively large at 0.142 and 0.130, respectively. In contrast, the ultimate loads of RAC specimens had a low COV
0f 0.038. The ultimate loads of RAC specimens under monotonic and cyclic loadings were 14.4% and 10.8% lower
than those of NAC specimens, respectively. These lower percentages can be explained by that the strength of RAC
are (26.3—22.4)/26.3x100%=14.8% of the strength of NAC.

o The effect of cyclic loading significantly increased the ultimate slips by 19.3%, whereas it marginally reduced the
ultimate load by 1.3%; consequently, the stiffness was reduced by 19.4%. Therefore, stiffness degradation should
be considered in NSM GFRP retrofitting of reinforced RAC under cyclic loading.

e The modified smooth model was proposed to estimate the bond-slip behaviour of NSM GFRP bars in reinforced
RAC. The modified model is simple because its parameters are easy to determine, whereas it exhibited good
agreement with the experimental results. The simplicity and accuracy of the model can be useful for engineers in
modeling reinforced RAC structures retrofitted with the NSM FRP technique.
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