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The potential use of recycled steel strap from packaging industry to strengthen bond between reinforcement steel
and concrete was investigated. Through a series of pull-out experimental tests, this technique was shown to
improve the bond properties between reinforcement steel and concrete. This research found that concrete
strength and amount of steel straps provided for confinement affect the improvements on the bond between
reinforcement steel and concrete. The analysis conducted in this research found that higher concrete strength and
less amount of steel strap confinement would result in lower improvement in the bond strength. Subsequently,
the effects of concrete strength and amount of steel strap confinement provided were considered into a newly

developed equation to estimate bond strength. This research also conducted a model assessment on the proposed
equation and the equation was found to be in good agreement with the experimental test results.

1. Introduction

Construction of new reinforced concrete (RC) buildings contributes a
great share of global carbon emissions (Olivier et al., 2012). With the
increase in world population, the demand for more RC buildings will
increase leading to large global carbon emission. In recent years, United
Nations Environment Programme (United Nations Environment Pro-
gramme, 2020) and Chan et al. (2020) highlighted huge potential for
reuse of structures and buildings in their end of services. This strategy
can prolong the usefulness of the structures, leading to an overall
reduction in the potential environmental damage (Chan et al., 2020;
Conejos et al., 2014). Despite this, the lack of confidence on the struc-
tural properties of these structure has remains as a barrier to reuse of
these structures (lacovidou and Purnell, 2016). One of the most
important structural properties of concerned that governs the perfor-
mance of RC structures is the bond between concrete and reinforcement
steel (CEB-FIP, 1995; Sulaiman et al., 2017). Poor bond or insufficient
bond between concrete and reinforcement steel can cause slipping of
reinforcement steel and cripple the ability of RC structure to develop
their full flexural strengths and ductility (Choi et al., 2013). This can

lead to excessive deflection, cracks, or collapse of the entire RC
structure.

For ribbed reinforcement bar, the bond strength is primarily gov-
erned by the mechanical interlock between the concrete and the ribs on
the surface of the reinforcement (Kaklauskas et al., 2017). With higher
bond strength, the bond length required in anchorage for development
of full reinforcement strength can be reduced. Previous research showed
that such bond can be improved by introducing steel fibre to the con-
crete mix (Chu and Kwan, 2021) or by providing more confining rein-
forcement (Bamonte and Gambarova, 2007). The addition of steel fibre
in steel fibre reinforced concrete (SFRC) was able to provide some
confining effect to the concrete and restrain the widening of cracks when
the steel reinforcement is subjected to load (Chu and Kwan, 2021;
Bandelt et al., 2017). This was reported to be able to improve the crack
control or crack mitigation properties of RC structure (Chu and Kwan,
2021). Besides, SFRC also has superior mechanical properties as
compared to conventional concrete, including compressive strength,
tensile strength, toughness, and others (Chu et al., 2018). Nonetheless,
since this addition of steel fibre involve mixing the steel fibre into the
concrete matrix, it is more suitable to be implemented for construction
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of new RC structures. For strengthening of existing RC structure, the use
of external confinement to increase the bond strength is more viable
(Choi et al., 2013; Hamad et al., 2005; Torre-Casanova et al., 2013; Ong
et al., 2022). It was reported that external confinement can transfer
sudden splitting failure to ductile pull-out failure of bond. This provides
sufficient warning signs prior to failure and is favourable in structural
engineering. Besides, external confinement can increase strength, flex-
ural capacity, and ductility of RC structures (Ma et al., 2016a; Alagu-
sundaramoorthy et al., 2003; Chin et al., 2019a). Zhang et al. (2020)
reported that shear capacity of the concrete column can be improved
with steel tube confinement. Wang et al. (2021) investigated the use of
both fiber reinforced polymer (FRP) and steel tube to confine concrete
column. It was shown that the external confinement was able to
significantly improve the axial compressive behaviour. Together with
the flexibility of installation, external confinement is a potential solution
to improve the structural properties of existing structures (Ong et al.,
2022). With sufficient improvement on the structural properties of
existing structures, more structures can be reused with higher
confidence.

Recent research revealed that recycled steel strap (RSS) from pack-
aging industry can be used to provide prestressed or active confinement
to concrete (Awang, 2013). This active RSS confinement can achieve
better confinement effectiveness and can divert the wastes from pack-
aging industry to construction industry (Ma et al., 2016b; Yang et al.,
2019; Moghaddam et al., 2010). In previous research, Moghaddam et al.
(2010) reported significantly higher improvements of strength and
ductility using active confinement compared to those of passive
confinement under the same confinement configuration. Subsequently,
Awang (2013) introduced a new technique that allowed the use of
multiple layers RSS confinement to apply active confinement on high
strength concrete (HSC). Chin et al. (2019b) reported that higher pre-
stressing level can result in higher strength and improved elastic limit.
Recently, Yang et al. (2019) showed that active RSS confinement can
improve the ductility and energy dissipation of RC beam-column joint
deficient of current design codes. Active RSS confinement can also be
used on non-circular section despite having a reduce effectiveness (Chin
et al., 2020).

A recent review conducted by the author highlighted that bond
strength can be significantly improved using active confinement
(Sulaiman et al., 2017). However, there is very limited experimental
evidence of using active RSS confinement to improve the bond strength.
Hence, it is not empirically known whether active RSS confinement can
improve the bond strength. Moreover, the expressions for bond strength
in current design codes were calibrated using experimental results of
normal strength concrete (NSC) only and may not be suitable for HSC.
Besides, the effect of active RSS confinement is not being quantified in
the design codes. Therefore, this study aims to investigate the
improvement provided by active RSS confinement to the bond strength
between concrete and reinforcement steel. This study first presents an
experimental test related to bond strength in NSC and HSC under active
RSS confinement. Subsequently, this suitability of expressions for bond
strength in existing design codes is assessed using the results of experi-
mental test. In the last part of this study, a new expression to estimate
bond strength in NSC and HSC under active RSS confinement is proposed
to be included in design codes.

2. Experimental preparation

In this study, two types of concrete were used to represent NCS and
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HSC. The 28-day strengths of NSC and HSC were designed to be 30 MPa
and 60 MPa, respectively based on British Concrete Mix Design
approach. The concrete mix proportions are tabulated in Table 1. The
cement used was Type I Portland Cement according to ASTM C150
(ASTM C150, 2020). The water used was tap water. The fine aggre-
gate used in this research was well graded river sand. The coarse ag-
gregates used was well graded crushed stones with 10-mm nominal size.
MIGHTY 21 polycarboxylate ether high-range water reducer was used as
the superplasticizer.

Reinforcement bars used in this study were 12 mm and 16 mm
diameter deformed reinforcement bar with a yield stress of 526 MPa and
tensile strength of 621 MPa. The reinforcement was cut to 700 mm long.
A total length of 300 mm of reinforcement bar was embedded in con-
crete. The bond length was designed to be 5d;. To achieve this, two PVC
tubes with 15 mm diameter and 120 mm length were used as debonding
tubes to sheath the reinforcement steel from concrete. Fig. 1 shows the
preparation of bond length in this experiment.

PVC tube with 150 mm diameter and 300 mm length were used as
the formwork of the specimens. The reinforcement bar was placed and
casted at the centre of the formwork as illustrated in Fig. 2. The selective
of cylindrical specimen instead of cubic is to provide axisymmetric cover
to reinforcement (Orangun et al., 1977). Formwork oil was applied on
the internal surface of the 150 mm diameter PVC tube before casting.
During casting, the concrete was poured in three layers and each layer
was compacted by using poker vibrator. The formwork was covered with
wet burlap cloth and the concrete was left for curing. The formwork was
removed seven days after casting. Subsequently the specimens were
covered by wet burlap cloth for curing. Compression tests were con-
ducted on 28 days after casting in accordance with BS EN 12390-3:2009
(British Standards Institution, 2009) on three companion concrete cubes
of NSC and three companion cubes of HSC. The average concrete cube
strengths were 40.30 MPa for NSC and 60.50 MPa for HSC.

The RSS used in this study was obtained from packaging industry. It
has width of 15 mm, thickness of 0.5 mm, and yield stress of 805 MPa.
The RSS was cut into desired length and was made into confinement
hoops and connections clips as shown in Fig. 3. The length of internal
anchorage and prestressing end were set to 100 mm, similar to a recent
research (Chin et al., 2019b).

The specimens were confined with the RSS confinement hoop and

Fig. 1. Bond length in reinforcement.

Table 1

Concrete mixes for NSC and HSC.
Concrete Mix Cement (kg/m®) Water (kg/m®) Fine Aggregates (kg/m%) Coarse Aggregates (kg/m>) Superplasticizer (L/m>) Slump (mm)
NSC 472 250 720 878 - 110
HSC 515 170 645 1100 6.2 170
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Fig. 2. Schematic diagram of pull-out specimen.

connection clips

internal anchorage

e |

prestressing end

(b) confinement hoop

(a) connection clip
Fig. 3. Confinement details.

prestressed using a pneumatic tensioner. The air pressure supplied to the
pneumatic tensioner was set to 0.3 MPa. The prestressing force was
applied to the prestressing end. Subsequently the prestressing end was
mechanically anchored and locked to the connection clips. An illustra-
tion of the confining and prestressing technique is presented in Fig. 4.
The specimens were confined with four different configurations by
adjusting the spacings between each strap of RSS. Fig. 5 shows the
confinement configurations used in this study.

Each specimen is designated using the following convention: [spec-
imen type]-[sample number]-[concrete strength]. For instance, SSO-1-
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G60 indicates of no spacing, one out of two specimens, and concrete
strength of 60 MPa. The confinement ratio was calculated by using Eq.
(1) proposed by Awang (2013). The detail of each specimen group was
shown in Table 2.

_nyS _ 4wtf,
P iV, T sabr,

€8]

where p, is confinement ratio; f, is concrete cubic compressive strength;
fyisyield stress of RSS; V; is volume of RSS; V. is volume of concrete; D is
diameter of concrete; t is thickness of RSS; s is clear spacing between
RSS; and w is width of RSS.

3. Experimental test setup

The pull-out test was carried out at Structures and Materials Labo-
ratory, Universiti Teknologi Malaysia by using Universal Testing Ma-
chine with rated capacity of 2000 kN. Initially, the specimen was placed
above hollow cylindrical base inside a specifically made steel frame
located in the testing machine. A metal plate was then placed on top of
the specimen to restraint it to the steel frame as shown in Fig. 6. A
straight steel was attached to the reinforcement bar to translate the slip
of reinforcement bar to a linear variable differential transformer (LVDT)
with a gauge length of 100 mm. The slip measurement is required as to
determine the bond strength of embedded bar correspond to slip of
reinforcement (Sulaiman et al., 2017). The load cell and LVDT were
connected to a data logger. The pull-out test was conducted in accor-
dance to CEB-FIP (CEB-FIP, 1990) guideline procedure with a
displacement controlled rate of 1.2 mm/min. A schematic diagram of
the test setup is illustrated in Fig. 7.

Chu and Kwan (2018) highlighted that conventional pull-out test
setup would overestimate the bond strength due to the confining effect
arises from the friction between the metal plate and concrete. It was
suggested to include soft rubber pad and low friction polytetrafluoro-
ethylene film in between the metal plate and concrete to minimize the
unintended frictional confining effect. Recent experimental tests adop-
ted the idea to reduce the friction by including a soft friction reduction
layer between the metal plate and concrete (Wei et al., 2019; Xiong
et al., 2021). The fundamental behind this is to minimize the frictional
confining effect near the bond region. In this research, the confining
effect is minimized by increasing the distance between end plate to the
bond region. This is in accordance with the concept of effective
confinement used by Mander et al. (1988) where the effective confining
region is projected at an angle of 45°. This reflects that the region
affected by the frictional confining effect is only within D/2 distance
from the contact surface as illustrated in Fig. 8(a).

To further validate this, an axisymmetric finite element analysis was
conducted based on Cont-1-G60-16-80 to determine the region affected
by the frictional confinement. The concrete, reinforcement bar and steel
plate were modelled using 4-node bilinear axisymmetric quadrilateral
element with reduced integration and hourglass control (CAX4R). In this
analysis, the concrete was assumed to be linearly elastic with an elastic
modulus of 36 GPa and Poisson’s ratio of 0.18; the reinforcement bar
and steel plate were assumed to be linearly elastic with an elastic
modulus of 200 GPa and Poisson’s ratio of 0.3. The nominal mesh size
was set to 10 mm. All the contact surfaces were considered as perfect
contact with no lack of fit and no slip using tie constraint. The boundary
condition of the top of the steel plate was set to be pinned and no
displacement was allowed. A pull force of 100 kN was applied on the
reinforcement steel. Since a region is considered as confined when all
three of its principal stresses are in compression. Therefore, negative
maximum principal stress also indicates that the region is affected by
confinement effect. Fig. 8(b) shows the distribution of maximum prin-
cipal stress in the concrete. For ease of visualization, only the region
with negative maximum principal stress was shaded with rainbow tone.
As seen from the figures, the bonded region is far away and is not within
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(c) release grip

Fig. 4. Confining and prestressing technique.

Fig. 5. Confinement configurations: (a) 0 mm spacing; (b) 10 mm spacing; (c) 20 mm spacing; and (d) no confinement.

the vicinity of the frictional confinement effect. Therefore, the setup
used in this research is said to be not affected by the frictional
confinement effect.

4. Results and discussion

There were two main failure modes observed during the experi-
mental test, i.e., sudden splitting failure and slip induced splitting fail-
ure. These two failure modes are differentiated from the onset of
concrete splits and does not remain sufficiently intact for bond. Fig. 9(a)
shows an example of sudden splitting failure observed in this experi-
mental test. This failure mode means that the concrete splits before the
reinforcement steel slips. This failure mode is not desirable due to the
lack of sufficient warning sign prior to the failure. Fig. 9(b) shows an

example of slip induced splitting failure observed in this experimental
test. This failure mode means that the concrete splits after the rein-
forcement steel slips. This type of failure is desirable since sufficient
warning sign can be observed when the reinforcement steel slips.
Table 3 tabulated the bond strength and failure modes obtained from
the experimental tests. The bond strength was calculated using Eq. (2).
In the table, 7qyerqge refers to average 7 of each pair of identical speci-
MENS. Teont,average TEf€rs tO Tayerqge Of the specimens with no confinement.

. Pmax
7ﬂ'dbld

(2)

where 7 is bond strength; and Py,4, is the maximum load applied during
the experimental test.
Both Cont-G60-12-60 and Cont-G60-16-80 sets exhibited sudden
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Table 2
Specimens confinement ratio.

Designation fe (MPa) g (mm) Py

Cont-1-G40-12-60 40.3 - 0.000
Cont-2-G40-12-60 40.3 - 0.000
§520-1-G40-12-60 40.3 20 0.114
§520-2-G40-12-60 40.3 20 0.114
SS10-1-G40-12-60 40.3 10 0.160
§510-2-G40-12-60 40.3 10 0.160
SS0-1-G40-12-60 40.3 0 0.266
S50-2-G40-12-60 40.3 0 0.266
Cont-1-G60-12-60 60.5 - 0.000
Cont-2-G60-12-60 60.5 - 0.000
§520-1-G60-12-60 60.5 20 0.076
§520-2-G60-12-60 60.5 20 0.076
§510-1-G60-12-60 60.5 10 0.106
§510-2-G60-12-60 60.5 10 0.106
S50-1-G60-12-60 60.5 0 0.177
SS0-2-G60-12-60 60.5 0 0.177
Cont-1-G60-16-80 60.5 - 0.000
Cont-2-G60-16-80 60.5 - 0.000
§520-1-G60-16-80 60.5 20 0.076
§520-2-G60-16-80 60.5 20 0.076
§510-1-G60-16-80 60.5 10 0.106
§510-2-G60-16-80 60.5 10 0.106
S$S0-1-G60-16-80 60.5 0 0.177
SS0-2-G60-16-80 60.5 0 0.177

| Threaded Coupling
ReinforcementBar
1 Grip

.-

11. By [ ]
|

i e —
._‘..-—-W n

Fig. 6. Pull-out test arrangement.

splitting failure mode. This was believed to be inherited from the brit-
tleness associated with the higher concrete strength. With the provision
of active RSS confinement, this sudden splitting failure mode was
changed to slip induced splitting failure mode as exhibited by other
confined G60 specimens. This improvement on failure mode was also
reported by previous study where higher confining pressure gradually
changed the splitting failure to pull-out bond failure (Torre-Casanova
et al., 2013).

It can be noticed that bond strengths of Cont-G60 set are consider-
ably higher than those of Cont-G40 set. This means that bond strength is
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Displacement controlled pull

Threaded Coupling Grip
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-

Fig. 7. Schematic diagram of pull-out test.

largely influenced by concrete strength. This is consistent with existing
models (CEB-FIP, 1995; Orangun et al., 1977; ACI 408, 2003; Darwin
et al., 1992) and previous experimental tests (Torre-Casanova et al.,
2013; Lee et al., 2008). Hence, in this study the bond strengths of
confined specimens are normalized with their respective control speci-
mens to better show the effect of RSS confinement on bond strength.

Fig. 10 shows three plots of 7/7cons average against f, py and dp. It can be
observed that 7/7onsaverage is more correlated with f. and p, and less
correlated to dp, from the correlation factors, R% This indicates that the
efficiency of RSS confinement is affected by f, and p,, but not dp. The
downward trends shown in Fig. 10(a) reflects that efficiency of RSS
confinement decreases as f, increases. This is expected because effi-
ciency of every type of confinement was found to be less pronounced
when f, increases (Lee et al., 2008; Chin et al., 2018; Samani and Attard,
2012; Lim and Ozbakkaloglu, 2014). Fig. 10(b) show that 7/7cons,average
increases when p, increases. Higher p, can ensure higher increment in
bond strength between reinforcement steel and concrete. This is because
higher p, can provide higher confining pressure to the concrete (Zhang
et al., 2020). This translates to higher contact pressure applied to the
reinforcement bar. This tightens the bond between concrete and rein-
forcement steel and therefore leads to higher bond strength (Torre-Ca-
sanova et al., 2013; Gong et al., 2021). Fig. 10(c) shows that 7/7cont,average
decreases when dj increases. However, the R? is low and therefore no
significant inference can be made. These highlights that f, and p, should
be included in the expression for bond strength to consider the effect of
RSS confinement.

The bond slip relations of G40-12-60 specimens are plotted in Fig. 11
(a). As evidenced from the figure, RSS confinement can significantly
improve the maximum slip exhibited by the specimens. For instance, the
maximum slip exhibited by SS0-G40-12-60 was 13.3 mm while the
maximum slip exhibited by Cont-G40-12-60 was 1.64 mm. It is noted
that for Cont-G40-12-60, the bond failed prematurely promptly after
reaching the peak stress leading to the small slip recorded at the peak
stress. The experimental result showed that RSS confinement improved
the maximum slip from 1.64 mm to 13.3 mm which represents an
improvement of about 700%. This large improvement revealed that RSS
confinement has huge potential to improve the ductility of RC
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Fig. 8. Region affected by the frictional confining effect.

structures.

Fig. 11(b) shows the bond slip relation of G60-12-60 specimens. It is
evidenced that RSS confinement can improved the maximum slip of
G60-12-60 specimens. Comparison between Cont-G60-12-60 and SSO-
G60-12-60 specimens showed that RSS confinement can improve the
maximum slip from 6.38 mm to 10.95 mm. This represents an
improvement of about 72%. The lower improvement in maximum slip of
G60-12-60 specimens compared to those of G40-12-60 specimens is
mainly due to the inherent brittleness associated with the higher con-
crete strength. Besides, this phenomenon suggested that higher
confinement ratio is necessary to improve the ductility of HSC.

From the bond-slip relationships, it can be concluded that the curves
consisted of two stages. In the first stage, adhesion and friction were

(b)

Fig. 9. Typical failure modes: (a) sudden splitting; and (b) slip induced splitting.

responsible to resist the pull-out and to transfer the tensile stresses to
surrounding concrete. This stage ends when the specimens reached their
respective friction bond limit in which the friction is significantly
reduced. At the second stage, the mechanical interlocking between
ribbed bar and surrounding concrete was responsible to resist the pull-
out and to transfer tensile stresses to surrounding concrete. At this
stage, the presence of RSS confinement holds the concrete core to retains
its integrity. Sufficient RSS confinement was shown to be capable of
significantly delay the failure of the bond.

5. Comparison with existing models

The experimental test results were compared with existing bond
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Table 3
Experimental bond strength and failure modes.
Specimen ID Bond Strength, T Taverage T Failure
Prax (KN) (MPa) (MPa) T cont, average ~ Mode”

Cont-1-G40- 41 18.13 17.02 1.06 B
12-60

Cont-2-G40- 36 15.92 0.94 B
12-60

S$S20-1-G40- 52 22.99 22.33 1.35 B
12-60

S$S520-2-G40- 49 21.66 1.27 B
12-60

S$S10-1-G40- 48 21.22 22.54 1.25 B
12-60

S$S10-2-G40- 54 23.87 1.40 B
12-60

SS0-1-G40- 50 22.10 24.31 1.30 B
12-60

SS0-2-G40- 60 26.53 1.56 B
12-60

Cont-1-G60- 66 29.18 28.51 1.02 A
12-60

Cont-2-G60- 63 27.85 0.98 A
12-60

S$S20-1-G60- 69 30.50 29.40 1.07 B
12-60

S$S20-2-G60- 64 28.29 0.99 B
12-60

S$S10-1-G60- 67 29.62 30.28 1.04 B
12-60

S$S10-2-G60- 70 30.95 1.09 B
12-60

SS0-1-G60- 71 31.39 31.83 1.10 B
12-60

SS0-2-G60- 73 32.27 1.13 B
12-60

Cont-1-G60- 106 26.36 26.98 0.98 A
16-80

Cont-2-G60- 111 27.60 1.02 A
16-80

S$S20-1-G60- 119 29.59 27.35 1.10 B
16-80

S$S20-2-G60- 101 25.11 0.93 B
16-80

S$S10-1-G60- 117 29.09 29.22 1.08 B
16-80

S$S10-2-G60- 118 29.34 1.09 B
16-80

SS0-1-G60- 114 28.35 29.34 1.05 B
16-80

SS0-2-G60- 122 30.33 1.12 B
16-80

@ A refers to sudden splitting failure; and B refers to slip induced splitting.

strength models developed in the literature listed in Table 4. These
models were used to estimate the bond strengths of each specimen tested
in this study. It is noted that these models were developed and calibrated
against various types of concrete, including plain concrete, transversely
reinforced concrete, fibre reinforced concrete and transversely confined
concrete.where cpin = min(cy, ¢;/2); ¢y is the bottom concrete cover; c; is
distance between reinforcement bars; dp is diameter of reinforcement
bar; [;is bond length of reinforcement bars; f, is the concrete compressive
strength; cpa = max(min(cy, ¢s/2), ¢y); ¢ is side concrete cover; and ¢ =
min(cs, ¢y, ¢s/2); Ky = ngAw/(s dp np); Ap is cross-sectional area of rein-
forcement bar; Ay is the cross-sectional area of the stirrups; x =
volume of fibre(length of fibre /diameter of fibre); and s is centre
spacing of the stirrups.

Table 5 tabulates the estimations of bond strength on each specimen
using existing models. In this table, 7pmo4. represents bond strength
estimated from model; and 7.y, represents bond strength obtained from
experimental test. As evidenced from the table, these models perform
reasonably well for Cont-1-G40 and Cont-2-G40. However, these models
are over conservative in estimating bond strength of the specimens in
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Existing bond strength models.

Reference

Bond Strength Expression

Orangun et al.
(1977)

Darwin et al.
(1992)

ACI 408 (2003)

CEB-FIP (1995)
Chu and Kwan
(2019)

fib Bulletin 72
(2014)
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this experimental test. This can result in overdesigning the structures.

Fig. 12(a) shows the performance of existing models across the
parameter f. It is shown that 7yder/7exp decreases below 1 when f; in-
creases. In particular, most of the 7mogel/7exp for HSC specimens are
below 0.75. This means that the existing models underestimate the bond
strength in HSC by roughly 25%. Fig. 12(b) shows a plot of estimation/
test ratio against p,. It can be observed that most of the estimations/test
ratios are below 0.75 when p, is larger than 1. This indicates that the
existing models are insufficient in estimating the bond strength in the
presence of confinement.where 7pg4e is bond strength estimated from
model; and 7.y, is bond strength obtained from experimental test.

To quantitatively assess the performance of these models, four sta-
tistical parameters are used in this study. Mean absolute error (MAE)
given by Eq. (3) and mean squared error (MSE) given by Eq. (4) indicate
the accuracy of the models. Lower MAE and MSE indicates higher ac-
curacy. Linear trend slope (LTS) represents the slope of linear trend
passing through the origin in the plot of 7,04, against 7eyp. LTS near to 1
indicates that the trend of 7imoqei fits that of 7.,y Hence, lower value of Eq.
(5) represents better fit of trendline. Standard deviation (SD) given by
Eq. (6) reflects the consistency of the estimations. Lower SD indicates
higher consistency of the estimations.

1 &
MAE =—
N

i=1

1 ul Timodel.i 2
M E:— moe E.l_l
S N; <— ) (4)

Teoxp,i

Tmude[,i _ l‘ (3)

Tup,i

N
Z,‘:] Tmz)de[,iTexp,i

N 2
D izt Texpi

U N (Toodeti Toodets\
SD = r d 6
JN -1 [Zl: < TEXp.i ?zxp.i ( )

where N is number of estimations; Tpmeqe is average of Tmode; and Teyp is
average of Teyp.

Fig. 13 shows the four statistical performances of existing models.
From this figure, the statistical indicators showed that model proposed
by CEB-FIP (CEB-FIP, 1995) has the best performance among these
models. However, it is noted that this model lacks the consideration of
confinement. For this reason, the general trend of this model is relatively
poor with a LTS of 0.68. The model proposed by fib Bulletin 72 (fib
Bulletin 72, 2014) achieved the second lowest MAE and MSE, rivalling
the model proposed by CEB-FIP (CEB-FIP, 1995). The LTS of model
proposed by fib Bulletin 72 (fib Bulletin 72, 2014) is also near to that of
model proposed by CEB-FIP (CEB-FIP, 1995). The SD of model proposed
by fib Bulletin 72 (fib Bulletin 72, 2014) is the highest among these
models. This means that the consistency of Eq. model proposed by fib
Bulletin 72 (fib Bulletin 72, 2014) is the lowest among these models. The
model proposed by Chu and Kwan (2019) was shown to have the lowest
SD among these models. This means that the model is the most consis-
tent with the experimental test results.

From comparisons between experimental test results and existing
models, it is shown that existing models need to be revised. The effect of
confinement and effect of HSC on the bond strength have to be included
and calibrated. With proper consideration of these effects, a larger
portion of the benefits provided by RSS confinement can be exploited.

[1-LTS|=1- ()

6. Proposed bond strength model

In this study, model proposed by fib Bulletin 72 (fib Bulletin 72,
2014) was adopted as the base form of model. This is because it is the
only model that considered effect of confinement. A nonlinear regres-
sion analysis was conducted with the function given by Eq. (7). It is
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Table 5
Performances of existing expressions for bond strength.

Specimens Texp Tmodel (MPa) Tmodel/ Texp
(MPa)

Orangun Darwin ACI CEB-FIP fib Chuand  Orangun Darwin ACI CEB-FIP fib Chu and
et al. et al. 408 (1995) Bulletin Kwan et al. et al. 408 (1995) Bulletin Kwan
(1977) (1992) (2003) 72(2014) (2019) (1977) (1992) (2003) 72(2014) (2019)

Cont-1- 18.13 15.00 14.89 14.40 15.87 13.22 15.17 0.83 0.82 0.79 0.88 0.73 0.84
G40-12-
60

Cont-2- 15.92 15.00 14.89 14.40 15.87 13.22 15.17 0.94 0.94 0.90 1.00 0.83 0.95
G40-12-
60

§520-1- 22.99 15.00 14.89 14.40 15.87 16.88 15.17 0.65 0.65 0.63 0.69 0.73 0.66
G40-12-
60

§520-2- 21.66 15.00 14.89 14.40 15.87 16.88 15.17 0.69 0.69 0.66 0.73 0.78 0.70
G40-12-
60

SS10-1- 21.22 15.00 14.89 14.40 15.87 18.35 15.17 0.71 0.70 0.68 0.75 0.86 0.71
G40-12-
60

SS10-2- 23.87 15.00 14.89 14.40 15.87 18.35 15.17 0.63 0.62 0.60 0.66 0.77 0.64
G40-12-
60

SS0-1-G40-  22.10 15.00 14.89 14.40 15.87 21.76 15.17 0.68 0.67 0.65 0.72 0.98 0.69
12-60

§50-2-G40-  26.53 15.00 14.89 14.40 15.87 21.76 15.17 0.57 0.56 0.54 0.60 0.82 0.57
12-60

Cont-1- 29.18 18.38 18.25 15.94 19.45 14.64 18.59 0.63 0.63 0.55 0.67 0.50 0.64
G60-12-
60

Cont-2- 27.85 18.38 18.25 15.94 19.45 14.64 18.59 0.66 0.66 0.57 0.70 0.53 0.67
G60-12-
60

§520-1- 30.50 18.38 18.25 15.94 19.45 18.69 18.59 0.60 0.60 0.52 0.64 0.61 0.61
G60-12-
60

$520-2- 28.29 18.38 18.25 15.94 19.45 18.69 18.59 0.65 0.64 0.56 0.69 0.66 0.66
G60-12-
60

SS10-1- 29.62 18.38 18.25 15.94 19.45 20.31 18.59 0.62 0.62 0.54 0.66 0.69 0.63
G60-12-
60

SS10-2- 30.95 18.38 18.25 15.94 19.45 20.31 18.59 0.59 0.59 0.52 0.63 0.66 0.60
G60-12-
60

§S0-1-G60-  31.39 18.38 18.25 15.94 19.45 24.09 18.59 0.59 0.58 0.51 0.62 0.77 0.59
12-60

§80-2-G60-  32.27 18.38 18.25 15.94 19.45 24.09 18.59 0.57 0.57 0.49 0.60 0.75 0.58
12-60

Cont-1- 26.36 15.35 16.11 13.95 19.45 12.76 18.59 0.58 0.61 0.53 0.74 0.48 0.71
G60-16-
80

Cont-2- 27.60 15.35 16.11 13.95 19.45 12.76 18.59 0.56 0.58 0.51 0.70 0.46 0.67
G60-16-
80

§520-1- 29.59 15.35 16.11 13.95 19.45 15.63 18.59 0.52 0.54 0.47 0.66 0.53 0.63
G60-16-
80

§520-2- 25.11 15.35 16.11 13.95 19.45 15.63 18.59 0.61 0.64 0.56 0.77 0.62 0.74
G60-16-
80

§S10-1- 29.09 15.35 16.11 13.95 19.45 16.78 18.59 0.53 0.55 0.48 0.67 0.58 0.64
G60-16-
80

§S10-2- 29.34 15.35 16.11 13.95 19.45 16.78 18.59 0.52 0.55 0.48 0.66 0.57 0.63
G60-16-
80

SS0-1-G60-  28.35 15.35 16.11 13.95 19.45 19.46 18.59 0.54 0.57 0.49 0.69 0.69 0.66
16-80

§S0-2-G60-  30.33 15.35 16.11 13.95 19.45 19.46 18.59 0.51 0.53 0.46 0.64 0.64 0.61
16-80
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Fig. 12. Performance of existing models across: (a) f; and (b) p,.
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Fig. 13. Statistical performance of existing models.
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noted that the setup of this regression function was designed to calibrate
the influence of f; and p,. The influence of dj is not calibrated in this
study since the experimental test result did not show significant needs to
recalibrate it. Therefore, the coefficient related to d in model proposed
by fib Bulletin 72 (fib Bulletin 72, 2014) is directly adopted in this study.

e ﬁ B db 0.45 25 0.2 Conin 0.25 Conx O.l+
N 25 l;, d}y db Cmin va

where a, # and y are coefficient of the regression function.

From the regression analysis, @,  and y are set to be 13.5, 1 and 1.45,
respectively. Hence the proposed bond strength expression is given by
Eq. (8).

fc db 0.45 25 0.2 Conin 0.25 Conax 0.1
B ) () ) o)

The performance of the proposed model is assessed by estimating the
bond strengths obtained from this experimental test. As evidenced from
Fig. 14, most of the estimations are within the two 10% error margins
and all the estimations are within the two 20% error margins. The MAE
and MSE achieved by Eq. (8) are 0.06 and 0.01, respectively. These are
significantly less compared to those of existing models. This means that
the accuracy of the proposed model is higher than existing models. The |
1-LTS| of the proposed model is 0.01 which indicates that LTS is very
near to 1. Hence, the proposed model neither overestimated nor
underestimated the bond strengths. The SD achieved by the proposed
model is 0.07 and is the lowest when compared with existing models.
This means that the proposed model is more consistent with the
experimental test result. These performance indicators showed that the
proposed model is accurate and reliable.

To further assess the proposed model, the model is used to estimate
bond strengths of specimens confined with steel tube (Bamonte and
Gambarova, 2007; Lee et al., 2012) and FRP wire jacket (Choi et al.,
2014). Table 6 shows the details of specimens of the pull-out tests from
previous research. It is noted that f. is converted from the cylindrical
concrete strength based on BS EN 1992-1-1 (British Standards Institu-
tion, 2014). For FRP wire jacket confinement, p, was calculated by
taking f, = &Ejp, where &, is the maximum radial strain of FRP measured
in the experimental test; and Ej, is the elastic modulus of FRP. Besides,
Cmin 1S taken as cpqy since the cross-section of the specimens are circular
in shape. Fig. 15 shows the comparison between the results of previous
experimental tests and estimations of the proposed model. It can be
observed that the proposed model performed reasonably well with most
of the estimations falls within the two 20% error margins. This means

)

(®

20 30

(MPa)

40 50

Z’exp

Fig. 14. Performance of proposed model against RSS confined specimens.
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Table 6
Pull-out tests from previous research.
Reference fe dp IS Crin Py T
(MPa) (mm) (mm) (mm) (MPa)
Bamonte and 47 5 27 20 0.488 31.12
Gambarova
(2007)
Bamonte and 47 5 27 20 0.488 33.01
Gambarova
(2007)
Bamonte and 47 5 27 20 0.488 30.42
Gambarova
(2007)
Bamonte and 47 12 80 48 0.508 26.63
Gambarova
(2007)
Bamonte and 47 12 64 48 0.508 24.70
Gambarova
(2007)
Bamonte and 47 12 64 48 0.508 29.80
Gambarova
(2007)
Bamonte and 47 18 96 72 0.452 24.37
Gambarova
(2007)
Bamonte and 47 18 96 72 0.452 24.78
Gambarova
(2007)
Bamonte and 47 18 96 72 0.452 24.98
Gambarova
(2007)
Bamonte and 47 26 138 104 0.469 23.17
Gambarova
(2007)
Bamonte and 47 26 138 104 0.469 24.77
Gambarova
(2007)
Bamonte and 47 26 138 104 0.469 23.37
Gambarova
(2007)
Lee et al. (2012) 35 22 150 39 0.320 17.23
Lee et al. (2012) 35 22 150 39 0.320 16.39
Lee et al. (2012) 35 22 150 39 0.480 17.70
Lee et al. (2012) 35 22 150 39 0.480 17.60
Lee et al. (2012) 45 22 100 64 0.166  21.30
Lee et al. (2012) 45 22 100 64 0.249  21.50
Choi et al. (2014) 30 22 200 39 0.090 10.50
Choi et al. (2014) 30 22 200 39 0.078  10.64
Choi et al. (2014) 30 22 200 39 0.085  10.07
Choi et al. (2014) 30 22 200 39 0.038 11.43
Choi et al. (2014) 30 22 200 39 0.031 11.33
Choi et al. (2014) 30 22 200 39 0.042  11.57
Choi et al. (2014) 30 22 200 39 0.035 11.80
Choi et al. (2014) 30 22 200 39 0.053 11.98
Choi et al. (2014) 30 22 200 39 0.066 1251
Choi et al. (2014) 45 22 200 39 0.066  12.77
Choi et al. (2014) 45 22 200 39 0.062 12.90
Choi et al. (2014) 45 22 200 39 0.079 13.03
Choi et al. (2014) 45 22 200 39 0.038  14.52
Choi et al. (2014) 45 22 200 39 0.043  14.04
Choi et al. (2014) 45 22 200 39 0.036 14.40
Choi et al. (2014) 45 22 200 39 0.041 14.75
Choi et al. (2014) 45 22 200 39 0.046 14.96
Choi et al. (2014) 45 22 200 39 0.068  15.20
Choi et al. (2014) 55 22 200 39 0.085 15.08
Choi et al. (2014) 55 22 200 39 0.082 15.25
Choi et al. (2014) 55 22 200 39 0.078  14.99
Choi et al. (2014) 55 22 200 39 0.081 17.27
Choi et al. (2014) 55 22 200 39 0.071 16.93
Choi et al. (2014) 55 22 200 39 0.080 16.96
Choi et al. (2014) 55 22 200 39 0.042 17.86
Choi et al. (2014) 55 22 200 39 0.063 17.67
Choi et al. (2014) 55 22 200 39 0.061 17.24
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Fig. 15. Performance of proposed model against previous experimental tests.

that the proposed model captures the general influences of confinement
on the bond strength. However, the estimations are less accurate
compared to the estimations on RSS confinement. This is because of the
differences in confinement mechanisms and the stress-strain behaviour
of the confinement jackets.

7. Conclusion

This paper demonstrated the use of recycled steel as an active
confinement to improve the bond strength between concrete and rein-
forcement steel. In this research, the tensile properties of the recycled
steel were first tested. Subsequently, the recycled steel was made into
confinement hoop and was installed on the specimens using mechanical
prestressing to strengthen the specimens. A total of 24 pull-out tests
were conducted in this research to assess the effect of the active recycled
steel confinement on the bond strength. The parameters tested were
concrete strength, confinement spacing and diameter of reinforcement
bar. A new bond strength model was developed to consider the effect of
the new active recycled steel confinement. The model was then
compared against previous experimental test results.

From this research, the provision of confinement was found to be
able to improve the bond strength and ductility of the bond. A new
model was developed by modifying an existing model and calibrated to
accommodate the influence of recycled steel confinement and concrete
strength up to 60 MPa. Based on the findings presented in this paper, the
following concluding remarks were made:

1. The lateral confinement pressure exerted by active RSS confinement
effectively maintain the integrity of the concrete core. This improved
the bond and changed the failure mode from sudden splitting to slip
induced splitting.

2. This active RSS confinement can improve the bond strength between
reinforcement steel and concrete by up to 40%. Active RSS
confinement also can improve the maximum slip of reinforcement
steel by up to 700%.

3. The bond strength and maximum slip improvement from active RSS
confinement are affected by concrete strength and confinement ratio.
Higher concrete strength will result in less improvement from active
RSS confinement. Higher confinement ratio will result in more
improvement from active RSS confinement.

4. A new expression for bond strength is proposed in this study to ac-
count of the variation in concrete strength and provision of active
RSS confinement. Most of the estimations on RSS confined pull-out
tests using this model are within 10% error and the average error
of the estimation is 6%.
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While many findings have been reported in this paper, it is recom-
mended to investigate further in future research especially on the po-
tential variation of bond strength due to changes in cement paste volume
(Chu, 2019) and type of concrete (Zhang et al., 2022).
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& = maximum radial strain of FRP measured in the experimental test
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Texp average of 7oy

Tmodel = average of Tmodel

Ap = cross-sectional area of reinforcement bar

Ay = cross-sectional area of each stirrup

c = min(cs, ¢y, ¢s/2)

Crmax = max(min(cy, ¢5/2), ¢y)

Crmin = min(cy, ¢;/2)

Cs = distance between reinforcement bars

Cx = side concrete cover

cy = bottom concrete cover

D = diameter of concrete

dp = diameter of reinforcement bar

Efp = elastic modulus of FRP

fe = concrete cubic compressive strength

fy = yield stress of recycled steel straps

Kir = Ny as/(s dp np)

Iy = bond length of reinforcement bar

LTS = linear trend slope

MAE = mean absolute error

MSE = mean squared error

N = Number of estimations

np = number of individual anchored bars or pairs of lapped bars
Ngt = number of legs of a stirrup which crosses the potential splitting failure plane
Prax = maximum pull-out load

s = centre spacing between stirrups or confinement
Sel = clear spacing between confinement

SD = standard deviation

t = thickness of recycled steel straps

tq = factor for the effects of bar size

t = factor for the effects of relative rib area

V. = volume of concrete

Vs = volume of recycled steel straps

w = width of recycled steel straps

x = volume of fibre(length of fibre /diameter of fibre)
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