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Abstract: The use of recycled concrete aggregates (RCA) in recycled
aggregate concrete (RAC) presents a solution to reduce dependence on raw
natural resources. However, the bond behaviour of reinforcing bars embedded
in RAC is challenging, mainly due to contradictory results in literature. This
critical review examines the mechanisms influencing bond strength of steel
and fibre reinforced polymer (FRP) reinforcement in RAC, emphasising key
factors such as surface roughness, interaction at the interfacial transition zone
(ITZ), and the concrete’s properties. Additionally, the review discusses the
main differences in bond performance between FRP reinforcement and normal
steel bars, highlighting the FRP bars’ reliance on adhesion and friction, rather
than mechanical interlocking. Various testing methods in line with current
standards are discussed, alongside relevant design equations from European
and North American guidelines for anchorages and lap splices. It is found that
moderate RCA replacement levels (50%-75%) can improve the bond strength
of bars due to a rougher interfacial transition zone. However, high levels of
RCA replacement (~100%) can reduce bond strength by up to 38%. Current
design codes primarily focus on steel and FRP reinforcement embedded in
normal concrete, and therefore these should be revised to extend their
applicability to RAC elements to promote the faster adoption of RAC in
engineering practice. Future research needs are also provided. This study
contributes towards a better understanding of bond behaviour of reinforcement
in RAC, which in turn is expected to facilitate the broader adoption of circular
economy practices in construction.

Keywords: bond strength, fiber-reinforced polymer, recycled aggregate, pull-
out test, anchorages, Tepfer’s model

1 Introduction

Amid the climate emergency and resource depletion challenges, various strategies have been
adopted to address these environmental threats [1]. For example, in 2015, the Paris Agreement set
targets to reduce greenhouse gas emissions, while the European Union pledged to achieve carbon
neutrality by 2050, aiming to decouple economic growth from the consumption of natural resources.
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Similarly, China has committed to carbon neutrality by 2060, focusing on green, resource-efficient
development and shifting towards the adoption of more sustainable materials in construction [2].

A potential solution to minimise the depletion of natural resources is the incorporation of recycled
concrete aggregates (RCA) derived from demolished buildings in the production of recycled aggregate
concrete (RAC) [3]. By utilising RCA, the pressure on natural aggregate supplies can be reduced, while
also helping to decrease the volume of construction and demolition (C&D) that is disposed in landfills
[4]. In addition, RAC promotes the adoption of circular economy principles by lowering the
environmental impact of building materials [5].

1.1 Background on RAC and significance

Since the early 1900s, concrete has been the primary material in construction, becoming an
essential component of the industry [6]. Nevertheless, it contributes to nearly 8% of worldwide carbon
dioxide emissions. Urbanisation and infrastructure development increase the need for concrete, as well
as for aggregates which make up 70-80% of concrete’s total volume. The demand for natural aggregates
is approximately 48.3 billion tons per year, with a growth rate of 5% every five years [7]. This demand
is expected to double in the coming decades, thus intensifying the pressure on already scarce natural
resources. The generation of C&D waste is also a pressing concern in many regions. C&D waste
includes materials generated during the construction, renovation, or demolition of buildings, although
most of it is concrete. In 2018, China, the USA, India, and the United Kingdom generated millions of
tons of such C&D waste, with China being the largest producer. Inadequate disposal methods for C&D
waste contribute to environmental pollution and place increasing demands on landfills [8]. For instance,
in 2013, landfills in China accumulated over 7.5 billion cubic meters of C&D waste. This growing
waste problem has prompted governments, industries, and academic institutions to invest in recycling
and reusing C&D waste materials. Historically, C&D waste has been downcycled for non-structural
uses like garden pavements or gabions, but these applications remain limited compared to the volume
of waste generated.

Over the past 70 years, research has shown that substituting natural aggregates with recycled
aggregates in concrete can reduce material costs by 10-20% [9]. For instance, the Netherlands
successfully implemented RAC in over 60% of infrastructure projects. Additionally, life cycle
assessments of RAC (e.g. as those conducted in Hong Kong) showed important environmental benefits,
such as reductions of greenhouse gas emissions (up to 65%) and of non-renewable energy consumption
(up to 58%) compared to using conventional natural aggregate concrete (NAC) [10]. Despite these
advantages, the adoption of RAC in structural applications has been hindered by its (often) lower
mechanical properties compared to NAC. Although recycling facilities for C&D waste have improved
in the last decades, the production and widespread use of RAC has not significantly advanced.
Addressing these challenges is crucial to enhance the performance and viability of RAC in the
construction industry.

1.2 Significance of bond at reinforcement and concrete/RAC interface

Steel-reinforced concrete is commonly used as a main structural material in construction. The bond
between the steel reinforcement and the surrounding concrete is essential in determining the overall
performance of reinforced concrete (RC) structures [11]. Reinforced concrete (RC) components in these
structures can withstand external loads if sufficient bond strength is developed between the
reinforcement and the concrete. When the bond strength and stiffness are sufficient, the two materials
deform in harmony without significant slippage between them [12]. Bond strength ensures a seamless
load transfer between the reinforcement and concrete, thus transferring loads safely between them and
ensuring strain compatibility [13,14]. Generally, the ductile capacity of RC members depends heavily
on the bond strength developed between the (steel) reinforcing bars and the surrounding concrete [15].

Bond of steel reinforcement to concrete has been extensively studied in the last 40 years and a bulk
of experimental and analytical work has been published on this subject. However, more attention was
received after Tepfer’s described the bond transfer mechanism between deformed steel bars and NAC
[16].
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According to Tepfer's theory [16, 17], bond forces are transferred from the bar ribs into the adjacent
concrete, creating an angle ‘a’ relative to the pulled bar as shown in Fig. 1a. The radial components of
these forces are balanced by tensile stresses within a concrete ring surrounding the bar, leading to the
formation of internal longitudinal cracks near the bar, as illustrated in Fig. 1b. If the concrete cover is
thin, longitudinal (splitting) cracks can occur, as depicted in Fig. 1c. If the radial stress surpasses the
tensile strength of the surrounding concrete, the resistance of the concrete ring diminishes. This results
in the steel bar slipping as the splitting cracks extend and widen, eventually causing the concrete ring

to fail suddenly in a brittle manner, as shown in Fig. 1d.
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Fig. 1. Tepfer’s theory of bond in an anchored bar: (a) 3D representation of bond mechanism (radial cracking),
(b) longitudinal section view (pull-out force), (c) cross-section of the splitting crack formation, and (d) shear and
frictional resistance mechanism of the crack (bond cracking).
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Much research has been conducted on the bond strength between reinforcing steel bars and natural
aggregate concrete (NAC). However, fewer recent studies have focused on the bond characteristics
between deformed steel bars and recycled aggregate concrete (RAC). Previous conflicting studies have
shown that RAC can either improve or reduce bond strength. In some cases, RAC may enhance bond
strength due to the increased roughness from the recycled concrete aggregates (RCA) in the composite
material. However, a decrease in bond strength has also been observed, likely due to the lower density
of RAC [18-20]. Past studies have also showed that the crushing strength of recycled coarse aggregates
and the crack resistance of concrete have a significant impact on the adhesion properties. Fig. 2
illustrates the normalised bond strength of steel bars for different RCA contents in RAC. Some studies
suggest that the use of RCA in concrete does not notably affect the bond between steel reinforcing bars
and concrete, with only a marginal reduction of up to 10% compared to NAC [21]. This is likely because
the properties of the reinforcement, such as surface texture and rebar type, play a more significant role
than the properties of the aggregates. On the other hand, other studies have found that bond strength
increases with a higher proportion of RCA in the concrete, as the presence of air voids can decrease the
overall strength [22].

The results shown in Fig. 2 indicate that the normalised bond strength fluctuates considerably with
the level of RCA replacement. As seen in Fig. 2, the normalised bond strength begins at 0.0138 for 0%
RCA replacement (representing NAC) and then decreases slightly to 0.0118 at a 20% RCA replacement.
A notable drop is observed at 25% RCA replacement levels, where the normalised bond strength reaches
its lowest value of 0.0028, indicating weaker bond at this level. However, with further increases in RCA
contents, the bond performance improves, reaching 0.0182 at 50% RCA replacement and stabilising
around 0.022 at 75% RCA replacement. This trend suggests that at moderate RCA replacement levels
(50% to 75%), the bond efficiency may benefit from the rougher interfacial transition zone (ITZ) of
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recycled aggregates. Indeed, the rough surface texture of recycled coarse aggregates (RCA) can lead to
improved bond strength by enhancing friction between the rebar and the concrete. Another factor that
could enhance bond strength is internal curing, especially when RCA is used in a saturated surface dry
(SSD) condition [24]. However, at high levels of 100% RCA replacement, the normalised bond strength
slightly decreases to 0.02, suggesting that complete replacement of natural aggregates may reduce
overall bond efficiency. This is likely due to the weaker interfacial transition zone (ITZ) characteristics,

which compromises bond behaviour.
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Fig. 2. Comparison of bond strength in terms of RCA replacement levels (adapted from [23]).

In harsh and aggressive environments, the corrosion of steel reinforcement can cause damage or
even failure of structural components. To address this limitation, FRP reinforcement has become
increasingly popular due to its exceptional corrosion resistance, and remarkable long-term durability in
challenging environments. Unlike steel bars where bond relies on mechanical interlocking provided by
the ribs, the bond of FRP reinforcement relies primarily on adhesion and friction, which in turn affects
bond performance in concrete. Despite numerous studies on the bond strength of steel reinforcement in
RAC, limited research has examined the performance of FRP reinforcement in RAC, particularly in
terms of its bond mechanisms, influencing factors, and integration into design codes. In RAC, there are
additional challenges, as its higher porosity and weaker interfacial 1TZs can diminish the bond
effectiveness of FRP bars. To improve adhesion, surface treatments like sand coating, ribbing, and the
application of chemical bonding agents are commonly used on FRP bars. Additionally, interfacial
behaviour differs significantly: whereas steel-concrete bond failures typically involve bar slippage, FRP
bond failures are often governed by adhesive failure at the reinforcement-matrix interface (i.e. pull-
through failures). Understanding these differences is essential for optimising FRP use in RAC structures,
particularly as bond failures often occur in the FRP bar itself, thus making bond strength at the FRP-
RAC interface a potential weak link that can lead to structural failures.

This article addresses the above gaps by providing a critical review of the bond behaviour between
steel and FRP bars and RAC, focusing on the various parameters that influence bond strength and its
characteristics. A comprehensive overview of recent literature is presented, including test methods and
relevant codes of practice. Accordingly, this study provides insights to facilitate the broader adoption
of FRP in RAC structural applications.

The review examines recent studies as part of a working group (RAC-Thailand) based on various
influencing factors, as shown in Fig. 3.

Initially, a literature collection and database (step 1) compiled research on bond performance in
concrete structures. Databases and experimental studies (step 2) were assessed to analyse bond
mechanisms through laboratory testing. Various experimental techniques, such as pull-out tests, beam-
end tests and spliced beam tests, are found to be widely adopted to evaluate bond strength in concrete
structures. In Step 3, theoretical and analytical bond models were evaluated to examine the accuracy
and reliability of predictive equations. The influence of material properties and environmental
conditions (e.g. durability, moisture effects) on mechanical performance were evaluated (step 4). To
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enhance standardisation, step 5 compared existing design codes and guidelines, identifying
discrepancies in design approaches. Finally, step 6 outlined future research directions and novel
contributions. This methodology is expected to provide a better understanding of bond behaviour in
FRP reinforced RAC elements, thus facilitating its adoption in structural applications.

1 Literature Collection and database
(FRP-RAC applications)

9 Database /Experimental Studies 3 Evaluation of Theoretical and

on Bond Mechanisms C Analytical Bond Models
U

Influence of Material Properties 5 Comparison of Design Codes
and Environmental Conditions RAC- and Standards

FECYCLED ABOREBATE CHNGRETE THALLAND

6 Future Research Directions
and Novel Contributions

Fig. 3. Flowchart of methodology outline.

2 Overview on recycled aggregate concrete (RAC)

In recent years, RAC has gained widespread attention for a better management of C&D waste [28,
29]. Beyond the environmental benefits, RAC can reduce construction costs and dependence on raw
aggregates, thus promoting circular economy principles in construction. Table 1 summarises recent
studies on RAC mechanical properties. A comprehensive review of the properties of RCA and RAC
was recently provided by Neupane et al [3].

Table 1. Summary of recent research on properties of RAC

References Main findings
Verian et al. [30] The study evaluates the mecha_mi_cal properties of RAC, cover_ing compressive
' strength, flexural strength, splitting tensile strength, and elastic modulus
Study examines enhancement methods on the aggregate from recycled
concrete for RAC applications
Liang et al. [32] Research investigates carbonation mechanisms and technologies to enhance
' RAC performance

Tam et al. [33] Study proposes improvements for the microstructural properties of RAC

. Research focuses on the movement of ions that contribute to steel corrosion in
Liang et al. [34] RAC

Shietal. [31]

The lower quality of RAC presents a major challenge in substituting natural aggregates with
recycled aggregates. As a result, the structural applications of RAC are still somewhat limited. Much
of the lower quality of RAC can be attributed to the properties of RCA. Fig. 4 presents a schematic
view of the microstructure of RAC, highlighting key components such as old adhered mortar, fine
aggregate, two 1TZs (old and new), porosity in both mortars, and cracks in the RCA caused by the
recovery process. The weaker microstructure of RAC can be attributed in part to the presence of two
ITZ layers present in RCA, as shown in Fig. 4 [3, 35].

Overall, previous studies suggest that the volume of the interfacial transition zone (ITZ) in RAC
is higher than that in NAC due to the adhered mortar, which increases the concrete’s porosity and
weakens its mechanical properties, such as lower compression strength, splitting tensile strength, and
bending resistance [36, 37]. These differences can have significant effects on the corrosion of
reinforcement and the deterioration of the concrete. Additionally, the presence of old mortar on recycled
aggregates (RA) facilitates the propagation of pre-existing cracks in the mortar under applied loads,
reducing the compressive strength of RAC relative to NAC [38]. The compressive strength of RAC can
decrease by as much as 7% if the aggregate contains more than 0.05% aluminium impurities in its
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chemical composition [39].

Crack in aggregate due to processing

Previous studies have utilised atomic force microscopy to evaluate the indentation modulus (E1M)
in both the existing and newly formed ITZs between recycled aggregates and fresh mortar in RAC [40].
The findings indicate that the EIM in the ITZ is generally lower than that of both natural aggregates and

Old mortar

Fine aggregate

Old interfacial transition zone (ITZ)

New interfacial transition zone (ITZ)

Porous in both old and new mortar

Fig. 4. Microstructural view of RAC (adapted from [3,35]).

the mortar matrix. As depicted in Fig. 5, the average indentation modulus (EIM) in RAC was found to

be between 25 m and 70 m lower than those in the ranges of O pm to 25 m and above 70 pm,
indicating that the thickness of the interfacial transition zone (ITZ) for the tested aggregate is

approximately 45 pm.

Fig. 5. Indentation modulus through atomic force microscope of ITZ of RAC (adapted from [41]).
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To better understand the behaviour of RAC, it is crucial to compare its mechanical and physical
properties with those of NAC in both the fresh and hardened states. The replacement of natural
aggregates with RCA in RAC affects several key properties. For instance, fresh RAC mixes typically
exhibit lower slump values compared to NAC mixes due to the increased water absorption and rougher
(more irregular) surfaces of the recycled aggregates [42, 43]. To achieve similar workability in RAC
with a slump range of 100-105 mm, an additional 5%-15% water by volume is required. Additionally,
the penetration of aggressive ions in RAC is greater than in NAC, mainly due to the higher permeability,
which in turn promotes the cathodic reaction of hydroxyl ions and speeds up the corrosion of steel
reinforcement. If 100% recycled aggregates are used in RAC, the relative passed charge can be up to
twice as high as in NAC. Figs. 6a-c present test results that confirm a reduction in compressive, split
(tensile), and flexural strengths of RAC, with average decreases of 40%, 40%, and 20%, respectively,
compared to counterpart NAC mixes [46, 47].

Despite the huge potential of RCA in RAC for structural use, its practical application remains
limited. Indeed, in real practice, commercial RCA is often downcycled in fillings, road sub-bases and
embankments, pavement construction, drainage works and gabion walls [48]. Moreover, RAC is
primarily used in non-structural applications, owing to its low load-bearing capacity and inherent
variability. As a result, only a limited number of structures have been constructed using RAC. One
example of a structural application is the E Science Lab in Switzerland, a 6 storey building with a total
floor area of 11,650 m=2Another example is a multi-story residential building in Konan-ku, Yokohama.
Similarly, the International Aviation Service Centre in Shanghai was constructed using about 40,000
m=of RAC [49]. China in particular faces significant challenges in managing C&DW [50, 51] and is
therefore a potential supplier of RCA materials. However, factors such as the lack of technical
approaches, inadequate off-site recycling support, and insufficient advanced recycling technologies
prevent broader adoption of RAC in construction. This issue is also prevalent in other parts of Asia,
where structural applications of RAC are being explored despite facing numerous technological and
scientific challenges [53, 54].

3 Bond mechanisms of steel and FRP bars
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Fig. 7. Bond mechanism between concrete and FRP bar: (a) bond mechanism, (b) splitting crack, (c) bond
strength components (adhesion, friction, and interlocking), and (d) bond stress-slip curve (adapted from [56]).

Bond strength describes the interaction between reinforcing bars and the surrounding concrete as
bars are pulled by a force [55]. Unlike steel bars, bond of FRP bars relies predominantly on adhesive
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and frictional forces due to its smooth surface texture. The bond mechanism of an FRP bar embedded
in concrete is illustrated through different stages of load transfer and failure, as shown in Fig. 7. The
bonding performance of Glass FRP (GFRP) bars is influenced by the interaction between the bar
surfaces and the concrete matrix that surrounds them. Unlike steel bars, GFRP bars are more likely to
fail via a pull-through mechanism, particularly if the bond strength is insufficient. Fig. 7a shows
localised stress concentrations around the ribs, leading to concrete cracking. Fig. 7 (illustrates splitting
cracks along the interface when radial tensile stress exceeds the tensile strength of the concrete, causing
bond failure before full a bar pullout failure. Bond strength in GFRP bars is influenced by adhesion,
friction, and interlocking (Fig. 7c). Adhesion results from chemical bonding, friction arises from surface
roughness, and interlocking involves mechanical engagement between the ribs and concrete. Surface
treatment, such as sand-coating or ribbing, enhances the bond strength, reducing pull-through failure.
The bond stress-slip curve (Fig. 7d) reveals the bond strength increasing with slip up to a peak, after
which it declines, indicating failure. This suggests that FRP bond performance is governed by
mechanical interlocking, friction, and adhesion, with failure modes typically due to concrete cracking
or pull-through, influenced by the bar’s surface treatment [56].

In conventional steel bars, bond failures are typically caused by rib bearing, leading to concrete
splitting or shearing of the concrete keys. In contrast, bond failures in FRP bars often occur due to pull-
through mechanisms, as these bars do not rupture the concrete specimen. The bond strength of FRP
bars is influenced by multiple factors, including material properties, rib geometry, and surface
characteristics. While adhesion and friction are important for bond strength, the rib geometry and
surface treatment play critical roles in determining bond performance, as they affect mechanical
interlock and resistance to pull-through failure [57]. In contrast to deformed steel bars, where bond
strength is mainly influenced by the mechanical interlock of ribs and limited chemical adhesion, the
strength is influenced by a combination of rib design, surface roughness, and the properties of the
material. These elements are essential in preventing pull-through failure [58, 59]. A visual
representation of an FRP slip failure is shown in Figs. 8a-b.

i Powderdof

“@&Ribbed bar

PVC Pipe

BN

¥y

i\licr:ocrack_é":;
Concrete block i
(a) (b)
Fig. 8. FRP bar failure: (a) physical appearance of the FRP bar, (b) SEM image of FRP bond failure. (adopted
from [59]).

4 Testing and evaluation methods to study bond behaviour

Bond behaviour can be described using bond stress-slip relationships [60-62]. Bond strength is
usually assessed through three common test methods: the pull-out test, the beam end test, and the spliced
beam test.

4.1 Pull-out test

The pull-out test has been extensively used to measure bond strength due to its simplicity. This test
is also included in EN 10080 [63] for evaluating the bond characteristics of ribbed and indented bars.
The pull-out test applies increasing tensile force to one end of a reinforcement bar anchored in a concrete
cube, while the other end of the bar remains free. Fig. 9a presents a schematic view of the test setup,
which includes an actuator that applies tensile force, a load cell for measuring force, a gripping system
and housing frame for stability, and a concrete base for structural support. Fig. 9b highlights key test
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components, bearing plates for load distribution, and a rubber bearing plate to reduce stress
concentrations. A rig with linear variable displacement transducers (LVDTSs) is positioned to monitor
displacement (see Fig. 9c), which enables three-point displacement measurement.

The reinforcement bar is usually positioned at the centre of the specimen with an embedment length
of five times the bar diameter. To isolate bond action along the rest of the bar, a sleeve is used around
it to debond it from the concrete. The bond stress-slip relationship is derived from the applied tensile
force and the corresponding slip of the bar until failure occurs. While the stress conditions in the
specimen do not fully replicate those in actual concrete members, pull-out tests are valuable for
identifying key parameters that influence bond behaviour. However, due to the short anchorage length
used in these tests, the results cannot be directly applied to design purposes and are instead used
primarily for comparison among bars, or for benchmark testing.

Actuator

Primary bolts

actuator
Secondary bolts

Top steel plate

cross head
Concrete cube
load cell
Bottom steel plate
(bearing plate)

tensile bar

Rubber bearing plate

housing frame FRP bar

tensile bar

FRP bar

concrete cube

gripping system

Assembly of LVDT mounting rig L

(three points measurement)
concrete base FRP bar

(a) (c)
Fig. 9. Pull-out test according to EN 10080 [60]: (a) schematic view, (b) components, and (c) LVDT assembly
to measure the bond slip of bars.

4.2 Beam-end test

The beam bond test is included in EN 10080 [63], as shown in Figs. 10a-b. In this method, the
beam is made up of two symmetrical concrete blocks joined at the centre by a knee-joint at the top and
an embedded bar at the bottom. The blocks measure 100 <200 mm in cross-section, with a 820 mm
length. To prevent premature rupture of the concrete in the centrally loaded edge zone, the bar in the
non-tested block remains unbonded for a length of 50 mm. The embedment length in this non-tested
block remains fixed at 335 mm for all specimens. In contrast, in the tested block, the bar is unbonded
for 150 mm, with an embedment length of five times the bar diameter, while the remaining free end of
the bar remains unbonded. Beam end tests are generally considered more representative of the stress
state in RC members as the applied load induces compression in concrete and tension in the
reinforcement bars. However, a primary limitation of this test is that the amount of reinforcement
required to prevent shear failure may suppress bond splitting failures [64], which often dominate bond
behaviour in actual structures due to the use of thin concrete covers. Additionally, since flexural (i.e.
vertical) cracks do not typically develop within the embedded length of the bar, the test conditions may
not fully replicate the actual behaviour of RC members.
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Fig. 10. Beam end test setup for FRP bar to concrete according to EN 10080 [63]. (unit in mm).

4.3 Splice beam test

As stated by the ACI Committee 408 [64], splice beam specimens can be utilised to assess the
development of splice bond strength in reinforcing bars. The experimental testing of these splice beams
is conducted using a four-point flexural test setup. To calculate the stress in the primary flexural
reinforcement, a cracked section analysis can be used. Alternatively, strain gauges can be directly glued
onto the surface of the reinforcement, as shown in previous studies on lap spliced beams [65-70]. These
tests are often carried out on “long splices” (i.e. a splice longer than five times the bar diameter), thus
providing a better representation of the actual average bond stresses expected in actual structures.
Moreover, beam splice tests are convenient as these allow for the use of lateral confinement in the lap
spliced region, which can be necessary to increase bond strength.

4.4 Comparison of results and guidelines on bond strength

Table 2. Comparison of bond strength across different test methods

Bond strength in Bond strength in Bond strength in FRP

Test method NAC (MPa) RAC (MPa) reinforced RAC (MPa) Observed trend
Pull-out test 10.5-12.3 9.8-11.5 8.1-10.0 Low a“d(;‘:sti ;‘r’]'tab'e for
Beam-end 12.8-14.6 11.2-13.0 9.5-11.3 High but affected by
test confinement
Splice test 11.2-135 10.0-12.2 8.8-10.7 Moderate as this is

average bond strength
Table 3. Standard tests to determine bond strength
Test method Guidelines Bond strength (t, Tu, Tmax)
u
ASTM-C 900-06 [74] oy
fck
ACI 318-08 [77] 5
Pull-out test o
EN 10080:2005 [63] %
Fy
RILEM 1994 [75]
de’
Beam end test Fu
IS 2770:1967 (RA 2002) [76]
id !
K Pax
Beam splice test ACI 408R-03 [65] 40 A,
Ab fs
ACI 408R-03 [65] =

Note: 7, 7y, Tmax = bond strength; Fy or Pmax = pullout load; dy = diameter of bar; | = bonded/spliced length; o or fs
= stress in steel bar; As, A, = nominal area of a bar; k = constant coefficient (different as per diameter of bar).

000095-10



Imjai et al., SUST, 2026, 6(1): 000095

Table 2 compares the bond strength across different test methods for both NAC and RAC. Past
studies [54] reported that pull-out tests on 100% RAC showed a 10% higher bond strength over NAC.
However, other studies [55] indicate that RAC’s lower density and increased porosity may negatively
affect bonding. This discrepancy arises due to variations in mix design, recycling aggregate conditions,
and testing methods. RAC tends to improve bond strength if the recycled aggregate has a rough texture
(which enhances mechanical interlock) and/or if saturated surface dry (SSD) conditions exist in the
RCA. Past research has also suggested that reducing the diameter of the bars may minimise the impact
of the loading rate on bond slip [78]. Understanding these conditions is essential for optimising RAC
in case of structural performance.

Table 3 provides various guidelines and standards (including formulas) used to determine bond
strength. Based on the test methods examined, it was found the bond strength provided by the beam end
test and the splice beam test were somehow similar, thus highlighting the reliability of both methods
for assessing bond strength [73].

4.5 Non-destructive evaluation and Al-based prediction models

Whilst traditional bond testing methods provide valuable insights into the interaction between FRP
and RAC, emerging non-destructive evaluation (NDE) techniques offer advanced monitoring
capabilities, enabling more accurate and real-time bond strength assessments. These techniques reduce
specimen damage, enhance long-term monitoring, and improve the reliability of bond strength
predictions. Among the prominent NDE methods, acoustic emission (AE) is widely used to monitor
micro-crack propagation and bond deterioration in real time [79]. AE sensors detect stress waves
generated during loading, providing early indications of failure mechanisms before significant damage
occurs. Digital image correlation (DIC) is another effective technique that captures high-resolution
images of concrete surfaces to track strain distribution, displacement, and bond-slip behaviour without
physical contact [80]. Ultrasonic pulse velocity (UPV) is also employed to assess concrete integrity and
bond quality, particularly in detecting internal defects and voids that may affect bonding performance
[81]. The use of optical measuring techniques can also offer potential to measure strain distributions
(thus bond stresses) over the length of a reinforcing bar [82].

In addition to NDE techniques, Al-based predictive models are gaining attention in bond strength
evaluation [83]. Machine learning (ML) algorithms and artificial neural networks (ANNSs) analyse
experimental datasets to predict bond performance based on variables such as concrete mix composition,
aggregate properties, and curing conditions. Finite element modelling (FEM) further aids in simulating
bond stress distribution, cracking patterns, and failure mechanisms under various loading conditions
[82]. These approaches complement conventional bond testing, improving prediction accuracy while
minimising the need for destructive tests, making them valuable tools for future RAC applications.

5 Factors affecting the bond properties of FRP and steel bars in RAC

The bond properties of bars are affected by various factors, including rebar geometry (such as type,
anchorage length, rib height, size), concrete properties (such as strength and cover thickness), corrosion
effects, confinement, and aggregate characteristics. The subsequent sections outline the key factors
influencing bond strength.

5.1 Compressive strength of RAC

Overall, bars embedded in high-strength RAC generally exhibit better bond performance due to
improved crack resistance and overall quality. A reduction in pore size and denser concrete packing
contribute to enhanced bond strength. However, in high-strength RAC, bond strength development may
be slower due to the surface hardness provided by the stronger material. In the case of RAC, bond
strength shows a 36% increase compared to NAC [84].

5.2 Effect of recycled aggregates in RAC

The properties of both coarse and fine recycled aggregates can influence the bond strength of
FRP, although the results in the literature are inconsistent. RAC containing recycled coarse aggregates
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appears exhibiting positive effect on adhesion, showing up to twice the strength observed in NAC due
to the high friction developed by the recycled aggregates [85, 86]. However, when aggregate
replacement levels are high (approaching 100%), bond strength can decrease by up to 38%, primarily
due to increased water absorption, matrix damage, and reduced stiffness in RAC [87, 88]. Recycled fine
aggregates exhibit a similar trend, with high-volume replacements resulting in a decrease in bond
strength [89, 90]. The inclusion of weld slag as a recycled fine aggregate can increase bond strength by
up to 10%, but beyond this point, bond strength starts to decrease. Using recycled rubber or glass
aggregates as fine aggregates can improve the strength by about 8%, due to the frictional interaction
between cement and reinforcement bars [91]. Incorporating these recycled materials supports circular
economy practices in construction by reducing waste, and, if properly processed, they can further
enhance bond behaviour. However, careful attention must be paid to the type, grading, and proportion
of recycled aggregates to optimise bond strength. Proper surface treatment (e.g. with silica fume) and
quality control can be crucial to ensure the effectiveness of RCA when used as replacements for natural
aggregates.

5.3 Type of FRP bars

The surface finishing and geometry of FRP bars significantly influences bond strength. Figs. 11a-
f shows different types of FRP bars with corresponding schematic diagrams, each having unique surface
textures for bond enhancement. Fig 1la represents a sand-coated or grit-coated FRP bar which
improves mechanical interlocking with concrete. Fig 11b shows a smooth FRP bar with no additional
surface modifications, which may have lower bond strength. Fig 11c features a ribbed or deformed FRP
bar, where protrusions help in mechanical interlocking. Fig 11d is a spiral-wrapped FRP bar, increasing
frictional resistance. Fig 11e depicts an indented or grooved FRP bar designed for better adhesion, and
Fig 11f presents a fabric wrapped FRP bar, which enhances mechanical anchorage and durability. These
variations cater to different structural applications and performance requirements in concrete structures.
Notably, the bond strength of ribbed bars has been reported to over 15 MPa, compared to approximately
5 MPa for smooth bars, thanks to the interlocking mechanism of the deformed ribs [92].

L

\\
A\

Fig. 11. Different types of FRP bars with coatings: (a) sand coated bar, (b) smooth bar without coating, (c)
ribbed bar, (d) spiral wrapped bar, (e) grooved bar, and (f) fabric wrapped bar (adapted from [93]).

5.4 Diameter of FRP bar

The rib geometry and diameter of FRP bars have a significant impact on bond performance.
Previous studies have confirmed that as the bar diameter increases, bond strength tends to decrease [94-
96]. However, some studies have found that larger diameter bars, due to higher bearing forces, can
result in increased bond strength [97, 98]. Additionally, for smaller bars, reduced spacing between the
rebar ribs can enhance bond strength [99]. If bond failure is primarily due to pullout, bond strength
increases with a greater relative rib area. However, when failure is dominated by splitting, bond strength
becomes independent of the bar's rib pattern.

5.5 Effect of bar corrosion

Corrosion of steel bars affects the bond strength in concrete [100]. Corrosion reduces the adhesion
between the binder and the rebar, disrupting the forces transferred by bond [101]. Previous studies have
shown that the effect of corrosion on bond strength can be either positive or negative, depending on the
extent of corrosion [102-104]. At low levels of corrosion (< 6%), the frictional adhesion between steel
and concrete can actually enhance bond strength [105, 106]. When comparing the corrosion effects on
smooth versus deformed bars, smooth bars tend to perform better due to the frictional roughness
developed through corrosion [107]. The use of RAC can marginally increase bond strength as the degree
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of corrosion increases (1.6%, 2.6%, and 5.75%), as shown in Fig. 12a. This trend suggests that mild
corrosion may enhance bond strength due to rust-induced expansion, while excessive corrosion
deteriorates the bond strength. Fig. 12b presents a corroded reinforcement embedded in concrete with
a degree of corrosion 1.6%, displaying significant rust and surface damage. Similarly, Fig. 12c
illustrates another corroded RAC specimen (with a 2.6% degree of corrosion), emphasising the effect
of corrosion on the concrete-reinforcement interface. Due to their non-metallic composition, FRP bars
do not experience corrosion, ensuring long-term durability and maintaining bond strength over time,
even in aggressive environments. This makes FRP bars a suitable alternative for enhancing the
longevity of concrete structures without the degradation associated with corrosion.

A
164 =3
[3= _
144 1001
QUO —
124 S=5
kg [affacgad
10+ -- -- - - -
& 08
0.6 -
0.4 -
0.2 -
0_
0 16 2.6 5.74

Degree of corrosion in%
(a) (b) (c)

Fig. 12. Bond strength with respect to corrosion degree: (a) degree of corrosion with bond strength, (b) corroded
specimen of conventional concrete, and (c) RAC corroded specimen (adapted from [107]).

5.6 Effect of anchorage length

The anchorage length of reinforcing bars plays a crucial role in the development of structural bond
strength. Studies have shown that bond strength is inversely proportional to the anchorage length. For
example, when comparing a FRP bar with a 5 times diameter length (5@) to one with a 10 times diameter
length (100), the 100 bar exhibits approximately half the bond strength of the 5@ bar as the stress
distributes more uniformly along the length of the bar, thus providing a more “average” bond stress.

5.7 Effect of confinement

The confinement given by stirrups can increase bond strength by about 1.5 times compared to
unconfined concrete, owing to the passive confinement effect applied by the stirrups [108]. When lateral
stirrups are applied in both vertical and horizontal directions, specimens with confinement show
superior bonding compared to those without, often resulting in minimal or no cracks [109-111]. For
instance, using a 16 mm main bar with 6 mm stirrup confinement at 75 mm spacing results in a 21.6%
improvement in bond strength [112]. Similarly, employing a 20 mm longitudinal rebar with 8 mm
stirrup confinement at 100 mm spacing leads to a 34.8% increase in bond strength [113]. External FRP
confinement greatly enhances the bond strength of lap-spliced steel bars in beams, improving it by up
to 35% [114, 115]. Likewise, active confinement through post-tensioned metal straps can enhance bond
strength of lap splices by as much as 50% [116].

5.8 Effect of concrete cover

The concrete cover thickness also contributes to the passive confinement of the bars [117, 118].
Earlier studies have indicated that bond strength can improve by up to 50% when an appropriate
concrete cover is used, with the concrete strength and rebar size being key factors influencing this
improvement [119]. Additionally, proper cover helps eliminate tensile stresses, reducing crack
propagation [120]. Fig. 13 illustrates the different patterns of splitting cracks in reinforced concrete
based on the relationship between reinforcement spacing (Csi) and concrete cover (Cp). In Fig. 13a the
cracks primarily propagate from the reinforcement outward to the concrete surface, indicating that the
concrete cover is relatively thin and susceptible to splitting failure. In Fig. 13b the cracks form along
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the reinforcement direction, showing that when reinforcement is placed closer together relative to the
cover thickness, splitting failure tends to occur along the reinforcement rather than outward. The
importance of concrete cover in preventing bond failures is acknowledged by current standards, where
the effect of transverse steel confinement is incorporated into an equivalent concrete cover for
calculating the bonded length of reinforcement bars [121].

) ==

Cy Cp

(@) Csi > Cp (b) Csi < Cp

Fig. 13. Possible patterns of splitting cracks in relation to cover thickness.

6 Design equations in code provisions

The key findings from research on bond behaviour have been incorporated into modern design
codes. This section highlights the essential design guidelines derived from these findings.

6.1 Eurocode 2 guidelines

6.1.1 Anchorages

The first generation of Eurocode 2 (EC2) [26] provides design values for the ultimate bond stress
of steel ribbed bars (fuq), which are applicable for normal-strength NAC.

fog =2.25mm, T4 (1)

where fuq is the design value of concrete tensile strength. The coefficient n; considers the quality of
bond conditions and the position of the bar during casting. For “good” bond conditions, 7;=1. For poor
bond conditions such as bars with more than 300 mm of concrete under them (top bars), the design bond
strength is reduced by 30%. 7, is a coefficient that considers the size of the bar and recognises the fact
that larger bars develop lower bond strength. Hence, n,=1 for bars with dy <32 mm and 7n,= (132 -
dy) / 100 for bars with d, > 32 mm. The value fcq can be computed using the values listed in Table 4, as
per the following expression.

fog = A fctk,o.os ly. 2
Table 4. Characteristic tensile strength of concrete (MPa)
Variable Values (MPa)
fex 12 16 20 25 30 35 40 45 50
fetk, 0.0 1.1 1.3 1.5 1.8 2.0 2.2 2.5 2.7 2.9
The basic required anchorage length, Iy, to anchorage a straight bar developing a force Asfsq is:
d,f
o =2 ©
o4f,,

where A; is the c/s of steel bar, fq is the design stress of the bar at the position from where the anchorage
is measured from, and dy is the bar size. The design anchorage length, lyg, is:

b,min (4)

where a; considers the bar form, assuming adequate cover, @, accounts for the effect of the
minimum concrete cover, as; considers the confinement provided by transverse reinforcement, a,
represents the effect of one (or even more) welded transverse bars along 1,;, and as represents the
impact of pressure applied perpendicular to the plane of splitting along [,;. Note that the product
(apazas) = 0.7. Values for the coefficients a; are given in Table 5. Likewise, lp i, Is the
minimum anchorage length defined by:

a) for anchorages in tension:

Iy = 10,0014 /b,req >/

000095-14



Imjai et al., SUST, 2026, 6(1): 000095

Iy min > Max(0.3/, .,;10d,;100mm) (5)
b) for anchorages in compression:
g min > Max(0.6/, .:10d,;100mm) (6)

Figs. 14a-c illustrate the different concrete covers (cq) for different reinforcement configurations
in beams and slabs. In Fig. 14a, for straight bars, the anchorage depth is calculated as the minimum of
half the bar spacing (a/2) and the concrete cover thickness (c, c1) which ensures sufficient bond strength.
Fig. 14b is for bent or hooked bars, the anchorage depth is calculated as the minimum of half the bar
spacing (a/2) as the bent shape which enhances the mechanical anchorage. Fig. 14c is for looped shaped
bars, the anchorage depth is simply defined by the concrete cover thickness, as the looped shape
inherently provides a secure anchorage. These design considerations ensure adequate bonding and load
transfer between reinforcement and concrete in structural elements.

Table 5. Values of coefficients a{t0 as

Influencing factor Anchorage type Reinforcement bar in tension
Straight a =10
= if ¢ otherwise
Shape of bars Other than straight a,=0.7if cd;icibé a)
=L
. a2=(1—0.15(cd—db))/db
Straight >0.70
<1.0
Concrete cover a,=(1-0.15(¢ ,—d,))/d,
Other than straight ay=1- 0'15( “a~ 3db) /d,
>0.70
<1.0
Confinement by transverse a,=1-KA(b)
reinforcement not welded to main All types >0.70
reinforcement <1.0
Confinement by All types, position _
. ' a,=0.7
welded transverse reinforcement and size 4
Confinement by a,=1-0.004p (¢)
Transverse All types >0.70
Pressure <1.0

@ ¢4 = defined according to Fig 14.

® K = coefficient that depends on the position of the transverse reinforcement with respect to the main bar,
according to Fig 15.

Ag; = area of the transverse reinforcement along lpg

Ase min= area of the minimum transverse reinforcement = 0.25A; for beams, and 0.0 for slabs

A, = area of a single anchored bar with maximum bar size

© p = transverse pressure (at ultimate limit state) acting along lyg.

O O O O
I I
Lc_l' ca =min (a/2,c1,c) Lgl’l ca = min (a/2,c1) Ca=c¢
(a) Straight bar (b) Bent or hooked bars (c) Looped bars

Fig. 14. Values of cqfor straight, bent or hooked, and looped bars.

Fig. 15 illustrates the values of the factor K for beams and slabs based on different reinforcement
configurations. In Fig. 15a, for a beam with an anchored reinforcement bar bent at a right angle, the
value of K is 0.1, indicating a strong anchorage effect due to the additional confinement provided by

000095-15



Imjai et al., SUST, 2026, 6(1): 000095

the confinement. Fig. 15b is for a slab with a straight reinforcement bar embedded within the concrete,
the value of K is 0.05, reflecting a reduced anchorage effect compared to the beam, as there is less
confining from the transverse reinforcement. Fig. 15c is for a slab where the reinforcement is placed
directly at the bottom where K is 0, as there is no significant contribution from the transverse
reinforcement to bond strength. These values help in determining the effectiveness of transverse
reinforcement in structural design.

Ast s ¢t
" f' " E S e SN Cq STV T3 Siab

T
i
S
e

(@ K =0.1 (b) K =0.05 ) K =0

Fig. 15. Values for K for beams and slabs with transverse reinforcement.

6.1.2 Lap splices

Fig. 16 illustrates the concept of lap spliced bars in RC, focusing on the percentage of lapped bars
within a specific section. The lapping length (lo) is the required overlap between two reinforcing bars
to ensure proper force transfer. The highlighted areas show the regions where bars are lapped, meaning
they are lap spliced to maintain continuity of force transfer. In the considered section, which spans
(0.65l,) on either side, different bars are lapped at varying positions, ensuring that not all bars are spliced
at the same location. This staggered lap helps in distributing stress more evenly, reducing the risk of
weak points in the structure.

EC2 considers that anchorages and lap splices develop different bond strengths. The design lap
length is defined as,

Iy =aa,o0504 g2 Lo roin (1)

b,re

where:

omin > Max (0.3ctg / oq3150),; 200mm)

0,min b,req?

a1, 0y, a3,a3 and as are taken from Table 5. However, XYAg i, should be taken as 1.0A4(
7 ol £, with A; is the area of one lap spliced bar. Likewise, as = (»,/25)%, but not exceeding 1.5

nor lower than 1.0, p, is the % of bars lap spliced over 0.65lp, measured from the centre of the lap
spliced length (Fig. 16). The coefficient a, can be taken Table 6. Intermediate values of a4 can be
calculated by interpolation.

Z()

; ; yLapped bars

- = Bar (1)

Bar (2)

Bar (3)

L : i > Bar (4)

Section considered

Fig. 16. Percentage of lap spliced bars in one lap section.
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Table 6. Coefficient values ag

Percentage of lap spliced bars relative to

total cross-sectional area %o
< 25% 1.00
33% 1.15
50% 1.40
>50% 1.50

6.1.3 New Eurocode 2

The informative Annex R of the 2nd generation of EC2 [126] includes a section on bond of FRP
reinforcement embedded in NAC. The anchorage length [, of FRP reinforcement in tension and
compression can be calculated as:

Mo 25 % % 1,5. %
lug :klb’kcp'¢f (%j (f_k] (%) [ Cd¢fj -210¢; 8

where k;,, isa coefficient depending on the type of load (k;,=50 for persistent and transient design
situations, kj,=35 for accidental design situations), k., is a coefficient accounting for casting effects
(kcp=1.0 and 1.2 for bars with “good” and “poor” bond conditions, respectively), ¢¢ is the FRP bar
diameter, orq is the design value of stress in the FRP reinforcement, f. is the characteristic
compressive strength of concrete, and ¢4 is the concrete cover.

In the above equation, the value of n, depends on the stress ogq: Ny =1.0for opq <217 MPa,
and ny, =1.5for orq >217 MPa. Likewise, the length [,,4 of the anchorage is limited to:

|y = (¢f /4)'((7ftd / fbd,loo.a) 9)
where fpq100a IS the long-term bond strength of FRP reinforcement. Note that fyq100a = 1.5

MPa, unless more accurate information is available based on production data.

It should be noted that the above equations are only applicable to NAC and therefore further
research should extend their applicability to RAC.

6.2 ACI 318, ACI 440.1R and ACI 440.11

ACI 318 [25] adopts a 'development length' approach, which is based on the “average” bond
strength mobilised along the embedded length of the bars. According to the Commentary of the code, a
development length is required to avoid “the tendency of highly stressed bars to split relatively thin
sections of restraining concrete”. No strength reduction factor is included in the expressions used to
calculate the development/splice length as the equations allow a strength reduction. The general
development length, [; for deformed bars is defined by:

X H YWY

s =l——= 1d,

11/1\/Tc C, — Ky
db

where 1, accounts for the “top bar” effect: if more than 300 mm are casted beneath the
development/splice length, ¥, = 1.3, otherwise ¥, = 1.0. The coefficient ), considers the effect
of epoxy coating. For epoxy-coated bars or wires with cover less than 3d,,, or clear spacing less than
6d,, Y, = 1.5. For all other epoxy-coated bars/wires, ¥, = 1.2. For uncoated and galvanised bars,
take ¥, = 1.0. The factor 1, accounts for the bar size, as smaller diameters tend to exhibit better

bond behaviour. For bars with d,<19 mm, ¥, = 0.8. For bars with d,>22 mm, 1 = 1.0. The code
limits the product of the factor: ¥y, < 1.7.

Theterm (c, +K,)/d, considers the effect of the cover and the contribution of the confinement

(assumed as steel) crossing the potential plane of splitting and it is limited to 2.5. The factor K, is
defined by:

(10)
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K = 20A (11)
Sbt nb
where A,, represents the cross-sectional area of the transverse confinement, s, is the spacing
between the transverse reinforcement along the development or splice length, and n; denotes the
number of developed or spliced bars along the splitting plane. The code permits the use of K;.=0as a
design simplification, even if transverse confining steel exists.

In North American practice, the bond of FRP reinforcement is often calculated using the ACI
440.1R guidelines [127]. The ACI 440.1R guidelines rely heavily on ACI 318, primarily because many
formulas in the former guidelines are extensions (mostly via modification coefficients) of bond
equations already developed for steel reinforcement in ACI 318. Accordingly, the development length
lq for straight FRP bars is defined as the bonded length necessary to mobilise a stress f;.:

340
% 83\/> )

4 136+c/d, d,

where o is the “top” bar modification factor, fz- isthe FRP bar stress (which depends on the type
of failure of the element), f’. is the concrete compressive strength, C is the smallest of the cover to
the centre of the bar, or one half of the centre-on-centre of the develop bars, and db is the FRP bar
diameter. In the case of lap splices, ACI 440.1R suggests increasing the development length to 1.314.

As expected, the recently issued design code ACI 440.11-22 [128] adopts a somehow similar
approach to ACI 440.1R (i.e. an expression similar to Equation 12) but with some minor modifications.
In the first instance, ACI 440.11 is only applicable to GFRP bars. Likewise, the concrete cover thickness
C is taken as the smallest of the side concrete cover, the cover over the bar (in both cases measured
to the centre of the bar), or one-half of the centre-to-centre spacing of the bars. Moreover, the term
C/dp inthe denominator of Equation 13 is limited to 3.5. Likewise, f;. is the stress in the GFRP bar
necessary to mobilise the full nominal capacity of the structural element. For lap splices, ACI 440.11-
22 provides a classification that depends on the Class type of splice, with the requirements for lap splices
Class B being the largest of 1.314, 20d,,, or 300 mm as per Table 25.5.2.1 of the same code. Similar to
other cases, the equations in ACI 318, ACI 440.1R and ACI 440.11 were developed for NAC.

6.3 Model Code 2010

Model Code 2010 [27] presents one of the most comprehensive guidelines on bond behaviour. The
code considers a “design anchorage length” over which bond can be mobilised. As such, the length [,
of a reinforcing steel bar is measured to the end of a straight bar or to the outside of a hook or bend.
The stress in the reinforcement o,4q to be anchored by bond over the length [, is:

oy = f, —-(R,/A) (13)

where a; is a coefficient that considers the effect of transverse compression on anchorages or
lap-splices, fyq is the design yield strength of the reinforcing steel in tension, F;, is defined as a force

developed by “other measures” such as hooks or bends (F,= 0 in the case of straight bars being pulled
in tension), and A is the area of the bar.

The value of the length [, can be calculated as:
¢O-sd |

I =
b — b,min
41,

where @ is the bar diameter, and f,,q is the design ultimate bond strength. Likewise, the
minimum anchorage length is:

ly min > Max{0.3¢ T, /(4 1, );104;100mm} (16)

(14)

b,min
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The code includes a series of expressions to calculate the bond strength f,,4 using a basic bond
strength value fyq 0.

Model Code 2010 [27] also includes a section on bond of internal FRP reinforcement, but such
section redirects the designer to the fib Bulletin 40 [129]. The fib Bulletin 40 includes bond equations
taken from the Canadian Highway Bridge Design Code, Japan Society for Civil Engineering
recommendations, and ACl Committee 440, and therefore such equations are applicable only to NAC.

6.4 Proposed modifications expected in future design codes

Current design codes, including ACI 318 [25], Eurocode 2 [26], and the Model Code [27],
primarily focus on steel and FRP reinforcement embedded in NAC, with no provisions for
reinforcement embedded in RAC. To extend their applicability, several key modifications should be
considered in future revisions. Revised coefficients and confinement factors are necessary to reflect the
FRP’s reliance on adhesion (rather than mechanical interlocking) in RAC, where increased porosity can
affect bond strength.

Unlike steel, FRP does not generate significant radial confinement, requiring adjustments to
account for its different bond behaviour. Anchorage length modifications should be introduced, as FRP
exhibits lower bond-slip resistance than steel. Existing formulas assume steel’s ductility, which does
not apply to FRP. Future design codes should adopt FRP-specific anchorage models to ensure reliable
load transfer. New bond-slip models tailored to FRP reinforced RAC elements should be incorporated.
Due to a weaker ITZ in RAC, these models must consider varying aggregate properties, mix design,
and moisture conditions to improve bond strength predictions. Bond stress equations in codes should
be refined to better represent FRP behaviour in RAC. Implementing these modifications can enhance
design accuracy, promoting the sustainable use of RAC with FRP reinforcement.

7 Research trends and future challenges

Most of the existing literature examined bond behaviour in anchorages and splices, and the
knowledge gained from these studies is reflected in current guidelines and design codes. Future studies
should focus on hybrid composites integrating FRP bars with mineral admixtures to optimise RAC bond
performance.

Whilst FRP does not generate significant radial confinement, bond splitting failures have been
observed in FRP reinforced RC elements with relatively thin concrete covers. This suggests that
confinement could be used to minimise the risk of brittle bond splitting failures. As such, it is expected
that future revisions of design codes would develop and integrate appropriate confinement factors for
different types of confinement. For instance, passive and active confinement using external FRP jackets
or post-tensioned metal straps [115,130,131] could be used to prevent bond failures.

Likewise, it is expected that the use of ML/AI can help develop bond behaviour models for steel
and internal FRP reinforcement in RAC structures, as such tools are already being applied to other areas
in civil engineering [83,132,133]. Moreover, future research could also use fibre optic sensors [82] to
obtain detailed strain distribution profiles along anchored and lap spliced FRP bars in RAC elements.

Other areas for future development in design codes are outlined below:

Recycled Aggregates: The current overestimation of bond strength when using RAC in
combination with reinforcing bars should be addressed in design formulas. This would facilitate the
acceptance of recycled aggregates as a viable alternative construction material in the industry.

Fibres in Concrete: Incorporating fibres to produce fibre reinforced concrete (FRC) can increase
bond strength by up to 1.5 times compared to conventional concrete. Fibres also help reduce crack
propagation and enhance the concrete's resistance to corrosion. Therefore, design guidelines should
specify the influence of fibres on bond behaviour and consider them as an important factor in
determining bond strength.

Corrosion Effects: Corrosion can enhance confinement bonding due to the pressure generated by
its expansion mechanism. Therefore, design specifications should include the effects of corrosion,
considering its impact on aging, performance, and the durability of concrete structures.
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These factors emphasise key areas for future modifications of design codes, ensuring they address
emerging materials and elements that influence bond strength and durability in concrete structures.

7.1 Experimental gaps and hybrid reinforcement solutions

Although extensive research has been conducted on RAC and FRP reinforcement separately,
experimental gaps remain in understanding their combined behaviour. Long-term durability studies on
FRP reinforced RAC elements under cyclic loading, freeze-thaw cycles and chloride penetration are
limited. Additionally, bond-slip models (considering both local and average bond stresses) should be
refined to consider varying RCA quality, moisture conditions, and FRP surface treatments. Whilst some
research has been carried out on structural components made of FRP reinforcement and RAC subjected
to high temperature [122, 123], similar full-scale structural investigations on FRP reinforced RAC
elements such as beams, slabs, and columns are also lacking. To enhance RAC performance, hybrid
reinforcement solutions can also offer promising advancements. Combining FRP with steel
reinforcement provides a balance between the FRP’s high strength and corrosion resistance and the
steel ability to yield. Fibre-reinforced RAC incorporating steel, glass, or basalt fibres improves crack
resistance and tensile strength, mitigating bond-related weaknesses [124, 125]. Nano-modified RAC,
enhanced with nano-silica or graphene-based additives, reduces porosity and strengthens the ITZ, which
can improve bond performance. Addressing these gaps will facilitate the broader adoption of FRP
reinforced RAC in structural applications.

8 Conclusions

This article offers a comprehensive review of the bond behaviour between steel and FRP bars and
recycled aggregate concrete (RAC) made with recycled concrete aggregate (RCA), examining the
various factors that influence bond strength and its characteristics. Several important conclusions can
be drawn from the review:

e The presence of porous adhered mortar on the surface of recycled concrete aggregates (RCA)
increases water absorption and reduces the bonding capacity of RAC with reinforcement. To
minimise these negative effects and improve RAC bonding performance, aggregates should be
used in a saturated surface dry condition.

e The use of RAC can enhance bond strength when steel bars exhibit some corrosion (up to
5.75%), achieving higher bond strength compared to conventional concrete. The cracking
patterns observed in both RAC and normal concrete specimens are similar, featuring horizontal
splitting cracks along the splice region and vertical flexural cracks at the ends of the splice.

e Based on past studies, it was found that moderate recycled concrete aggregate (RCA)
replacement levels (50% to 75%) can improve the bond strength of bars due to a rougher
interfacial transition zone (ITZ). However, high levels of RCA replacement (close to 100%),
can reduce bond strength by up to 38%. Further research on RAC is suggested to clarify these
observed trends as RAC is a family of materials.

e Overall, the use of pullout tests to examine bond behaviour of FRP bars in RAC is only
recommended for comparisons of bond behaviour among different types of bars, or for
benchmark testing. The adoption of beam splice tests is recommended as these provide average
bond stresses as those expected in actual structures, and they allow for the use of lateral
confinement.

e Current design codes primarily focus on steel and FRP reinforcement embedded in NAC, with
no provisions for reinforcement embedded in RAC. To extend their applicability,
modifications of existing equations should be considered in future revisions. This is necessary
as FRP bars rely on adhesion (rather than on mechanical interlocking) to mobilise bond stresses,
which in turn is affected by the RAC’s higher porosity.
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