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Abstract 7 

The use of recycled aggregate concrete (RAC) contributes to reducing energy and natural resource 8 
consumption in the construction industry. However, incorporating recycled concrete aggregates (RCA) into 9 
the concrete production process usually causes some difficulties in controlling fresh and hardened concrete 10 
properties. One of the properties susceptible to being affected is bond, which is a requirement for reinforced 11 
concrete (RC) structures. Besides, if more sustainable and durable structures are to be had, the benefits of 12 
fibre reinforced polymer (FRP) bars should be included to achieve this. 13 

This study evaluates the effect on the bond behaviour between concrete and FRP bars when a percentage 14 
of natural coarse aggregates is replaced by recycled concrete coarse aggregates. To that end, a total of 48 15 
pull-out tests were conducted. Three series of concrete mixes (i.e. three different concrete grades) were 16 
prepared, each containing four mixes, where the RCA were used at rates of 0%, 20%, 50% and 100% of 17 
the coarse aggregate total weight. The study also focuses on the influence of the rebar surface configuration 18 
(spirally wounded and ribbed) on FRP-RAC bond strength.  19 

According to the experimental results, no unique pattern for concrete compressive strength variation after 20 
RCA has been included can be defined as being valid for all concrete grades. Furthermore, the experimental 21 
results showed that both bond development and the deterioration process between the RAC and FRP bars 22 
was similar to that between natural aggregate concrete (NAC) and FRP bars. 23 
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1. Introduction 28 

The construction industry not only uses large quantities of natural resources, but also disposes of very large 29 
quantities of construction and demolition waste as well. The environmental and economic impacts of both 30 
these practices are considerable. Numerous policies aimed at increasing reuse and recycling are being 31 
promoted by many governments. The use of recycled aggregate concrete (RAC) is one way to reduce not 32 
only energy consumption, but also that of the available natural resources, thus solving some of the problems 33 
in construction engineering. However, there is a widespread reluctance to use recycled concrete as an 34 
aggregate in new concrete which results from the limited information available on the topic.  35 

Employing demolition materials as a source of aggregates to produce new concrete may pose workability 36 
problems. The main problem with using recycled aggregates in structural concrete is their high water 37 
absorption capacity. The recycled aggregate (RA) is composed of natural aggregate (NA) bonded with 38 
cement mortar. This cementitious paste gives the recycled concrete aggregates (RCA) a rougher, lighter 39 
and more porous structure, thus decreasing their particles’ density and increasing their water absorption 40 
capacity with respect to NA [1,2,3,4]. This leads to difficulties in controlling the properties of fresh concrete 41 
and consequently influences the strength and durability of hardened concrete [5]. One way to reduce the 42 
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absorption capacity of RCA is to increase the amount of mixing water [6,7,8]. Alternatively, several authors 43 
pre-soaked RCA before use, keeping mixing water constant [9,10,11,12]. 44 

Several studies have looked into the impact using recycled aggregates has on the properties of hardened 45 
concrete. The differences in the sources and quality of the original concrete, their different crushing process 46 
and the RCA selection procedure, along with the variable percentage of NA being substituted by RCA used 47 
in the different studies are some of the reasons for the large variability in the experimental results obtained 48 
and which are not always consensual. Several studies report that when RCA is incorporated there is a 49 
decrease in the mechanical properties of concrete (in particular in the compressive strength, the splitting 50 
tensile strength and the Young’s modulus) [13,14], while others obtained slight increases in the concrete 51 
strength when incorporating either recycled concrete coarse aggregate (RCCA) or recycled concrete fine 52 
aggregate (RCFA) [15,16]. Further studies define a replacement rate threshold value beyond which 53 
mechanical properties of hardened concrete decrease and below which mechanical properties increase 54 
[12,17,18]. In a closer analysis of the effect of substituting NA with RCA on the mechanical properties of 55 
hardened concrete, other studies differentiate between higher and lower compressive strength levels [9,19]; 56 
in these latter studies, the planes where failure takes place and the effect of the higher roughness of RCA 57 
are presented as determining factors. 58 

One of the most important requirements in reinforced concrete (RC) constructions is the bond between the 59 
concrete and the reinforcement. Therefore, evaluating that bond behaviour between the reinforcement and 60 
the RAC is an essential requirement when employing RAC in RC structures. Investigations into the effect 61 
of RCA on bond strength with reinforcing steel are very limited [4,17,19,20,21], and the results and 62 
conclusions are not always consensual, even when confirmed and highly accepted aspects are checked. It 63 
is widely accepted, for instance, that the bond strength between natural aggregate concrete (NAC) and steel 64 
rebars is related to the square root of the concrete compressive strength (fc

0.5). When this issue is studied in 65 
the case of RAC, different conclusions can be found in the literature. The now widely-accepted trend was 66 
confirmed in [4,17], where a decrease in the bond strength of RAC of differing percentages or RCA, that 67 
resembled the decrease in concrete compressive strength, was reported. Butler and co-workers [19] 68 
however, conclude that there is a weak relationship between the bond strength and the splitting tensile 69 
strength of concrete, and propose that bond strength is more dependent on the crushing resistance of RCA, 70 
thus highlighting the importance of knowing both the source and the characteristics of these RCA. Taking 71 
this one step further, results in [21] indicate that concrete compressive strength and the bond strength of 72 
RAC were affected by the aggregate size, with the smaller size of coarse aggregate gaining the advantage 73 
in the case of both mechanical properties. However, with the same maximum aggregate size, the 74 
compressive strength of the RAC decreased as the RCA replacement ratio increased, and the bond strength 75 
for 0% RCA replacement ratio was always higher than that of 100% RCA replacement ratio. In terms of 76 
normalized bond strength (i.e. bond strength divided by fc

0.5), the authors observed reverse tendencies 77 
according to the maximum aggregate size: the normalized bond strength of RCA with a maximum 78 
aggregate size of 20 mm showed a tendency to increase in proportion to the RCA replacement ratio, while 79 
the normalized bond strength of RCA with a maximum aggregate size of 25 mm gradually decreased. This 80 
is in agreement with [22], where a 12.5 mm maximum aggregate size was used and the authors observed 81 
an increase in the normalized bond strength as the RCA replacement ratio was increased. However, the 82 
results in [21,22] contradict [4] where a 16 mm maximum aggregate size was used and the authors observed 83 
a decrease in the normalized bond strength as the replacement ratio of RCA was increased. 84 

Another widely-accepted statement is that bond mechanisms acting between plain reinforcement and NAC 85 
differ from those acting between deformed rebars and NAC. As a result, the bond strength subsequently 86 
developed also varies. Xiao and Falkner [20] analysed the differences between the bond of plain and 87 
deformed steel bars when RAC was used, and confirmed that the bond strength of the deformed bars almost 88 
doubled that of the plain bars. According to the results reported, similar values of bond strength were 89 
obtained for deformed bars; irrespective of the RCA replacement percentage. However, a different trend 90 
was observed for plain bars, whose bond strength value decreased according to the rising RCA replacement 91 
percentage. 92 
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Given the inconsistencies in the experimental results, the database needs to be broadened so as to expand 93 
practical use of RAC in modern civil infrastructures. In addition, if more sustainable and durable structures 94 
are desired, the benefits of non-metallic reinforcement should be included, and therefore research into the 95 
combination of RAC and fibre reinforced polymer (FRP) rebars should be addressed. To the best of the 96 
authors’ knowledge, no previous study on the bond behaviour between RAC and FRP reinforcement has 97 
ever been conducted. Therefore, within this new research field, it would seem reasonable to take the well-98 
established knowledge on the combination of NAC and FRP as the starting point from which to evolve 99 
[23,24,25,26].    100 

This paper investigates bond behaviour between FRP bars and concrete with different replacement ratios 101 
(0%, 20%, 50% and 100%) for the recycled coarse aggregates which were applied to three different concrete 102 
grades (low, medium and high). The study also focuses on the influence of the rebar surface configuration 103 
(spirally wounded and ribbed) on FRP-RAC bond strength. The replacement ratio of RCA was termed as 104 
the recycled aggregate replacement percentage to the total coarse aggregates by weight. 105 

 106 

2. Experimental programme 107 

2.1. Materials 108 

The RAC mixes were made up of cement, water, a natural fine aggregate, a natural coarse aggregate, a 109 
recycled coarse aggregate and an additive. CEM I 52.5R cement, in accordance with the European standard 110 
EN 197-1: 2011 [27], was used in this study. 111 

A commercial viscosity modifier and underwater admixture was used to improve workability and ensure 112 
compliance with the requirements set out by the Spanish Code on Structural Concrete (EHE-08) [28] for 113 
low water-to-cement ratio concretes. 114 

The coarse aggregates used in this study are both natural aggregates (NA) and recycled concrete aggregates 115 
(RCA). The NA were obtained from a local quarry and one fraction size (5-15 mm) was used. The RCA 116 
were produced at a local construction and demolition waste treatment and recovery plant. The properties of 117 
the old concrete are unknown. The RCA size fraction used was also 5-15 mm. Two sizes of natural fine 118 
aggregates were used in this study: 0-2 and 0-4 mm. Table 1 summarizes the physical and mechanical 119 
properties, as well as standards used to determine the properties of the aggregates. At present, there is no 120 
standard test procedure for determining the amount of adhered mortar on recycled concrete aggregates. 121 
However, recycled aggregate was analysed in accordance with the European Standard EN 933-11:2009 122 
[29] and Table 2 presents its constituents. The gradations and particle size distributions of the NA and RCA 123 
analysed in accordance with the European Standard EN 933-1:2012 [30] are presented in Table 3 and Fig. 124 
1. The properties were all ascertained at the CECAM (Centre of Construction Studies and Materials 125 
Analysis) laboratories. 126 

 127 

 128 

 129 

 130 

 131 

 132 

 133 
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Property Standard 
Aggregate 

NA 0/2 NA 0/4 NA 5/15 RCA 5/15 

Maximum grain size (mm) EN 933-1 [30] 2 4 15 15 

Fineness modulus EN 13139 [31] 3.39 4.31 5.04 4.84 

Apparent density, a (kg/m3) EN 1097-6 [32] 2400 2620 2720 2670 

After oven-drying density, rd (kg/m3) EN 1097-6 [32] 2210 2530 2680 2370 

Saturated surface density, ssd (kg/m3) EN 1097-6 [32] 2290 2570 2700 2490 

Water absorption (%) EN 1097-6 [32] 3.7 1.6 0.6 4.9 

Sand equivalent (%) EN 933-8 [33] 60 80 - - 

Los Angeles test value (%) EN 1097-2 [34] - - 22 28 

Flakiness index (%) EN 933-3 [35] - - 11 7 
Table 1. Physical and mechanical properties of the aggregates. 134 

 135 

Aggregate Rc (%) Ru (%) Rb (%) Rg (%) Ra (%) X (%) 

RCA 53 45 0.7 0 1.2 0 
Table 2. Composition of recycled concrete aggregate. Rc = concrete, mortar and natural aggregates with mortar attached; Ru = 136 

unbound natural aggregates without mortar attached; Rb = ceramics (brick, tiles etc); Rg = glass; Ra = asphalt; X = other impurities 137 
(wood, plastic, metals). 138 

 139 

Coarse 
aggregate type 

Sieve size (mm)   

0.063 4 5.6 6.3 8 10 11.2 12.5 14 16   

NA 5/15 0.8 1 5 11 34 64 82 98 100 100  

RCA 5/15 0.4 2 3 15 44 73 84 96 99 100   

Fine aggregate 
type 

Sieve size (mm) 

0.063 0.125 0.25 0.5 1 2 4 5.6 6.3 8 16 

NA 0/4 3.2 6 16 31 51 71 93 99 99 100 100 

NA 0/2 3 11 28 48 74 97 100 100 100 100 100 
Table 3. Aggregate gradations (cumulative percentage passing (%)). 140 

 141 

Figure 1. Particle size distribution of the aggregates. 142 

The size distribution curves of NA 5/15 and RCA are similar, indicating that the gradation/granulometry of 143 
the final mixture would not be greatly affected by the replacement with RCA. This is also depicted in the 144 
similar values for the fineness modulus of both the coarse aggregates (presented in Table 1). Not 145 
unexpectedly, the density of the RCA is lower than that of the natural coarse aggregate (NA 5/15); this 146 
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difference is explained by the greater porosity of recycled aggregate due to the presence of adhered mortar 147 
[1-4]. Recycled aggregates also have a higher absorption capacity, when compared to natural aggregates, 148 
which can be detrimental to the workability of the concrete mix [2]. Along these lines, water absorption is 149 
limited to a maximum of 7% for RCA by the Spanish Code on Structural Concrete (EHE-08) [28] and 150 
consequently the water absorption value for the recycled aggregate used in this study complies with the 151 
specifications defined in the EHE-2008 [28]. Moreover, the external morphology of the aggregates 152 
(presence of sharp edges, angular outlines, variable shapes and a more or less flat surface) is also of 153 
importance as it can lead to a reduction in the quality of concrete in terms of strength and durability. It is 154 
common practice to determine the shape of the coarse aggregates by calculating the flakiness index. 155 
Flakiness indexes for both the NA 5/15 and the RCA used in this study do not exceed the 35% threshold 156 
set by the EHE-08 [28]. The study of the physical and mechanical properties of aggregates is completed by 157 
determining the resistance to fragmentation. The EHE-08 [28] recommends using the Los Angeles test to 158 
assess the resistance of coarse aggregates to erosion caused through abrasion, wear, and impact. The Los 159 
Angeles test sets a value of 40% as the uppermost limit. Due to the low presence of ceramic (visible to the 160 
naked eye) in the coarse aggregates used in this study (see Table 2 and Fig. 2), including RCA would not 161 
exacerbate resistance to corrosion. It would appear from the physical and mechanical characterization of 162 
coarse aggregates, that both the NA and RCA used in this experimental study are suitable for concrete 163 
manufacturing.  164 

 
 

 

Figure 2. Photos of a) natural coarse aggregates (NA 5/15) and b) recycled concrete aggregates (RCA 5/15). 165 

Two types of Glass Fibre Reinforced Polymer (GFRP) bars with different surface configurations were used. 166 
The Type A bar had a helical wrapping surface and some sand coating, whilst the Type B bar had a ribbed 167 
surface. In both cases, a nominal diameter of 16mm was considered. Normalized tests, according to CSA 168 
S806-12 [36], were conducted to obtain their cross-sectional area. The mean values of tensile strength, ffu, 169 
and modulus of elasticity, Ef, were obtained from uniaxial tension tests according to ASTM D7205 [37] 170 
and are shown in Table 4, along with the corresponding nominal values as given by the manufacturers. The 171 
surface texture of the GFRP bars is illustrated in Fig. 3. 172 

Type 
Surface 

treatment 
Diameter, db 

(mm) 
Tensile Strength,  ffu 

(MPa) 
Modulus of 

Elasticity, Ef (GPa) 

A HW, SC 15.875 (5/8 in) 910 (655) 49.2 (40.8) 

B GR 16 1313 (1000) 70.1 (60) 

Table 4. GFRP properties. HW = helical wrapping; SC = sand coating; GR = grooves. Values provided by manufacturers in 173 
brackets.  174 

 175 

 176 

a) b)
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 177 

 178 

Figure 3. Surface treatment of the GFRP bars. 179 

2.2. Concrete mix proportions 180 

A total of twelve different mixes were employed to examine the influence of RCA incorporation on the 181 
bond behaviour between GFRP bars and RAC. 182 

Three series of concrete mixes were prepared and each series contained four mixes, where the RCA were 183 
used at rates of 0%, 20%, 50% and 100% of the coarse aggregates total weight. The three mixes with 0% 184 
of replacement were needed to benchmark the results. These “control” concrete mixes, presented in Table 185 
5, are commonly used by ready-mix producers in Spain and were selected to have different 28-day target 186 
strengths: (a) Mix 1, referred to as C20, has a target cylinder strength fc=20 MPa, (b) Mix 2, referred to as 187 
C30, has a target cylinder strength fc=30 MPa and (c) Mix 3, referred to as C50, has a target cylinder strength 188 
fc=50 MPa. 189 

The use of the underwater admixture additive enabled NA to be replaced with RCA, resulting in a similar 190 
workability (measured following the European Standard EN 12350-2:2009 [38]) and without increasing 191 
the water/cement ratio. Only in the case of Mix 1, with low percentage of additive, was it necessary to 192 
slightly increase the water and cement content (in different proportions, thus increasing the total w/c ratio) 193 
to preserve workability. The proportions of the concrete mixes used in this study are listed in Table 5. 194 

 195 

Series 
RCA 

replacement 
rate (%) 

W/C 
Unit weight (kg/m3) Slump 

(cm) 
C W NA 5/15 RCA 5/15 NA 0/2 NA 0/4 AD 

Mix 1, 
C20 

0 0.77 160.4 123 980 0 180 800 2.23 7.0 

20 0.86 170 145.67 784 196 180 800 2.2 7.0 

50 0.79 205.42 162.43 490 490 180 800 2.23 7.5 

100 0.82 201.24 165.43 0 980 180 800 2.63 7.5 

Mix 2, 
C30 

0 0.60 275 165 960 0 180 725 3.3 8.0 

20 0.60 275 165 768 192 180 725 3.3 7.5 

50 0.60 275 165 480 480 180 725 3.3 8.0 

100 0.60 275 167 0 960 180 725 3.3 8.0 

Mix 3, 
C50 

0 0.42 450 190.66 1050 0 60 580 6.75 10.0 

20 0.42 450 190.66 840 210 60 580 6.75 10.5 

50 0.42 450 190.66 525 525 60 580 6.75 10.5 

100 0.43 450 192.33 0 1050 60 580 6.75 11.0 

Table 5. Concrete mix proportions. W/C = water-to-cement ratio; C = cement; W = water; AD = admixture. 196 

 197 
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2.3. Curing and material test method for concrete 198 

For each mix, three cylindrical specimens 150 mm diameter and 300 mm height and three 150 mm cubic 199 
specimens were cast in steel moulds and transferred to a curing room until de-moulding 24 hours later. The 200 
material characterization specimens were then de-moulded, marked and once again transferred to the curing 201 
room which was set at 20±2ºC with approximately 95% humidity. The cylinders were used to determine 202 
the tensile splitting strength (fct), and the cubic specimens were used to determine the compressive strength 203 
(fc,cub) at 28 days. 204 

 205 

2.4. Details of pull-out specimens 206 

The pull-out specimens were fabricated according to the ACI 440.3R-04 [39] standards and a 200 mm cubic 207 
mould was used to manufacture them. The bond length, lb, was five times the rebar diameter, this short 208 
anchored length allowing the assumption of a uniform distribution of bond stress. The bond length was 209 
marked with PVC pipes and placed at the bottom of the concrete cube (see Fig. 4a). The concrete was then 210 
poured with the GFRP bars in a vertical position inside the mould, in the middle of the specimen. After 211 
moulding, the specimens were transferred to a curing room for 24 hours, along with the concrete 212 
characterization specimens. Thereafter, the pull-out specimens were de-moulded, marked and transferred 213 
once again to the curing room at 20±2 ºC and about 95% humidity, until testing at 28 days. 214 

Two pull-out specimens per each concrete series, recycled aggregate percentage (0%, 20%, 50% and 215 
100%), and GFRP bar types (A and B) were manufactured, thus giving a total of 48 pull-out specimens. 216 
The elements tested were identified as Cx-R-G-N, with Cx standing for the type of concrete (C20, C30 217 
C50), R for the RCA rate (0%, 20%, 50%, 100%), G for the type of GFRP bar (A or B), and N for the 218 
identification of identical specimens. 219 

 220 

2.5. Test set-up 221 

The pull-out test set-up is shown in Fig. 4b. The tests were performed in accordance with ACI 440.3R-04 222 
[39], using a servo-hydraulic testing machine with a capacity of 600 kN. Displacement control was selected 223 
to capture post-peak behaviour. The load was applied to the reinforcement bar at a rate of 0.02 mm/s and 224 
measured with the electronic load cell of the testing machine. The loaded and unloaded end slips were 225 
measured with four linear variable differential transformers (LVDTs). An automatic data acquisition system 226 
was used to record the data.  227 

 
  

Figure 4. Pull-out test a) specimens, b) set-up. 228 

 229 

 
a) b)
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3. Test results 230 

3.1. Compressive strength 231 

The compressive strengths of the concrete mixes at 28 days are shown in Fig. 5 and Table 6. Different 232 
trends in the evolution of compressive strength can be found when natural aggregate is replaced with RCA, 233 
and this is in contrast with the trends in the literature that reported a decrease in compressive strength when 234 
natural aggregate is replaced with RCA [21,40]. To explain the effect that RCA has on concrete 235 
compressive strength, the water-to-cement ratio of the concrete mixtures and the failure planes of hardened 236 
concrete must be considered.  237 

According to the proportions of the concrete mixes presented in Table 5, the water-to-cement ratio was not 238 
kept constant in the Mix 1 (C20) series for the sake of workability. Concrete mixtures with larger water-to-239 
cement ratio are largely referred to in the literature review as resulting in lower mortar strengths, which 240 
then manifests itself as a reduction in concrete compressive strength when failure occurs through the mortar 241 
phase. Visual inspection of the failure plane for the Mix 1 specimens in this experimental study confirmed 242 
that failure occurred mainly through the mortar phase, thus explaining the loss of compressive strength. 243 
Special attention should be given to mix C20-100 when compared to the other mixtures of the same Mix 1 244 
series. In this case, the decrease in compressive strength (due to a larger water-to-cement ratio) is mostly 245 
offset by the effect of the higher roughness of the RCA (compared with the smoother surface texture of the 246 
NA). As suggested by [9,19,41] it appears that the aggregate-mortar bond strength between the new mortar 247 
and the RCA is greater than the aggregate-mortar bond strength between new mortar and the natural 248 
aggregate, due to both the presence of non-hydrated cement particles in the RAC and their higher roughness.  249 

No influence of water-to-cement ratio (and therefore no influence of mortar phase strength) can be expected 250 
in the analysis of the effect of RCA on concrete compressive strength in the Mix 2 (C30) and Mix 3 (C50) 251 
series, as the water-to-cement ratio was kept constant, irrespective of the percentage of RCA replacement. 252 
Therefore, to explain the effect that RCA has on concrete compressive strength, attention should be 253 
focussed on the failure planes of hardened concrete.  254 

Failure planes can be classified as being mainly around or mainly through the coarse aggregate [19]. Failure 255 
planes occurring around the aggregate indicate that the mortar-aggregate interface is the limiting strength 256 
factor. It should be noted that concretes made up of recycled aggregates have two interfacial zones (IZ): 257 
one formed in the recycled aggregate (bond between gravel and old mortar) and the other newly created 258 
between the recycled aggregate (including old mortar) and the new cement paste. Therefore, for the recycled 259 
aggregate concrete (RAC) with failure occurring around the coarse aggregate, either the old or the new IZ 260 
is the limiting strength factor. Failure planes occurring through the coarse aggregate, on the other hand, 261 
indicate that it is the strength of the coarse aggregate itself that is the limiting strength factor. Again, in the 262 
recycled aggregate concrete, the limiting strength factor can be either the old or the new coarse aggregate 263 
strength. 264 

Visual inspection of the failure plane for Mix 2 (C30) specimens confirmed that for RCA replacement ratios 265 
equal or less than 50%, failure was occurring mostly around the aggregates, whilst for 100% RCA 266 
replacement, failure occurred mainly through the aggregates. According to the concrete compressive 267 
strengths presented in Table 6, it can be concluded that for RCA replacement up to 50%, the IZ seems to 268 
be the limiting strength factor, and therefore concrete compressive strength increases due to the higher 269 
roughness of the RCA. In contrast, for 100% RCA replacement (C30-100), the original natural aggregate 270 
strength (in the RCA) was the limiting strength factor, rather than the mortar-aggregate bond.  271 

Visual inspection was also applied to characterise Mix 3 (C50). In this case, the predominant failure plane 272 
observed was through the aggregates, thus confirming the quality of the new mortar phase. The initial 273 
benefit provided by 20% RCA replacement, probably attributable to their higher roughness, is followed by 274 
a loss in concrete compressive strength when the replacement rate is increased, this signalling that the 275 
original natural aggregate strength (in the RCA) is the limiting strength factor.   276 
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Mix design 
Compressive strength, Tensile splitting strength, 

fc,cub (MPa) fct (MPa) 

C20-0 27.46 1.95 

C20-20 22.02 1.93 

C20-50 25.45 1.97 

C20-100 26.79 2.37 

C30-0 34.10 2.33 

C30-20 35.76 2.48 

C30-50 38.82 2.98 

C30-100 38.37 2.31 

C50-0 54.28 3.50 

C50-20 60.65 3.40 

C50-50 58.42 3.23 

C50-100 50.59 3.55 
Table 6. Properties of hardened concrete. 278 

 279 

Figure 5. Effect of recycled aggregate content on concrete compressive strength (for different concrete grades). 280 

 281 

3.2. Bond stress versus slip curves 282 

The relationship between the bond stress and slip between the rebar and the concrete is used to analyse 283 
bond behaviour. The bond stress can be determined from the tensile pull-out load applied during the test. 284 
Although stress distribution is not constant along a bond length, the short bond length assumed in this 285 
experimental programme (i.e. bond length equal to five times the rebar diameter) allows the usual 286 
assumption in pull-out test results that bond stress is uniformly distributed. Therefore, an average bond 287 
stress can be defined as:  288 

𝜏௔௩ ൌ
𝑃

𝜋𝑑௕𝑙௕
 

 
(1) 

 
where P is the tensile load applied to the reinforcing bar, db is the rebar diameter and lb is the bond length. 289 
At each load level, the slip at the loaded end is computed as the average of the slip values measured by the 290 
top 3 LVDTs minus the elongation of the FRP bar in the length between the top surface of bonded length 291 
and the point of attachment of the measuring device on the FRP bars [39]. The unloaded end slip is obtained 292 
from the bottom LVDT. 293 
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Representative specimen curves are shown in Fig. 6 to illustrate the bond stress-slip relationship obtained 294 
for the different specimens. Experimental results for specimens with the type A bar are shown in Figs. 6a, 295 
6c and 6e, with every subfigure being representative of concrete Mixes 1 (C20), 2 (C30) and 3 (C50) 296 
specimens, respectively. Likewise with Figs. 6b, 6d and 6f, where these subfigures represent the 297 
experimental results for the B type bar specimens. In every subfigure (Fig. 6a-6f) a representative specimen 298 
of each RCA replacement rate (0%, 20%, 50% and 100%) is presented.  299 

The global behaviour of the bond stress-slip relationships is characterised by an initial increase in bond 300 
stress with little slip, which is usually referred to as the micro-slip stage. This stage is followed by the 301 
internal cracking stage, when the load increases towards a critical value and the free end of the rebar begins 302 
to slip, thus demonstrating that the adhesion force at the anchorage has been all but exhausted. After this 303 
point, the rate of slip begins to increase until the maximum bond stress is attained. At the descending stage, 304 
the stress declines rapidly and the slip increases, with bond being attributed to the bearing and friction 305 
between the rebar and concrete. 306 

The analysis of the above-mentioned curves indicates that no great differences are to be found in the bond 307 
stress-slip responses shown in every subfigure. This means that the inclusion of recycled concrete aggregate 308 
does not modify the bond mechanisms and therefore the bond development and deterioration process 309 
between the recycled aggregate concrete and the FRP bars is similar to that between natural aggregate 310 
concrete and FRP bars.  311 

Moreover, small differences can be found between bond stress-slip curves for the A and B type bars. 312 
Although surface treatments of these two bars are different (helical wrapping surface vs. ribbed surface), 313 
both bars would be classified as deformed bars (as neither of them belong to the plain bar group), and 314 
therefore no great differences in the post-peak bond mechanism could be expected. In this sense, for both 315 
types of bars, the crushed concrete sticking to the front of the lugs exerts a wedging action; as a consequence 316 
the surrounding concrete exerts a confinement action on the rebar, and therefore bearing resistance is the 317 
bond mechanism being activated. It can be seen that for similar conditions, peak values are higher for the 318 
B type bars and the slope beyond the peak is lower for the A type bars. This is a consequence of the failure 319 
mode being more alike to wear and friction for the A type bar and to the shearing of the lugs in the case of 320 
the B type bar [23]. 321 

Finally, experimental results confirm that concrete strength has a significant influence on bearing 322 
resistance, which increases with increasing concrete compressive strength. Therefore, the larger the 323 
concrete grade, the larger the bearing resistance is and the less the abruptness in the decay of post-peak 324 
bond stresses is. 325 

 326 

 327 

 328 
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Figure 6. Representative test curves of bond stress versus slip: a) C20-A; b) C20-B; c) C30-A; d) C30-B; e) C50-A; f) C50-B. 329 

 330 

3.3. Bond strength 331 

A summary of the experimental results obtained from pull-out tests are given in Table 7, for the A type bar, 332 
and in Table 8, for the B type bar. In these tables, fc is the concrete compressive strength, Pmax is the peak 333 

load (i.e. maximum load attained in the bond test), av is the bond strength and av
* is a normalised bond 334 

strength that accounts for the effect of the concrete strength, defined as: 335 
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The mean values of bond strength, av, and normalised bond strength, av
*, of nominally identical specimens 336 

are also reported.  It should be mentioned that no results are able to be presented for specimen C50-20-B-1 337 
due to technical problems with the data acquisition system during the test. All specimens failed in pull-out 338 
mode and no cracks were observed at the end of the tests. Visual inspection of the surface of the reinforcing 339 
bars after the pull-out test confirms differences in how this surface was damaged according to the grade of 340 
concrete. Low surface damage was observed in bars of series C20, with most of the cases having some 341 
sticked concrete. Moving to series C30, a more worn surface was observed for bars type A (with some 342 
concrete sticking to the bar surface, and some bar fibres sticking to concrete); in the case of bar type B, 343 
damage of the bar surface consisted mainly in wear, with loss of bar ribs arising on occasions. Finally, 344 
damage was largely concentrated on bar surface (and not in concrete surface) for specimens in series C50; 345 
in this sense, it is worth mentioning that for bar type B damage mostly occurred by shearing of the bar 346 
surface rib.  347 

Specimen fc,cub (MPa) 
Maximum load, 

Pmax (kN) 
Bond strength, 
av (MPa) 

Mean bond strength 
(MPa) 

Normalised bond 
strength, av

* (MPa0.5) 
Mean normalised bond 

strength  (MPa0.5) 

C20-0-A-1 27.46 41.28 10.26 
11.57 

1.96 
2.21 

C20-0-A-2 27.46 51.75 12.87 2.46 

C20-20-A-1 22.02 46.66 11.60 
10.26 

2.47 
2.19 

C20-20-A-2 22.02 35.89 8.93 1.90 

C20-50-A-1 25.45 46.36 11.53 
11.16 

2.29 
2.21 

C20-50-A-2 25.45 43.37 10.79 2.14 

C20-100-A-1 26.79 39.10 9.72 
11.00 

1.88 
2.12 

C20-100-A-2 26.79 49.33 12.27 2.37 

C30-0-A-1 34.10 53.84 13.39 
13.87 

2.29 
2.38 

C30-0-A-2 34.10 57.73 14.36 2.46 

C30-20-A-1 35.76 55.93 13.91 
14.58 

2.33 
2.44 

C30-20-A-2 35.76 61.35 15.26 2.55 

C30-50-A-1 38.82 63.76 15.85 
16.00 

2.54 
2.57 

C30-50-A-2 38.82 64.91 16.14 2.59 

C30-100-A-1 38.37 61.49 15.29 
14.37 

2.47 
2.32 

C30-100-A-2 38.37 54.10 13.45 2.17 

C50-0-A-1 54.28 62.22 15.47 
16.22 

2.10 
2.20 

C50-0-A-2 54.28 68.22 16.97 2.30 

C50-20-A-1 60.65 68.20 16.96 
17.57 

2.18 
2.26 

C50-20-A-2 60.65 73.15 18.19 2.34 

C50-50-A-1 58.42 80.31 19.97 
18.21 

2.61 
2.38 

C50-50-A-2 58.42 66.14 16.45 2.15 

C50-100-A-1 50.59 64.91 16.14 
14.54 

2.27 
2.04 

C50-100-A-2 50.59 52.05 12.94 1.82 
Table 7. Summary of bond strength for specimens reinforced with spirally wounded bar (type A). 348 

A comparison between the experimental results for the A type bar and the B type bar depict that, although 349 
bond after peak load relied on bearing resistance and friction for both types of bar, larger bond strengths 350 
were in fact obtained for ribbed bars, irrespective of the concrete grade or the RCA percentage rate (see 351 
Fig. 7). This is in accordance with Xiao and Falkner [20], who reported the same trend for bond behaviour 352 
between steel reinforcement and RAC. 353 

Moreover, the state of the art largely accepts that bond strength between natural aggregate concrete and 354 
reinforcement is related to concrete compressive strength, with this interrelation being more pronounced 355 
for deformed and/or ribbed bars. In the case of recycled aggregate concrete, this is also confirmed by the 356 
experimental results of this experimental programme (see Fig. 8), which show that larger bond strengths 357 
are obtained for increasing concrete grades, irrespective of the RCA replacement rate or the bar type.  358 
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 359 

Figure 7. Comparison between mean bond strength for different bar types for concrete: a) Mix 1, C20; b) Mix 2, C30; c) Mix 3, 360 
C50. 361 

 362 

Specimen fc,cub (MPa) 
Maximum load, 

Pmax (kN) 
Bond strength, 
av (MPa) 

Mean bond strength 
(MPa) 

Normalised bond 
strength, av

* (MPa0.5) 
Mean normalised bond 

strength  (MPa0.5) 

C20-0-B-1 27.46 63.11 15.69 
15.55 

3.00 
2.97 

C20-0-B-2 27.46 61.92 15.40 2.94 

C20-20-B-1 22.02 62.81 15.62 
16.74 

3.33 
3.57 

C20-20-B-2 22.02 71.79 17.85 3.80 

C20-50-B-1 25.45 59.52 14.80 
14.84 

2.93 
2.94 

C20-50-B-2 25.45 59.82 14.88 2.95 

C20-100-B-1 26.79 59.50 14.80 
14.61 

2.86 
2.82 

C20-100-B-2 26.79 57.97 14.41 2.78 

C30-0-B-1 34.10 83.51 20.77 
21.56 

3.56 
3.69 

C30-0-B-2 34.10 89.86 22.35 3.83 

C30-20-B-1 35.76 87.80 21.83 
21.83 

3.65 
3.65 

C30-20-B-2 35.76 87.73 21.82 3.65 

C30-50-B-1 38.82 87.04 21.65 
21.61 

3.47 
3.47 

C30-50-B-2 38.82 86.74 21.57 3.46 

C30-100-B-1 38.37 78.28 19.47 
20.35 

3.14 
3.28 

C30-100-B-2 38.37 85.36 21.23 3.43 

C50-0-B-1 54.28 105.89 26.33 
24.70 

3.57 
3.35 

C50-0-B-2 54.28 92.72 23.06 3.13 

C50-20-B-1 60.65 - - 
27.49 

- 
3.53 

C50-20-B-2 60.65 110.53 27.49 3.53 

C50-50-B-1 58.42 102.33 25.45 
25.11 

3.33 
3.28 

C50-50-B-2 58.42 99.60 24.77 3.24 

C50-100-B-1 50.59 87.23 21.69 
23.30 

3.05 
3.28 

C50-100-B-2 50.59 100.20 24.92 3.50 
Table 8. Summary of bond strength for specimens reinforced with ribbed bar (type B). 363 
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Figure 8. Comparison between mean bond strength for different concrete grades for bar: a) type A, and b) type B. 366 

 367 

3.4. Influence of RCA on bond strength 368 

In this section, the experimental results on bond strength from the three different target concrete 369 
compressive strengths (C20, C30 and C50) are analysed to determine whether the impact of the RCA 370 
replacement rate (0%, 20%, 50% and 100%) on bond strength varies according to the grade of concrete.  371 

The influence of RCA on the bond strength of steel RC has mainly been studied using a fixed target value 372 
of concrete compressive strength [17, 19, 21, 22] and few studies have incorporated different grades of 373 
concrete strengths [4].   374 

A literature review on bond between NAC and FRP reinforcement reveals that the bond strength between 375 
FRP bars and concrete with a compressive strength approximately greater than 30 MPa does not greatly 376 
depend on the value of the concrete strength, but rather on the rebar’s properties and surface configuration. 377 
However, different dependencies are observed for concrete grades around 15 MPa, when bond is affected 378 
much more by the concrete grade [23,24]. Experimental results in this study confirm that this same trend 379 
also applies to bond between RAC and FRP reinforcement. 380 

In the present experimental programme, specimens casted with the Mix 1 concrete mixture (with a target 381 
concrete compressive strength of 20 MPa) are said to represent low concrete grade specimens. Therefore, 382 
concrete compressive strength is expected to be a determinant in the analysis of the influence of RCA on 383 
their bond strength. As reported in Section 3.1, the decrease in the concrete compressive strength in the 384 
Mix 1 series is not directly related to a higher RCA replacement rate, but rather to a higher water-to-cement 385 
ratio (for replacement rates equal to 0%, 20% and 50%) and a combination of the water-to-cement ratio and 386 
higher roughness of RCA (for a replacement rate of 100%). Bearing this in mind, whatever the origin/cause 387 
of the variation in the compressive strength of the concrete, variations in bond strength for both bar types 388 
(A and B) resemble those of the compressive strength (see Table 9).  389 

Specimens cast from the Mix 2 concrete mixture (with a concrete compressive strength target of 30 MPa) 390 
are said to represent medium concrete grade specimens. In this case, the failure and bond strength are said 391 
to be not only dependent on concrete properties, but also on a combination of hardened concrete properties 392 
and the surface configuration of the reinforcement. Experimental data is thus analysed separately for A and 393 
B type bars. The bond result analysis for the A type bar reveals that for the RCA replacement ratios of 20% 394 
and 50%, variations in the bond strength in percentage terms resembles those in the compressive strength 395 
of concrete. The effect of replacing 100% of the NA with RCA shows a different tendency; in this case, 396 
although the compressive strength of the concrete is increased (with respect to the replacement ratio of 0%), 397 
a smaller percentage of increase in the bond strength is found, probably due to the change in the concrete 398 
failure plane (analysed in Section 3.1). This is a sign of bond being a consequence of the combination of 399 
this higher compressive strength and the bar surface configuration. Results on specimens that combine this 400 
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same concrete mixture (Mix 2, C30) and the type B bar, show that the RCA replacement ratio, and as a 401 
consequence the compressive strength of the concrete, may not be a highly determining factor. The increase 402 
in the compressive strength of the concrete produced by the inclusion of RCA does not imply any great 403 
changes in bond strength (see Table 9). In this case, the ribbed surface configuration of the bar means the 404 
bond is more dependent on the shear strength of both the bar and the concrete ribs. This is in accordance 405 
with [20], whose experimental programme covered RCA replacement ratios of 0%, 50% and 100% with 406 
concrete grades similar to those in Mix 2 in this study.  407 

Experimental results for the highest concrete grade specimens (specimens with the Mix 3 concrete mixture 408 
and with a target concrete compressive strength of 50 MPa) indicate that bond strength increases for RCA 409 
replacement ratios equal to 20% and 50% and decreases for a total replacement (r=100%), irrespective of 410 
the type of reinforcement bar. This is a sign of the bond being greatly influenced by the concrete 411 
compressive strength, with the bar’s surface configuration producing a low impact. It should be mentioned, 412 
however, that the percentage variations in compressive strength and the bond strength are different. 413 

 414 

RCA 
replacement 
rate, r (%) 

Mix 1, C20   Mix 2, C30   Mix 3, C50 

fc,cub (MPa) 
av/av, r=0 

fc,cub (MPa) 
av/av, r=0 

fc,cub (MPa) 
av/av, r=0 

bar A bar B  bar A bar B  bar A bar B 

0 27.46 1.00 1.00 34.10 1.00 1.00 54.28 1.00 1.00 

20 22.02 0.89 1.08 35.76 1.05 1.01 60.65 1.08 1.11 

50 25.45 0.96 0.95 38.82 1.15 1.00 58.42 1.12 1.02 

100 26.79 0.97 0.95  38.37 1.04 0.94  50.59 0.90 0.94 
Table 9. Effect of RCA replacement rate on bond strength. 415 

 416 

3.5. Relative normalized bond strength 417 

The analysis of the experimental results presented until now, clearly suggest that when talking about a 418 
relationship between the variations in bond strength due to the inclusion of RCA, one cannot forget the 419 
variations in bond strength due to variations in the concrete’s compressive strength, these being an inherent 420 
effect of including RCA.  421 

For the effect of the inclusion of RCA on bond strength to be analysed in isolation and without taking into 422 
account the effect of changes in the compressive strength of the concrete, the normalised bond strength of 423 
the pull-out tests in this experimental programme (presented in Tables 7 and 8) is used to calculate the 424 

percentage change from the baseline value produced by the replacement of RCA (i.e. av
*/av

*
, r=0), the 425 

results of which are presented in Table 10.  426 

A general result of this experimental programme which is applicable to any concrete grade and/or 427 
reinforcement surface configuration, is that it is the total replacement of RCA (r=100%) that produces a 428 
decrease in normalized bond strength. This general result aside, the experimental results are analysed 429 
separately for the different concrete grades.  430 

Concrete compressive strength is usually reported as being a determinant on bond strength in low concrete 431 
grade specimens (Mix 1). When the effect of concrete compressive strength is removed, the experimental 432 
results show that in the case of the same RCA replacement ratio similar variations in the normalized bond 433 
strength between the two types of FRP bars and concrete are found, but with the exception of the 20% RCA 434 
replacement rate combined with the type B bar. These results confirm the low impact of bar surface’s 435 
configuration. 436 

In contrast, bond in the medium concrete grade (Mix 2) is reported to be dependent on the combination of 437 
hardened concrete’s properties and the surface configuration of the reinforcement. Once the effect of the 438 
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concrete’s properties is removed, experimental results show that in deformed bars rather than in ribbed 439 
bars, replacing RCA causes either higher increases or smaller reductions in the normalized bond strength. 440 

 441 

RCA 
replacement 
rate, r (%) 

Mix 1, C20   Mix 2, C30   Mix 3, C50 

fc,cub (MPa) 
av

*/av
*

, r=0 
fc,cub (MPa) 

av
*/av

*
, r=0 

fc,cub (MPa) 
av

*/av
*

, r=0 

bar A bar B  bar A bar B  bar A bar B 

0 27,46 1,00 1,00 34,10 1,00 1,00 54,28 1,00 1,00 

20 22,02 0,99 1,20 35,76 1,03 0,99 60,65 1,03 1,05 

50 25,45 1,00 0,99 38,82 1,08 0,94 58,42 1,08 0,98 

100 26,79 0,96 0,95  38,37 0,98 0,89  50,59 0,93 0,98 
Table 10. Effect of RCA replacement rate on normalized bond strength. 442 

 443 

The literature on bond between NAC and steel or FRP reinforcement, remarks that bond strength is a 444 
function of the square root of the concrete strength [42-44]. Therefore, a number of researchers have 445 
proposed equations that represent the bond between the reinforcing bars and the concrete in which the 446 
compressive strength of concrete is a factor involved. Some of these expressions are presented next and 447 
checked to confirm their applicability to bond between RAC and FRP.  448 

CEB-FIP Model-Code [42] distinguishes between two different situations when defining the bond strength 449 
between ribbed bars and concrete: unconfined concrete (failure through concrete splitting) and confined 450 
concrete (failure through pull-out). As all the specimens in this experimental programme failed in pull-out 451 
mode, only the equations for confined concrete are considered in this study: 452 

 453 

Good bond conditions: 𝜏௠௔௫ ൌ 2.5ඥ𝑓௖ (3) 

All other bond conditions: 𝜏௠௔௫ ൌ 1.25ඥ𝑓௖ (4) 

 454 

Orangun and co-workers [43] proposed the following formula: 455 

𝜏 ൌ 0.083045ඥ𝑓௖ ൤1.2 ൅ 3
𝐶
𝑑௕

൅ 50
𝑑௕

𝑙௕
൨ 

 
(5) 

 
where C is the minimum value between Cs and Cb, where Cs=min(1/2 of clear spacing, side cover) and 456 
Cb=cover. Based on the previous expression and an expanded experimental data base, Darwin and co-457 
workers [44] propose an alternative equation as follows:  458 

𝜏 ൌ 0.083045ඥ𝑓௖ ൤൬1.06 ൅ 2.12
𝐶
𝑑௕

൰ ൬0,92 ൅ 0,08
𝐶௠௔௫

𝐶௠௜௡
൰ ൅ 75

𝑑௕

𝑙௕
൨ 

 
(6) 

 
where Cmin=min(Cx, Cy, Cs/2), Cmax=max[min(Cx, Cs/2), Cy] in which Cx is the side cover, Cy is the bottom 459 
cover and Cs is the spacing between the bars. 460 

The results from this experimental programme are compared with predictions from the above-mentioned 461 
expressions in Fig. 9. It should be noted that the predictions from Eqs. 5 and 6 have almost overlapped. 462 
This is due to the bond test set-up used in this study, namely a pull-out test with a single bar centred in a 463 
cubic concrete block.  464 
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 465 

Figure 9. Variation of the bond strength with the concrete compressive strength. 466 

Although Eqs. 3 and 4 were originally defined for ribbed bars, the bond strengths in the specimens cast 467 
with ribbed bars (type B) are underpredicted by the CEB-FIP proposal, probably due to the conservative 468 
nature of the code. When the experimental results on the bond tests on the deformed bars are considered 469 
(type A), satisfactory predictions are obtained thanks to a combination of the conservative character of the 470 
code and the customary lower bond performance of deformed bars.  471 

Furthermore, although originally developed for steel reinforcement, the predictions using Eqs. 5 and 6 fall 472 
within the point cloud of the experimental results, thus demonstrating their capability to be applied to both 473 
NAC and RAC bonded to steel or FRP reinforcement. 474 

 475 

4. Conclusions 476 

In this paper, the effect of including recycled coarse aggregates on the properties of hardened concrete and 477 
bond behaviour between FRP bars and concrete was investigated. From the results and the discussion the 478 
following conclusions have been drawn: 479 

- The physical and mechanical properties of the recycled coarse aggregates used in this study comply with 480 
the specifications prescribed in standards for its structural use, and therefore are suitable for concrete 481 
manufacturing.  482 

- No unique pattern for the compressive strength variation of concrete, due to the inclusion of recycled 483 
coarse aggregate, can be defined as being valid for the three concrete grades (low, medium and high). This 484 
is because of the many factors involved, such as the addition of new interfacial zones and aggregates whose 485 
origin and properties are usually unknown.  486 

- In the case of low grade concrete (i.e. C20 in this study, with a target of  fc=20 MPa), adding recycled 487 
coarse aggregates lead to a decrease in the concrete’s compressive strength, no matter what RCA 488 
replacement ratio is considered. The variation in the water-to-cement ratio applied to the mix proportions 489 
for workability, together with failure occurring through the mortar phase, are the cause of the loss. 490 

- In the case of medium grade concrete (i.e. C30 in this study, with target of fc=30 MPa), the benefits in 491 
compressive strength resulting from RCA inclusion are limited to an RCA replacement ratio equal or less 492 
than 50%. For higher replacement rates, the failure plane changes to occur exclusively through the 493 
aggregates and the increase in the concrete’s compressive strength slows down.  494 

- In the case of high grade concrete (i.e. C50 in this study, with a target of fc=50 MPa), no clear tendency 495 
can be defined. More precisely, the concrete compressive strength clearly increases for the initial RCA 496 
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replacement ratio of 20%; however, a higher replacement ratio mitigates the growth and the total 497 
replacement of the aggregates impacts negatively on the compressive strength. 498 

- Substituting natural aggregate with a recycled concrete aggregate causes no significant change in the 499 
bond-slip curves, irrespective of the concrete grade, bar type or RCA replacement ratio considered. 500 
Therefore, the bond development and deterioration process between recycled aggregate concrete and FRP 501 
bars is similar to that between natural aggregate concrete and FRP bars. 502 

- As in bond between natural aggregate concrete and FRP bars, greater bond strengths are obtained in the 503 
recycled aggregate concrete for the increasing concrete grades. Similarly, ribbed bars showed greater bond 504 
capacities than deformed ones, providing enough confinement is guaranteed. 505 

- The bond strength in specimens belonging to the lowest concrete grade category (i.e. specimens cast from 506 
Mix 1) is greatly affected by the compressive strength of the concrete but with no impact from the bar 507 
surface configuration. Therefore, replacing RCA produces no significant variation in normalized bond 508 
strength, irrespective of the reinforcing bar type.  509 

- The bond strength in specimens belonging to the medium concrete grade category (i.e. specimens cast 510 
from Mix 2) is dependent on the combination of hardened concrete properties and surface configuration of 511 
the reinforcement. If the effect of the concrete’s compressive strength is removed, greater benefits from 512 
replacing RCA are obtained for the normalized bond strength of deformed bars, when compared to that of 513 
ribbed bars. 514 

- Satisfactory bond strength predictions by the CEB-FIP model code and other expressions available in the 515 
literature were obtained, thus confirming their applicability for bonding between RAC and FRP. 516 
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