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Abstract
This paper presents an experimental investigation into the cyclic behaviour of reinforced concrete members incorporating a significant proportion of recycled rubber particles as a replacement for mineral aggregates. Tests were carried out on thirteen large scale members of circular cross-section, with and without external confinement, and with different proportions of rubber content and axial loads. The specimens were subjected to inelastic lateral cyclic displacements and predefined levels of co-existing axial loading. After describing the testing arrangement and specimen details, the main results and observations are provided and discussed. The test results enable a direct comparative assessment of the key response characteristics of the specimens, with focus on stiffness properties and strength interaction, as well as ductility and energy dissipation. It is shown that rubberised reinforced concrete members can offer a good balance between bending capacity and ductility in comparison with conventional reinforced concrete members, particularly for low levels of axial loads. In the presence of relatively high axial loading and when a significant proportion of rubber content is used, external confinement such as through FRP sheets as employed in this study, can be adopted to recover the required capacity and to provide highly stable hysteretic response. The implications of the findings on the use of rubberised reinforced concrete members in practice, and procedures that can be used to determine the main design parameters, are also highlighted within the discussions.
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1. Introduction
In addition to the environmental benefits of using rubber as replacement for mineral aggregates in concrete, the presence of rubber particles can also offer other merits in terms of structural performance. In recent years, several investigations considered the combination of rubber particles resulting from tyre recycling with cementitious materials in various applications including crash barriers [1-4], floors and pavements [5-8], blast panels [9-10], amongst others. These studies focused primarily on the response of combined rubber and concrete materials at the constitutive level through detailed studies including their fresh and hardened properties [11-21], durability [22-23], rubber-cement matrix interactions [10, 24-26], sound absorption [27-28], as well as thermal and dynamic characteristics [29-33]. 
The above-noted previous studies showed that the embedded rubber particles modify the fresh and hardened properties of the concrete as a function of the percentage of rubber replacement and grain size, with only a marginal effect arising from the type of rubber used. The relatively low specific gravity of rubber leads to a reduction in the unit weight in comparison with conventional concrete. The presence of rubber particles also leads to a reduction in compression strength, splitting tensile strength, elastic modulus and shear resistance of rubberised concrete materials [14,34], yet it can provide improved ductility and energy dissipation characteristics. Although investigations on the behaviour of structural members incorporating rubberised concrete materials have been limited compared to studies at the material level, the potential benefits have been illustrated [35-43].
[bookmark: _Hlk509388822]Earlier studies on members included tests on rectangular columns with varying rubber content subjected to uniaxial compressive loading [35]. These tests showed that apart from the reduction in load carrying capacity, rubberised columns were capable of undergoing up to twice the lateral deformations before buckling compared to conventional concrete columns. Other tests on reinforced concrete beam and column specimens with replacement of sand by rubber of up to 18% showed that while the material compressive strength reduced by about 31%, the reductions in the ultimate beam and column member capacities was about 6% and 12%, respectively [42]. On the other hand, tests on rubberised reinforced concrete columns, with and without external confinement using polymeric sheets, showed that high levels of energy dissipation can be obtained in comparison with conventional reinforced concrete members [37]. Other tests in which thin steel tubes were in-filled with rubberised or normal concrete indicated only a marginal influence from the type of concrete infill on the inelastic behaviour of the members [41].
[bookmark: _Hlk509388906]Although previous tests have demonstrated the viability and potential benefits of using rubberised concrete materials in structural elements, available experimental results have been limited to member configurations in which relatively small proportions of total aggregate replacement, typically well below 20%, have been employed [36,37]. In general, there is a need for further research on the inelastic performance of structural members, especially for cases in which relatively large proportions of rubber particles as a replacement for mineral aggregate are incorporated. In this respect, an earlier study by the authors on rubberised concrete materials showed that the loss of strength is significant up to replacement levels of 10-15%, but the rate of reduction decreases with higher replacement ratios [14]. It was also shown that the rubber content has a less detrimental influence on the bond properties in comparison with its influence on the uniaxial compressive strength, with bond coefficients exhibiting largely constant trends irrespective of the rubber content up to replacement ratios of 60% [44]. This suggests that higher replacement ratios may offer an improved balance between the environmental benefits of using rubber as well as enhanced ductility, energy dissipation, and reliable bond behaviour on the one hand, and the loss in concrete strength on the other hand. 
This paper describes a detailed experimental study on reinforced concrete member specimens subjected to inelastic lateral cyclic displacements and different levels of co-existing axial loads. The test series includes specimens that employ concrete materials incorporating rubber particles representing relatively large replacement proportions of mineral aggregates up to 60%. A detailed account of the test results from thirteen large-scale tests on 350 mm and 250 mm diameter circular reinforced rubberised concrete members, with or without external confinement through FRP sheets, is given. Based on the test results and observations, key response characteristics including stiffness properties and strength interaction, as well as ductility, spread of plasticity and energy dissipation, are assessed and compared, and the main implications on practical design application are discussed.

2. Experimental Programme
2.1 Specimen details
Thirteen specimens of circular cross-section of which three with a diameter of Ø250 mm and ten with a diameter of Ø350 were tested as shown in Figure 1a-c, with full details of the specimens given in Table 1; these had a moment length of 1000 mm and 1350 mm, respectively. The specimen reference given in Table 1 adopt the format of Dvvv-Rxx-Fy-Nz which indicate the member diameter (D) in mm, the rubber content (R) in percentage, the number of confining layers (F) and the level of axial load (N: N0 for members without axial load, N1 for ‘low’ axial loads below 10% of the nominal cross-section axial capacity, and N2 for ‘high’ axial loads above 10% of the nominal cross-section axial capacity).
For comparison purposes, the experimental assessment presented herein includes three specimens of Ø250 mm diameter that were tested as part of an initial study on rubberised members [43]. As illustrated in Figure 2a, these three specimens were provided with 8×Ø12 mm bars as longitudinal reinforcement and Ø10 mm circular stirrups with a spacing sw=100. One of the specimens (D250-R00-F0-N1) was made of conventional reinforced concrete (RC) for comparison, the second (D250-R60-F0-N1) had rubberised concrete replacement (RRuC) over a length of 450 mm from the footing, whilst the third (D250-R60-F3-N1) was provided with rubberised concrete at the bottom and external AFRP confinement (CRRuC), as indicated in Table 1. 
[bookmark: OLE_LINK129][bookmark: OLE_LINK130][bookmark: OLE_LINK131][bookmark: OLE_LINK132]The ten Ø350 specimens were provided with identical longitudinal reinforcement detailing consisting of 8×Ø16 mm symmetrically positioned bars (Figure 2a,b). All members had transverse circular stirrups of Ø10 mm at a spacing sw=70 mm except D350-R60-F0-N2S which had sw=40 mm. Six of the Ø350 specimens in Table 1 were provided with rubberised concrete (RRuC) on a length of approximately 450 mm from the footing-to-member interface as depicted in Figure 2c. Four of these six members were externally confined (CRRuC) with two or three layers of Aramid fibre reinforced polymer (AFRP), with confined lengths measured from the bottom of the member as illustrated in Figure 2d and depicted in Table 1. 
The specimens were designed to provide a scaled representation of a bridge pier, with due consideration of experimental constraints. Each Ø350 specimen had a rectangular footing (2100×600×400 mm) at its base, and a rectangular cap (400×400×300 mm) at the top as depicted in Figure 1a. The footing and specimen caps were designed to remain relatively rigid in comparison with the element with circular cross-section. The two different diameters (Ø250 and Ø350) were selected to assess any influence from the section size on the response of flexurally governed members that are provided with similar levels of confinement, with due account for experimental constraints.
2.2 Material properties and mix designs
For the rubberised concrete specimens, ready-mix concrete was typically used in the footing and top parts of the members, whilst concrete with high rubber content mixed in the laboratory was placed in the bottom regions. Two rubberised concrete mixes with volumetric replacement ratios of ρvr=0.45 and ρvr=0.60, described below in detail and referred to here as R45 and R60, were considered. The constituents used in the materials prepared in the laboratory were mineral aggregates, rubber particles, binders, tap water and admixtures, with the quantities provided in Table 2. Within the quantity of binders depicted in the table, 80% was CEM I 52.5 [45] conforming to EN 197-1 [46], 10% was EN 450-1 [47] fineness Category S fly ash and the remaining 10% was Grade 940 silica fume [48]. The sand (< 5 mm) and gravel (5-10 mm) had a specific gravity of 2.65, whilst the moisture content was 5 and 3%, respectively. The particle size distribution of mineral aggregates and rubber determined following EN 933-1:2012 [49], are depicted in Table 3 and Figure 3. A blend of rubber particles with smaller sizes up to 10 mm resulting from recycling of car tyres [50], and larger sizes up to 20 mm from truck tyre recycling [51] with specific gravity of 1.1 and water absorption of 7% and 1%, respectively, were employed in the rubberised concrete.
The quantities described in Table 2 were placed in a large 500 l rotary mixer in the following order: mineral aggregates, half of the water, rubber particles, binders, remaining water and admixtures. The first phase of dry mixes consisting of mineral aggregates and half of the water was mixed for one minute, followed by mixing the second phase of the dry mix that included rubber particles and binders, for another minute. After the remaining components were placed in the mixer, these were homogenised up to 5 minutes. The workability for the designed low water-to-cement ratio of 0.35 content was maintained in both fresh concretes by adjusting the initial designed admixtures quantity given in Table 2. One-third of the quantity of admixtures was plasticisers [52], whilst the other two-thirds were super-plasticisers [53]. This mixing procedure was maintained throughout the experimental programme. Fresh concrete properties were determined by means of a slump cone. Both ready-mix normal concrete and rubberised concrete materials were poured in the prepared member forms and compacted using concrete vibrators. The casting was performed in three phases, namely the normal concrete in the footing in wood forms, the rubberised region in plastic circular forms [54] and, ultimately, the remaining region of the member and specimen cap with normal concrete. After casting, these were covered with plastic sheets to ensure concrete hydration. The circular forms were removed from the members approximately one week after casting. 
The sampling of concrete materials was made according to EN206-1 [55] for the assessment of mechanical properties in terms of compressive strength using Ø100×200 mm cylinders and 100 mm cubes, and splitting strength using Ø102×254 mm cylinders. These were compacted with a vibrating table until the air release from the fresh concrete was at a minimum. Material samples were submersed in water after removal from forms at 24h and kept in the wet environment until 28 days when they were prepared for testing. The ends of the cylindrical samples were ground and capped with high strength mortar, and further polished with sand paper to ensure flatness of the surfaces and good contact conditions with the testing machine. Material tests on all concrete materials were carried out at 28 days and throughout the experimental programme. Average values of tests performed at 28 days from a minimum of three samples are provided in Table 1.
[bookmark: _Hlk497389195][bookmark: _Hlk497389199][bookmark: _Hlk497389202][bookmark: _Hlk497389205][bookmark: _Hlk497389207]The complete compressive stress-strain σ-ε responses were assessed by means of testing for the rubberised concrete (R45 and R60), confined rubberised concrete (R45F2 and R60F3), as well as for the reference conventional concrete (R00) from which the rubberised concrete materials were derived (see Figure 4). These are plotted in a normalised form in relation to the strength frc as well as axial and corresponding lateral crushing strain of the rubberised concrete (εrc1,1 and εrc2,1, respectively). As observed in Figures 4a,b, the compressive strengths of the reference concrete materials fc0 are about 5 times that of the rubberised R45 counterpart and about 10 times of the R60 counterpart. These values are in good agreement with predictions using the rubberised-to-reference concrete compressive strength degradation curve (frc/fc0), proposed by the authors [14], and depends on rubber content (ρvr) and type of mineral aggregate replaced (λ). This degradation relationship (Figure 4c) is derived from a detailed analysis of a collated database on average test results from about 240 rubberised concrete mixes and their reference concrete mixes. As observed in Figure 4d, for a λ=2.90 that corresponds to the replacement of both coarse and fine mineral aggregates, the predicted values (fc0/frc) are in good agreement with data points representing the σ/frc ratios at peak for the cases described above for the curves in Figures 4a,b.

For the five externally confined specimens, two (F2) or three (F3) layers of aramid fibre reinforced polymer (AFRP) sheets oriented perpendicular to the longitudinal axis of the member were used as external confinement as indicated in Table 1. The same arrangement was also used in the corresponding Ø100×200 mm cylinders for material testing in order to determine the confined properties (see Table 1). Aramid sheets S&P Grade A120/290 [56] with 0.2 mm design thickness, mean sheet elastic modulus 116 kN/mm2, mean tensile strength of sheet 2400 N/mm2 and mean strain capacity of sheet 2-10%, were used. A 100-mm overlapping length for the member specimens, and 50 mm for material cylinders, was adopted to ensure sufficient transfer length. Two-component epoxy resin bonding adhesive from the same producer as the aramid sheets, conforming to BS EN 1504-4 [57] was applied to the fibre sheets prior to their application to the specimen.
[bookmark: _Hlk497389214]As illustrated in Figures 4a,b, two layers of external AFRP confinement, added to the R45 cylinders, enhanced the compressive strength frcc to nearly 5 times the unconfined R45, which is similar to the compressive strength of the reference concrete fc0. On the other hand, the three layers of AFRP used to confine the R60 cylinders increased the frcc to about 6 times the rubberised concrete, which recovers a significant proportion of the strength of its reference fc0. This shows that external confinement, in the form of AFRP, may compensate for the strength loss due to the presence of rubber, whilst enhancing the axial and lateral deformation capacity of the material.
In all specimens, hot rolled deformed bars with diameters of Ø10 mm, Ø12 and Ø16 mm, made of steel Grade B500C, were used without any surface treatment for stirrups and longitudinal reinforcement, depending on the specimen. The properties of the steel materials were different for each of the casting groups with average strengths from steel coupon tests determined on a minimum of three samples, as provided in Table 1. 
2.3 Test rig and instrumentation
The testing arrangement is shown schematically in Figure 1a. The test rig was designed to enable realistic experimental assessment of the ultimate behaviour of the large-scale members subjected to lateral cyclic displacements and co-existing axial loading. The footing of the test specimen was directly supported and connected by means of pre-stressed Ø33 mm ties and transfer beams to the strong floor of the laboratory to avoid potential sliding and overturning under lateral loads. Pre-stressing loads were recorded by means of 600 kN load cells positioned at each tie. The actuators were connected to the rig and to the specimen through two swivel hinges. A vertical actuator of 1000 kN capacity was connected directly to the loading frame as illustrated in Figure 1a, whilst another 250 kN actuator placed horizontally was connected to the reaction frame. Transfer plates of 30 mm thickness were used between the hinges and member cap, and steel rail guides were provided to the test rig to ensure restraint against any out of plane movement (Figure 1b). 

The specimens were tested in an upright position as shown in Figure 1c, with the vertical load applied directly to the member. The inclination of the vertical actuator load was corrected for in the determination of the lateral loading as a function of the level of lateral displacement. After application of the constant axial load, the lateral cyclic displacements were applied based on one cycle at 0.25, 0.5, and 0.75×δy, followed by three cycles at 1.0δy, 2.0 δy and (2+2n)×δy up to fracture of the flexural reinforcement where δy is the estimated lateral yield deformation and n=1, 2, 3, 4, etc. The tests continued until the fracture of at least one flexural reinforcement bar occurred or the lateral actuator displacement limit was reached. 
In addition to the load cells and displacement transducers incorporated within the horizontal and vertical actuators, the instrumentation included 5 additional displacement transducers, 4 inclinometers, up to 37 strain gauges on the longitudinal, transverse reinforcement and external confinement (if present), as well as inclinometers and up to 25 potentiometers as concrete surface gauges (Figure 5a,b). Additionally, a digital image correlation (DIC) system, illustrated in Figure 5c was employed to record detailed local deformations and strains within the expected plastic hinge zone of the specimens.
3. Test Results and Observations
As noted before, the experimental assessment included ten Ø350 and three Ø250 diameter RC members. Out of these 13 specimens, and as shown in Table 1, seven were Reinforced Rubberised Concrete (RRuC) members provided with only stirrup confinement (D250-R60-F0-N1, D350-R45-F0-N0, D350-R45-F0-N1, D350-R60-F0-N0, D350-R60-F0-N1, D350-R60-F0-N2, D350-R60-F0-N2S), one was conventional Reinforced Concrete (RC) (D250-R00-F0-N1), whilst the remaining five were Confined Reinforced Rubberised Concrete (CRRuC) specimens which were provided with stirrups and external AFRP confinement (D250-R60-F3-N1, D350-R45-F2-N0, D350-R45-F2-N2, D350-R60-F3-N0, D350-R60-F3-N2). As observed in Table 4, the axial load applied to the members varied between zero and 800 kN which corresponds to about 15% of the nominal axial capacity accounting for the concrete strength and the contribution of the longitudinal reinforcement. In all cases, the axial load was first applied and maintained throughout the test, followed by application of the lateral cyclic displacements up to failure using a displacement rate of about 0.3mm/sec. The influence of the horizontal component of the axial load at large lateral deformations was accounted for in determining the lateral loads. Figure 6 depicts the lateral load versus displacement (V-δ) response of the Ø250 members, whilst the V-δ responses for the RRuC and CRRuC Ø350 members are given in Figures 7 and 8, respectively. The behaviour of the members and key test observations are described below. 
3.1 Rubberised concrete members
[bookmark: OLE_LINK138][bookmark: OLE_LINK139][bookmark: OLE_LINK140]For the Ø250 rubberised reinforced concrete (RRuC) specimen (D250-R60-F0-N1), the initial vertical load applied was 20 kN. In this specimen (Figure 6a), yielding of the main reinforcement occurred at a lateral displacement δy of about 10mm, and was followed by a relatively gradual compressive crushing behaviour of the concrete in comparison to the conventional RC member D250-R00-F0-N1 (Figure 6b) which was characterised by a more rapid deterioration and less ductile response. The maximum lateral force Vmax of the Ø250 RRuC member (D250-R60-F0-N1) was 38.5 kN with longitudinal reinforcement fracture occurring at a drift (δf) of 87.5mm (i.e. approaching 9% drift with respect to the specimen height).
[bookmark: OLE_LINK147][bookmark: OLE_LINK148][bookmark: OLE_LINK149][bookmark: OLE_LINK150][bookmark: OLE_LINK151][bookmark: OLE_LINK152][bookmark: OLE_LINK153][bookmark: OLE_LINK154][bookmark: OLE_LINK155][bookmark: OLE_LINK156][bookmark: OLE_LINK157][bookmark: OLE_LINK158][bookmark: OLE_LINK159]For the Ø350 RRuC members (Figure 7), cracking was followed by flexural yielding at a displacement δy = 13 mm, with corresponding drift levels of about Δy=1.0% as recorded by strain gauges positioned at the member-to-footing interface. The lateral load at yield Vy and corresponding yield displacement δy are given in Table 4 for all members. The ultimate lateral load Vmax reached was in the range of 73.9-84.9 kN. Although cyclic degradation affected all members, this behaviour was more pronounced for members with high axial load. After reaching Vmax, the loss in lateral capacity between the first and subsequent cycles was up to 17% prior to fracture of the flexural reinforcement. 
Figure 9 shows the typical degradation state of two Ø350 RRuC members as obtained from the DIC recordings at δ = 50, 75 and 100 mm (corresponding to drift ratios Δ = 3.7, 5.5, and 7.4%, respectively). A relatively soft crushing behaviour was observed at the compression zone of the members leading to the first signs of spalling at applied lateral displacements exceeding 75 mm. Although the bottom part of the rubberised concrete zone was subjected to considerable dilation, up to this level of displacement the rubber particles kept the concrete cover clamped to the member core. After the cover separated from the specimen, generally after or at the 1st cycle at δ = 100 mm (Δ = 7.4%), the member rotation was combined with some sliding at the reverse lateral loading direction. Prior to fracture, notable pinching was observed at high inelastic deformations due to the significant deterioration in the plastic hinge region. 
[bookmark: _Hlk497389246]With increasing cycles and more accumulation of damage, for all Ø350 RRuC members, the longitudinal reinforcement fracture occurred at δf of at least 100 mm (Δ = 7.4%). For example, for D350-R45-F0-N1 (Figure 7b), D350-R60-F0-N1 (Figure 7d), D350-R60-F0-N2 (Figure 7e) and D350-R60-F0-N2S (Figure 7f), the rebar fracture was recorded at δf = 100 (Δ = 7.4%). For the remaining specimens (D350-R45-F0-N0 and D350-R60-F0-N0), fracture occurred at δ marginally higher than 110 mm (Δ > 8.1%) as depicted in Figures 7a,c. The displacements at fracture δf are observed on the V- δ curves for all members and reported in Table 4. Figure 10 also shows a typical view of the plastic hinge region of a RRuC specimen (D350-R45-F0-N1) at the end of the test, illustrating the fracture of longitudinal reinforcement. In contrast to the longitudinal rebars at ultimate, in most of the cases the circular stirrups remained in the elastic range up to the 2nd cycle of δ = 100 mm (Δ = 7.4%) with some yielding occurring afterwards due to the evident degradation.
3.2 Confined rubberised concrete members
The behaviour of the Ø250 CRRuC specimen (D250-R60-F3-N1) was characterised by a relatively soft crushing behaviour due to the presence of rubber particles, combined with an elastic response of the external AFRP confinement [43]. This specimen had a highly stable cyclic response and significant energy dissipation, as demonstrated by the shape of the hysteretic loops in Figure 6c, particularly when compared with its unconfined rubberised counterpart (D250-R60-F0-N1 in Figure 6a) as well as its RC counterpart (D250-R00-F0-N1 in Figure 6b).
For the externally confined rubberised concrete (CRRuC) Ø350 members, for each of the two rubberised concrete types (i.e. R45 and R60), one member had no axial load, whilst the other was subjected to 800kN, representing a relatively high axial load. The lateral load-displacement (V-δ) responses are illustrated in Figure 8a-d. For Specimens D350-R45-F2-N0 and D350-R60-F3-N0 with no axial load, yielding of flexural reinforcement was recorded at δy of 12.4 and 12.2 mm, respectively, with a corresponding lateral force Vy of 63.7 and 55.0 kN, respectively. The maximum lateral force for D350-R45-F2-N0 was Vmax=84.4 kN, which is 8.1% higher than for D350-R60-F3-N0 (Vmax=78.1 kN). Specimens with high axial load had a similar yield displacement of about δy=8.8 mm. As for the members without axial load, the R45-F2 members subjected to axial load had higher Vy and Vmax in comparison with the corresponding R60-F3 members (i.e. Vy=82.6 kN and Vmax= 94.4 kN for D350-R45-F2-N2; Vy=57.9kN and Vmax=78.1 kN for D350-R60-F3-N2).
The external confinement maintained the integrity of concrete at significant inelastic deformation levels as illustrated in Figure 11. A relatively soft crushing behaviour, due to the presence of rubber particles, as in the case of the RRuC members, was observed. Combined with the effect of the external AFRP confinement, this resulted in a highly stable cyclic response and significant enhancement in energy dissipation for the CRRuC members subjected to axial load in comparison with the corresponding RRuC members. This is demonstrated by the shape of the hysteretic loops in Figures 8d for D350-R60-F3-N2 and in Figure 7e for D350-R60-F0-N2, respectively. For the CRRuC members with no axial load (D350-R45-F2-N0 and D350-R60-F3-N0), the hysteretic responses in Figures 8a,c resembles those of their RRuC counterparts without AFRP confinement (D350-R45-F0-N0 and D350-R60-F0-N0) as depicted in Figures 7a,c, indicating an insignificant contribution from the external confinement to the energy dissipation. The strain measurements showed that the AFRP sheets remained in the elastic range in both the axial and lateral directions, although some stretched regions, corresponding to locations of flexural cracks, were observed as shown in Figure 12a.
Figure 12b shows the plastic hinge region after removal of the confinement sheets in Specimen D350-R45-F2-N0. The presence of the external confinement restricted the member lateral dilation, limiting concrete damage in compression and keeping the concrete core and cover intact. Although some cracks formed within the confined length of the member, most of the energy was dissipated at the footing-to-member interface where a gap was formed at reversed cycles (Figure 12a). For D350-R45-F2-N0 and D350-R60-F3-N0 with no axial load, fracture of the longitudinal rebars near the footing-to-member interface occurred at the 2nd and 1st cycles of δ = 112 mm (Δ > 8.3%) whilst for members with high axial load (D350-R45-F2-N1 and D350-R60-F3-N1) rebar fracture was not reached. 
3.3 Moment-rotation response 
The envelope lateral moment-rotation curves, depicted in Figure 13, were determined from the peak values of the first cycle for each lateral displacement level. As observed in Figure 13a, the RC member (D250-R00-F0-N1) showed higher lateral strength in comparison with the RRuC (D250-R60-F0-N1) and CRRuC (D250-R60-F3-N1) members, yet accompanied by an increased deterioration with higher lateral displacement. The R45 RRuC members (D350-R45-F0-N0 and D350-R45-F0-N1) with low and no axial load, respectively, showed similar levels of ductility with some enhancement in strength for the axially loaded member (Figure 13b). On the other hand, as depicted in Figure 13c for the Ø350 R60 RRuC members, for cases with high axial load (D350-R60-F0-N2), an observed increase in capacity was combined with more notable deterioration with the increase in lateral deformation in comparison with their counterparts with low or no axial load (D350-R60-F0-N1 and D350-R60-F0-N0, respectively). Similarly, as shown in Figure 13d, for CRRuC members, the presence of axial load produced a combined effect of enhancement in Vmax with more rapid degradation in comparison with the CRRuC members without axial load. 
Comparing the envelope curves for the Ø350 RRuC members in Figures 13b,c with the Ø350 CRRuC members in Figure 13d, shows that for both R45 and R60 materials, the influence of the external confinement on the capacity and inelastic degradation of the members without axial load is minimal. In contrast, the presence of axial load combined with external confinement leads to higher stiffness and capacity in comparison with specimens with no axial loads.
[bookmark: OLE_LINK160][bookmark: OLE_LINK161][bookmark: OLE_LINK162][bookmark: OLE_LINK163][bookmark: OLE_LINK164][bookmark: OLE_LINK165][bookmark: OLE_LINK166][bookmark: OLE_LINK167]The envelope curves in Figure 13 and member stiffness kcr,test values in Table 5 (determined in the post-cracking regime from the ratio of the lateral load at 40% of Vmax and the corresponding lateral displacement (δ) indicate varying stiffness with concrete type and level of axial load. The RRuC member with R45 and no axial load (D350-R45-F0-N0) had 30% higher stiffness in comparison with the R60 member (D350-R60-F0-N0), whilst the R45 member with low axial load (D350-R45-F0-N1) had 10% higher stiffness compared to the corresponding R60 member (D350-R60-F0-N1). Additionally, D350-R60-F0-N2 subjected to high axial load showed about 21% and 37% proportional enhancement in stiffness in comparison to D350-R60-F0-N1 and D350-R60-F0-N0, respectively. 
Irrespective of the concrete type, externally confined CRRuC members without axial load (D350-R45-F2-N0 and D350-R60-F3-N0) developed an initial stiffness similar to the equivalent RRuC specimens within about 10% (D350-R45-F0-N0 and D350-R60-F0-N0, respectively). The axially loaded CRRuC members (D350-R45-F2-N2 and D350-R60-F3-N2) had the stiffest elastic response with kcr,test 2.16 and 1.76 times higher than the CRRuC R45 and R60 counterparts with no axial load (D350-R45-F2-N0 and D350-R60-F3-N0), respectively. The above observations, in conjunction with the envelopes in Figure 13, indicate that members with higher rubber content develop lower stiffness as expected, whilst the axial load produces an enhancement in stiffness up to two folds in the presence of axial confinement. 
The experimental observations described above also show that AFRP confined members (CRRuC) typically exhibit relatively high levels of energy dissipation and low cyclic degradation, with the confinement also leading to enhancement in lateral capacity in comparison with the rubberised specimens (RRuC). Both RRuC and CRRuC members show gradual compressive crushing of concrete, due to the presence of flexible rubber particles as compared to conventional concrete. Generally, members subjected to a lower axial load had lower flexural strength and stiffness, whilst those with higher axial load with or without external confinement showed enhancements in terms of both stiffness and strength. Also, CRRuC members sustained considerable levels of lateral deformation before fracture of the longitudinal reinforcement and developed significant ductility, as discussed below.
3.4 Ductility considerations
[bookmark: OLE_LINK168][bookmark: OLE_LINK169][bookmark: OLE_LINK170]Table 4 provides the member rotations at yield as well as at ultimate (assumed herein to correspond to 20% reduction in lateral capacity) as illustrated in the envelope curves in Figure 13. As observed from Table 4, the lowest rotation at ultimate (ψu=41.8 mrad) was obtained for the conventional RC member (D250-R00-F0-N1) due to the comparatively sudden compressive crushing behaviour and more visible inelastic deterioration in comparison to other members. Considerably larger rotations at ultimate were obtained for the RRuC and CRRuC members in comparison with the RC member, for both the Ø250 and Ø350 specimens. These vary between ψu=53.9 mrad for CRRuC with high axial load (D350-R60-F3-N2) and ψu=79.5 mrad for CRRuC without axial load (D350-R45-F2-N0). In most cases, specimens with no axial load developed higher ultimate rotation capacities in comparison to those with axial load. The CRRuC Ø350 members (D350-R45-F2-N0 and D350-R60-F3-N0) had an average of 8.50% increase in ψu in comparison with their RRuC counterparts (D350-R45-F0-N0 and D350-R60-F0-N0, respectively). On the other hand, the Ø250 mm CRRuC member (D250-R60-F3-N1) had 5.7% lower ψu when compared to the Ø250 mm RRuC member (D250-R60-F0-N0), whilst the R60 Ø350 mm CRRuC specimen subjected to a relatively high axial load (D350-R60-F3-N2) exhibited nearly the same ψu as its RRuC counterpart (D350-R60-F0-N2). Overall, the test results show that rubberised concrete members provide significant levels of inelastic deformation and energy dissipation as discussed in more detail in subsequent sections.


4. Comparative Assessments
Based on the test results and observations, a number of performance characteristics which are important for assessment and design purposes can be examined. These include the prediction of member stiffness, axial-bending strength interaction as well as ductility and energy dissipation properties, as discussed in more detail in this section. 
4.1 Member stiffness

[bookmark: OLE_LINK174][bookmark: OLE_LINK175][bookmark: OLE_LINK176][bookmark: OLE_LINK177][bookmark: OLE_LINK178][bookmark: OLE_LINK179][bookmark: OLE_LINK180][bookmark: OLE_LINK181][bookmark: OLE_LINK182][bookmark: OLE_LINK183][bookmark: OLE_LINK187][bookmark: OLE_LINK188][bookmark: OLE_LINK184][bookmark: OLE_LINK185][bookmark: OLE_LINK186]The envelope curves shown in Figure 13 illustrate the varying stiffness with rubber content and axial load. As discussed in Section 3.3, comparison between the experimentally-obtained member stiffness kcr,test show that, as expected, members with higher rubber content develop lower stiffness, whilst the axial load produces enhancement in stiffness up to two folds in the presence of axial confinement. Table 5 includes the elastic cross-sectional stiffness EIel corresponding to the concrete modulus of elasticity Erc using Equation (1), proposed previously by the authors for rubberised concrete materials [14]. In the same table, the ratio λk,test between the experimental member stiffness kcr,test and the calculated elastic stiffness kel,calc indicate values varying from 0.45 to 0.99 as a function of the level of axial load and concrete type. Higher λk,test values, above 0.85, are obtained for the Ø350 CRRuC members with high axial load, whilst the lowest values, around 0.45, are obtained for members with low or no axial load. 
[bookmark: OLE_LINK189][bookmark: OLE_LINK190][bookmark: OLE_LINK191]Figure 14 shows a comparison between the axial load ratio (ν) which is determined considering the cross-section capacity using the fc or frc values for normal and rubberised concrete and frcc for confined rubberised concrete as obtained from the Ø100 × 200 cylinder tests presented in Table 4, and the λk parameter obtained from the member tests. The solid black points represent the RRuC members and the grey squares depict the response of the CRRuC members. As described before, for the confined rubberised members the increase in axial load had a more significant effect on the stiffness enhancement in comparison to the rubberised members. This behaviour may be estimated in terms of the experimental cracked to calculated elastic stiffness λk parameter depicted in Equation (2a) for RRuC members and Equation (2c) for the CRRuC specimens, by accounting for the influence of ν. 
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where 	 and 							
[bookmark: OLE_LINK91][bookmark: OLE_LINK92][bookmark: OLE_LINK93][bookmark: OLE_LINK94]An assessment of the λk values shows good agreement with the λk,test values with an average of λk/λk,test of 1.01 and coefficient of variation of 0.08. Considering the results in Table 5, Equations (2a,b) in conjunction with constitutive Equations (1) [14] may be directly used for the assessment of the cracked stiffness of both rubberised and confined rubberised concrete members with rubber replacement ratios up to 60% and subjected to low and high axial load levels. 
4.2 Strength interaction
[bookmark: OLE_LINK192][bookmark: OLE_LINK193][bookmark: OLE_LINK194][bookmark: _Hlk497389310]Moment-axial (M-N) strength interaction diagrams are typically adopted to characterise the cross-sectional strength under combined loading [58]. For members provided with rubberised concrete, the assessment of M-N interaction may be considered using a simplified parabola-rectangle constitutive stress-strain σ-ε relationship for rubberised concrete with a crushing strain εrc1 defined in Equation (3a) and the concrete compressive strength frc in Equation (3b), derived from the closed-form non-linear σ-ε proposed previously by authors [14] (Figure 15). The crushing strain εc0,1 [59], and compressive strength fc0 from Equation (3a,b) are material properties for the conventional reference concrete from which the rubberised concrete is derived, whilst ρvr and λ in Equation (3b) are the rubber content and a factor dependent on the size of the mineral aggregate replaced, respectively. 
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in which 		
[bookmark: _Hlk497389325][bookmark: _Hlk497389329][bookmark: _Hlk497389316][bookmark: OLE_LINK197][bookmark: OLE_LINK198][bookmark: OLE_LINK199][bookmark: OLE_LINK200][bookmark: OLE_LINK201][bookmark: OLE_LINK202][bookmark: OLE_LINK203][bookmark: OLE_LINK204][bookmark: OLE_LINK205]Implicitly, for the Ø250 RC member (ρvr=0), the material properties considered are those of normal concrete. For this member, the ultimate compressive strain (referred to herein as εcu2 for conventional concrete or εc0u2 for conventional reference concrete) was determined using the Eurocode 2 recommendations for concrete with fc > 58 MPa (Equation 3c). On the other hand, for RRuC members, rubberised concrete may be considered as a low-strength concrete according to Eurocode 2 guidelines [59]. Hence, the ultimate compressive strain for rubberised concrete may be considered as in Equation (3d). For the members considered in this study, the test strengths given in Table 1 were accounted for in the assessments, whilst the remaining parameters were determined as described above. The steel yield strain εsy is determined from the yield strengths fy, given in Table 1 by considering an elastic modulus Es=200 GPa.
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[bookmark: OLE_LINK206][bookmark: OLE_LINK207][bookmark: OLE_LINK208]For externally-confined AFRP specimens, the same procedure as for RC and RRuC members are used, except that the σ-ε in compression accounts for the external confinement [60] and the influence of the eccentricity on the prediction of the compression governed failure region in the axial-bending interaction diagram [61]. Fibre polymer sheets exhibit a linear-elastic response up to failure, without cumulative damage and largely constant lateral strains at successive loading cycles [60]. For conventional concrete members, previous tests showed that the determined dilation strains on the fibre jacket were typically around ε2 of up to 0.0048 (i.e. 0.48%) [62, 63]. 
[bookmark: OLE_LINK209][bookmark: OLE_LINK210]For the rubberised concrete materials employed in this study, Ø100 cylinder tests indicated ε2u=1.78% for R60-F3, and ε2u=1.55% for R45-F2. Strain gauges located on the Ø350 externally confined CRRuC members with axial loading reached lateral strains of ε2=0.6-0.7% at the ultimate moment Mu and ε2=1.47-1.64% at maximum deformation δu, reflecting a more significant activation of the fibre polymer sheets in comparison to previous FRP confined RC tests [62]. For CRRuC members without axial load, these strains were on average about ε2=0.25%. This is in line with results from the literature indicating that for the same level of confinement, by two layers of carbon FRP, rubberised concrete columns with ρrv=0.09 subjected to axial load and lateral deformation, developed maximum dilation strains. At maximum deformation δu, these strains were in the range of ε2=0.80% which were larger than the dilation strains recorded for reference RC counterpart (ε2=0.59%) [37]. 
The above remarks suggest that the level of dilation affecting the lateral confinement is a function of the transverse strain generated by the concrete material, and implicitly, the rubber content ρvr and confinement thickness. To this end, Figure 16a shows a decreasing trend of ε2 in relationship to ρvr which corresponds to an increase in lateral strains with an increase in rubber content for members from this investigation as well as others from the literature [37,62]. As observed in the figure, the strain ε2 at Mu is about half in comparison to the strain ε2 at δu for members with high rubber content (ρvr=0.45-0.60), whilst for ρvr=0, ε2 at δu should be similar to ε2 at Mu. Although the strains at ultimate deformation δu are of importance for ductility considerations, for M-N strength interaction, the lateral strain ε2 at Mu should be employed as discussed further below.
[bookmark: OLE_LINK211][bookmark: OLE_LINK212][bookmark: OLE_LINK213]In previous studies on concrete-filled FRP tubes subjected to bending and axial loading, it was shown that the gradual change in the state of stress in the jacket with eccentricity influences the level of confinement activated [61]. The effect of confinement becomes more significant for high axial loads (i.e. when the eccentricity M/N=e→0) and there is no notable effect from confinement on the pure bending strength (i.e. when e→∞) [64]. The test observations described in Section 3 indicated similar trends. There is minimal influence from the external confinement on the response of both RRuC and CRRuC members without axial loads, with similar hysteretic response and energy dissipation. In contrast, for RRuC and CRRuC members with axial loads, a significant difference was observed in terms of both capacity and energy dissipation. 
Figures 16b,c shows the compression σ-ε employed for the assessment of M-N curves for CRRuC members. For cases of bending without axial load (ν=0, e→∞), the compressive σ-ε follows the unconfined shape for rubberised concrete (RuC) as illustrated in Figure 15. On the other hand, for concentric loading, it follows the σ-ε obtained from material testing (ν=max, e=0) with the corresponding influence of the member diameter and jacket thickness using proportionality factors obtained from the material tests described in Section 2.2 and in other complementary material tests, as presented in Figure 16d [65]. 
[bookmark: _Hlk497389350][bookmark: _Hlk497389346]The proportionality factors were obtained from a regression analysis on the limited test results for the materials investigated in this paper. For such configurations, as illustrated in Figure 16d, Equations (4a-c) (represented by dashed red lines and solid black points) offer good agreement between the ultimate strengths frcc and strains (εrcc1 and εrcc2) obtained from Ø100×200 mm cylinder tests for R60-F0 to R60-F4 and 150×150 mm vertical prisms for R60-F1. For the R45 members, a similar approach was used by maintaining the slope of Equations (4a-c), but adapted to the corresponding material test results illustrated in Figure 4a. Although the estimated properties of the confined material (frcc, εrcc1, εrcc2) are in good agreement with the test results, Equations (4a-c), noting that this is only validated within the range of materials considered in this study.
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[bookmark: _Hlk497389360]For intermediate cases of M-N interaction, σ-ε was determined using the lateral strains ε2 obtained from strain gauges at Mu, as discussed above, and assuming the same ε2/ε1 weighting function as obtained from Ø100 cylinder tests. The obtained εrccu values for the three cases (namely: pure bending, intermediate eccentricity e=Mu/N represented by Specimens D350-R45-F2-N2 or D350-R60-F3-N2, and concentric loading without bending) were used to determine the M-N interaction curve at three characteristic points (i.e. e→∞, e=Mu/N, e→0, respectively). 
[bookmark: OLE_LINK214][bookmark: OLE_LINK215][bookmark: OLE_LINK216]Figures 17a-g illustrate the predicted M-N interaction curves, using the above-discussed assumptions, for the 13 test members, with the figures also indicating the experimentally obtained strengths. The test results, represented by a pair of (Mu,N) values, as given in Table 4, consistently lie just outside or coincide with the M-N curves. For the M-N curves of RRuC members (Figure 17a,b,f), the balance point (corresponding to the largest moment capacity), occurs at relatively low axial loads, indicating a wider compression-governed domain in comparison to the interaction curve of the RC member in Figure 17e. The latter shows a wider domain in which reinforcement tension yielding governs up to eccentricity levels of about e=0.08, while for the former cases the balance point is at about e=0.25. 
The predictions of the idealised M-N curves for CRRuC members show similar values to those for RRuC members in the low axial load regions below the balance point, since the confinement plays a minimal role in capacity enhancement, and the behaviour of the concrete reduces to the unconfined compressive σ-ε. In contrast, for the case of concentric loading (e=0), the squash capacity of CRRuC members is about two-folds of the RRuC members. The balance points of the interaction curves in Figure 17c-d are determined using the σ-ε for partial confinement with intermediate levels of eccentricity (e=Mu/N). As described above, the effect of confinement becomes more pronounced with an increase in axial load and a corresponding decrease in eccentricity. However, for the regime of compression governed failures (i.e. above the balance point), no member test data is available. Accordingly, the interaction curve in that region was conservatively determined by linearly joining the capacity at the balance point and at concentric axial loading (i.e. at e=0). These are represented by the dashed lines in Figure 17c-d for the externally confined members.
4.3 Ductility considerations
[bookmark: OLE_LINK13][bookmark: OLE_LINK14][bookmark: OLE_LINK15][bookmark: OLE_LINK223][bookmark: OLE_LINK224][bookmark: OLE_LINK225][bookmark: OLE_LINK220][bookmark: OLE_LINK221][bookmark: OLE_LINK222][bookmark: OLE_LINK217][bookmark: OLE_LINK218][bookmark: OLE_LINK219][bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK3]Based on observations from the test results, the rubberised members developed a relatively soft post-peak response, indicating a more ductile response in comparison with conventional RC. It is therefore important to assess the influence of this local material behaviour on the overall ductility of members. To this end, the member rotational ductility μψ was examined by considering the rotation at yield ψy (corresponding to the first yield of longitudinal reinforcement, as obtained from strain gauges located above the member-to-footing interface), and the ultimate rotation ψu as represented by Equation (5), in which ψu is the ultimate rotation as illustrated in Figure 18 [66]. The ultimate rotation ψu is assumed herein to correspond to a reduction of 20% from the ultimate moment Mu.
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[bookmark: OLE_LINK4][bookmark: OLE_LINK5][bookmark: OLE_LINK6]Figure 19a illustrates the ultimate rotation ψu as obtained from the member tests. For the Ø250 members, the RC member had the lowest ψu, whilst the rubberised and confined rubberised member had consistently higher values (Table 6). As the yield rotation ψy was nearly identical for all Ø250 members, the rotation ductility μψ, plotted in Figure 19b, followed the same trend as ψu. From Figure 19b, it may be observed that the Ø250 RC member with low axial load (D250-R00-F0-N1) had the lowest rotation ductility with μψ=3.9. The Ø250 RRuC and CRRuC specimens (D250-R60-F0-N1 and D250-R60-F3-N1), had μψ of 5.5-5.9 which represents more than 50% improvement in rotational ductility in comparison with the RC specimen subjected to a similar axial load ratio. 
[bookmark: OLE_LINK10][bookmark: OLE_LINK11][bookmark: OLE_LINK12][bookmark: OLE_LINK49][bookmark: OLE_LINK50][bookmark: OLE_LINK51][bookmark: OLE_LINK16][bookmark: OLE_LINK17][bookmark: OLE_LINK18][bookmark: OLE_LINK47][bookmark: OLE_LINK48][bookmark: OLE_LINK52][bookmark: OLE_LINK53][bookmark: OLE_LINK54]As mentioned in Section 3.4, the presence of axial load reduces ψu for both RRuC and CRRuC members in comparison to the pure bending specimens. A similar trend is observed for the Ø350 RRuC members in Figure 19b in terms of rotation ductility μψ, with higher values up to μψ = 7.8 obtained for members without axial load (e.g. D350-R45-F0-N0) and a minimum of μψ = 4.6 for members with high axial load (i.e. D350-R60-F0-N2). The increase in confinement pressure due to the denser stirrup arrangement of sw=40mm in Specimen D350-R60-F0-N2S led to enhanced ductility with 22% in comparison with its counterpart (D350-R60-F0-N2) with wider stirrup spacing (sw=70 mm). 
The Ø350 CRRuC members indicated improved ductility characteristics in comparison with the Ø350 RRuC specimens. For the Ø350 CRRuC members, μψ varied in the range of μψ=6.1-8.7 with higher values for non-axially loaded members (D350-R45-F2-N0 and D350-R60-F3-N0) and lower bounds for members subjected to high axial loads (D350-R45-F2-N2 and D350-R60-F3-N2). Externally confined members D350-R45-F2-N0 and D350-R60-F2-N0 without axial load reached μψ levels 43% higher than their RRuC counterparts without external confinement (μψ=8.4-8.7). As described in Section 3, the hysteretic response of the two groups with no axial load was similar. Hence, in such cases, the external confinement was only partly activated since the level of concrete lateral dilation was relatively low. In contrast, D350-R60-F3-N2 had a μψ about 41% higher than D350-R60-F0-N2 since the external confinement contributed in a more significant manner as the lateral dilation of the concrete increases in comparison to members without axial load.
[bookmark: OLE_LINK70][bookmark: OLE_LINK71][bookmark: OLE_LINK72]As discussed above and depicted in Figure 19a,b and Table 6, it is clear that for both RRuC and CRRuC members, the ultimate rotation ψu is reduced with the increase in axial load. The rotational ductility μψ typically reduces as well, but is sensitive to the actual yield rotation ψy. An increase in confinement by stirrups has a positive influence on μψ, reducing the detrimental effect of axial loads. In the same manner, external confinement by means of AFRP sheets enhances μψ, with a minimal increase for members without axial load and a more significant increase when axial loading is present as the external sheets develop larger strains due to the more pronounced lateral concrete dilation. 
4.4 Plastic hinge length
[bookmark: _Hlk497389387][bookmark: _Hlk497389393]For conventional RC members with seismic detailing, an estimate of the plastic hinge length Lpl may be obtained from Equation (6) as a sum of the moment-to-shear ratio (for cantilevers M/V=lcol), a tension shift component and strain penetration [67]. Whilst the moment-to-shear ratio influences directly the moment gradient [68], the latter occurs due to localised deformations in the axially loaded reinforcing bars and accounts for a potential rebar slip from the structural member or footing [69]. The equivalent plastic hinge length Lpl is the length over which the plastic curvature is integrated to assess the total plastic rotation.

						 (6)
[bookmark: _Hlk497389404]Figure 20 shows the reinforcement strain levels plotted along the length of the member as recorded in selected tests at various drift ratios. The typical strain profiles corresponding to various drift ratios show concentrations of strains near the member-to-footing interface. The dashed black line shows the yield strain of the flexural reinforcement εs,y, as obtained from the material tests described in Section 2.3. The intersection between the maximum strain εs and the εs,y line shows the limit between inelastic-to-elastic deformations, and implicitly, the plastic hinge region Lpl,test. As observed, Lpl,test has the smallest value for the Ø250 RC member (D250-R00-F0-N1), followed by the Ø250 RRuC member (D250-R60-F0-N1) and the Ø250 CRRuC specimen (D350-R60-F3-N1). These values are also given in Table 6. On the other hand, for the Ø350 RRuC R60 members, Lpl,test was in the range of 400-480 mm, whilst for the Ø350 RRuC R60 Lpl,test was in the range of 390-418 mm, with typically lower values obtained for members subjected to higher axial load. 
Figure 21 depicts the plastic hinge length τ obtained in the tests as a ratio between Lpl,test/lcol, whilst Table 6 gives both the test values and estimated Lpl using Equation (6). As in Figure 20, the shortest plastic hinge length is obtained for the RC member in comparison with the remaining members. Additionally, regardless of the section size, the RRuC and CRRuC members exhibit τ values in the range of 0.31-0.34 due to the more significant spread of plasticity throughout the member length in comparison with the RC member. As shown in Table 6, the average of the test-to-estimated plastic hinge lengths is about 1.00, indicating that Equation (6) may be used for estimating the plastic hinge length for both rubberised and confined rubberised concrete members.
4.5 Energy dissipation
For comparison purposes, the energy dissipation of the test members is estimated from the hysteretic behaviour shown in Figures 6-8 as the enclosed areas from the first and third cyclic loops at each deformation level, which are represented in Figure 22 by continuous and dashed lines, respectively. The difference between the two lines at the same deformation level may be regarded as the inter-cycle degradation. Firstly, Figure 22a compares the energy dissipation of the three Ø250 specimens. As expected, the CRRuC specimen D250-R60-F3-N1 had the highest energy dissipation of the Ø250 specimens (by a factor of 2.7 compared to the RRuC member - D250-R60-F0-N1). The RC specimen (D250-R00-F0-N1) dissipated the same amount of energy up to δ=60 mm (Δ=6%) in comparison with the CRRuC specimen. The energy dissipated by this member was 25% less than of the CRRuC member. The RRuC specimen D250-R60-F0-N1 also behaved reasonably well, despite the low concrete strength, and was able to dissipate energy even at higher displacements. 
Figure 22b-e shows the energy dissipation at each applied lateral deformation level for the Ø350 members. For members with ν=0, the behaviour up to displacement levels of δ=75 mm (Δ=5.5%) is essentially the same (Figure 22b,c). At higher displacement levels, the RRuC members degrade faster than other members. After δ=75 mm, the energy dissipation in externally-confined members increases linearly since the confinement maintains the concrete strength. The sudden drop in the energy dissipation versus lateral displacement curve at around δ=100 mm (Δ=7.4%) is attributed to rebar fracture. In contrast, for RRuC members without external confinement, the energy dissipation decreases with the accumulation of damage after the δ=75 mm point and drops significantly at δ=100 mm. This shows that externally-confined members have a more stable response with an increase of lateral deformations in comparison to non-laterally confined members.
The behaviour of Ø350 CRRuC members with ν>0 shows significant improvement (up to 145%) in energy dissipation in comparison with members with no axial load (Figure 22d,e). As the axial load increases, the confinement is activated thus allowing considerably more energy dissipation. Unlike RRuC members, the energy dissipated through hysteresis in CRRuC increases with the deformation level, which shows a change in slope at 75 mm due to concrete degradation and the onset of spalling. For both types of member, without and with axial load (Figure 22b-e), the external confinement had a beneficial effect restricting concrete from dilation and resulting in enhancement in the energy dissipation. The inter-cycle degradation, for specimens from Figures 22a-e, represented by the difference between the continuous and corresponding dashed lines, suggests minor reduction in the energy dissipated by the CRRuC members in comparison to RRuC members between the first and third cycle, particularly for cases in which ν>0. In contrast, for RC and RRuC, the level of inter-cycle degradation increases with the applied deformation.

5. Concluding Remarks
This paper presented an experimental study into the behaviour of reinforced concrete structural members, incorporating a significant proportion of rubber particles of up to 60% as a replacement for mineral aggregates, and subjected to inelastic lateral cyclic displacements and co-existing axial loads. A detailed account of the results from thirteen large-scale tests on circular reinforced rubberised concrete members, with or without external confinement, was given. Based on the test results and observations, a number of performance characteristics were examined, including the member stiffness, axial-bending strength interaction as well as ductility and energy dissipation properties.
The experimental results provided direct information on the influence of the rubber content and axial loading on the behaviour. In comparison with conventional reinforced concrete members, the tests showed that reinforced rubberised concrete specimens exhibit soft crushing behaviour leading to favourable ductility and energy dissipation properties. Highly stable hysteretic response was also obtained for externally confined reinforced rubberised concrete members provided with external AFRP confinement, which offers a viable solution in the presence of significant axial loading to compensate for the reduction in compressive strength when a large rubber content is employed in concrete.
The envelope curves of the tested specimens show that members with up to 60% rubber content develop lower member stiffness, as expected, reaching 34% of those using conventional concrete, while the axial load may produce a stiffness enhancement up to two folds in the presence of lateral confinement. For members without axial load, the inelastic stiffness is about 45% of the elastic member stiffness, whilst the difference in the inelastic stiffness between rubberised and confined rubberised concrete members is in the range of 6%. Members subjected to a relatively low axial load, below 10% of the axial load capacity, and without external confinement, have a higher flexural strength in the range of 5% and a higher stiffness between 7% and 25%, in comparison with members without axial load. Additionally, members with comparatively high axial loads, in the range of 15% of the axial cross-section capacity, with or without external confinement, showed enhancements in terms of both stiffness and strength, in the range of 15% and 12%, respectively, in comparison with non-axially loaded counterparts.
The evaluation of ductility related parameters showed that the ultimate rotations are influenced by the type of concrete and level of axial load, with rubberised concrete members typically exhibiting relatively high rotation capacity levels, up to 50% higher in comparison with conventional concrete members, depending on the level of axial load. The tests also demonstrate the beneficial effects on ductility from the level of confinement, particularly when external wrapping is employed. For externally confined rubberised members with high axial loads, the rotational ductility levels reached were up to 40% higher than in rubberised members without external confinement. 
An estimation of the spread of plasticity along the member length was obtained from the distribution of the longitudinal reinforcement strains. The plastic hinge varied in the range of 29% to 39% of the moment length for the rubberised members, with lower values obtained for members subjected to axial load. These values were higher than those typically obtained for similar conventional reinforced concrete members. Estimates of the plastic hinge length using existing methods for RC members showed good agreement with the full range of test results, and can therefore be used for both rubberised and confined rubberised concrete members.
In order to provide information necessary for the assessment and design of rubberised concrete members, the experimental results were used to provide simplified procedures that can be employed in practical application. These include expressions for determining the member stiffness, as well as approaches for assessing the bending-axial strength interaction diagrams, by employing relatively simple methods in conjunction with modified material characteristics that account for rubber content. The proposed procedures were shown to offer reliable estimates in comparison with the test results reported in this investigation. 
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Nomenclature
[bookmark: OLE_LINK330]

1

Greek letters
δ – lateral displacement or deformation
[bookmark: OLE_LINK295][bookmark: OLE_LINK296][bookmark: OLE_LINK297]δcr – lateral deformation at cracking
[bookmark: OLE_LINK298][bookmark: OLE_LINK299]δf – lateral deformation at rebar fracture  
δy – lateral deformation at flexural yielding
δu – lateral deformation at ultimate load corresponding herein to 20% decrease in capacity
ε - strain
[bookmark: OLE_LINK304][bookmark: OLE_LINK305][bookmark: OLE_LINK306][bookmark: OLE_LINK307]ε1 – axial strain
[bookmark: OLE_LINK300][bookmark: OLE_LINK301]ε2 – lateral strain
εc0,1 – crushing strain of conventional reference concrete
εcu – ultimate concrete strain
[bookmark: OLE_LINK289][bookmark: OLE_LINK290][bookmark: OLE_LINK291][bookmark: OLE_LINK302][bookmark: OLE_LINK303]εcu2 – ultimate concrete strain for simplified design
εc0u2 - ultimate concrete strain of reference concrete for simplified design
εrcu2 – ultimate concrete strain of rubberised concrete for simplified design
ε2u – ultimate lateral strain
εrc1,1 – axial crushing strain
εrc2,1 – lateral strain at crushing
εrcc1 – axial strain for confined rubberised concrete
εrcc2 – lateral strain for confined rubberised concrete
εrccu – ultimate strain for confined rubberised concrete
εsy – steel yield strain
θ – slope
λ - factor for the size of mineral aggregate replaced
λk – assessed stiffness parameter
λk,test – test stiffness parameter
μψ  - rotation ductility
ν – axial load ratio
ρl – flexural reinforcement ratio
σ - stress
τ – plastic hinge parameter
Δy – drift at yielding
[bookmark: OLE_LINK226][bookmark: OLE_LINK227][bookmark: OLE_LINK228]ψ – rotation 
ψy  - rotation at yielding
ψp – plastic rotation
ψu  - ultimate rotation

Lowercase latin letters
db – longitudinal rebar diameter
e – eccentricity 
[bookmark: OLE_LINK308][bookmark: OLE_LINK309][bookmark: OLE_LINK310]fc0 – cylinder reference concrete strength
fc – cylinder concrete strength
fc,cube – cube concrete strength
fct – concrete splitting strength
fcc – confined concrete strength
fc,top - cylinder concrete strength above the rubberised region
frc – rubberised concrete strength
frcc – confined rubberised concrete strength
[bookmark: OLE_LINK318][bookmark: OLE_LINK319][bookmark: OLE_LINK320][bookmark: OLE_LINK316][bookmark: OLE_LINK317]ft – fracture strength of the longitudinal steel
ftw – fracture strength of the transverse steel
fy –yield strength of the longitudinal steel
fyw – yield strength of the transverse steel
hf – footing depth
kcr,test – test member inelastic stiffness
kel,calc – assessed member elastic stiffness
lf – footing length
lrub – length of the rubberised concrete region
lconf  - length of the externally confined region
sw – stirrup spacing

Uppercase latin letters
D – column diameter 
Ed – energy dissipation 
Es – steel elastic modulus 
Erc – rubberised concrete elastic modulus
EIel – elastic cross-sectional stiffness
L – moment length
Lpl  - plastic hinge length
Lpl,test – test assessed spread of plasticity
 Ltot – total member length
M – bending moment
[bookmark: OLE_LINK232][bookmark: OLE_LINK233][bookmark: OLE_LINK327][bookmark: OLE_LINK328][bookmark: OLE_LINK329]My – bending moment at yield
Mu – bending moment at ultimate
N – axial load
Nmax – maximum axial capacity of the member 
Ø – diameter
P – applied lateral load
V – shear force
[bookmark: OLE_LINK321][bookmark: OLE_LINK322][bookmark: OLE_LINK323][bookmark: OLE_LINK324][bookmark: OLE_LINK325][bookmark: OLE_LINK326]Vcr – cracking lateral force
Vmax – maximum lateral force
Vy – yielding lateral load

Tables

[bookmark: _Ref489263471][bookmark: _Toc489622409][bookmark: _Ref486845855]Table 1 Specimen details and material properties

	Specimen

	Geometry
	Concrete type / Rubber content (%)
	
	Concrete strength
	Steel strength
	Age at testing

	
	
	
	No.
	Bottom region
	Top region
	Longi- tudinal
	Trans-
verse
	

	
	
	
	AFRP
	at 28 days
	at testing
	confined
	at 28 days
	
	
	

	
	[bookmark: OLE_LINK234][bookmark: OLE_LINK235]lrub (mm)
	[bookmark: OLE_LINK236][bookmark: OLE_LINK237][bookmark: OLE_LINK238]lconf (mm)
	
	layers
	[bookmark: OLE_LINK239][bookmark: OLE_LINK240][bookmark: OLE_LINK241]fc or frc (MPa)
	[bookmark: OLE_LINK242][bookmark: OLE_LINK243][bookmark: OLE_LINK244]fc,cube or frc,cube
(MPa)
	[bookmark: OLE_LINK245][bookmark: OLE_LINK246]fct or frct (MPa)
	fc or frc(MPa)
	fc,cube or frc,cube (MPa)
	[bookmark: OLE_LINK247][bookmark: OLE_LINK248][bookmark: OLE_LINK249]frcc (MPa)
	[bookmark: OLE_LINK250][bookmark: OLE_LINK251][bookmark: OLE_LINK252][bookmark: OLE_LINK253][bookmark: OLE_LINK254]fc,top 
(MPa)
	[bookmark: OLE_LINK255][bookmark: OLE_LINK256][bookmark: OLE_LINK257]fy/ft (MPa)
	[bookmark: OLE_LINK258][bookmark: OLE_LINK259][bookmark: OLE_LINK260]fyw/ftw (MPa)
	

	D250-R00-F0-N1
	-
	-
	R00
	0
	70.2
	77.0
	4.99
	72.0
	86.8
	-
	72.0
	526/619
	496/603
	27

	D250-R60-F0-N1
	450
	-
	R60
	0
	6.58
	11.8
	1.14
	7.54
	-
	-
	73.0
	526/619
	496/603
	54

	D250-R60-F3-N1
	450
	500
	R60
	3
	6.58
	11.8
	1.14
	9.17
	-
	54.6
	72.9
	526/619
	496/603
	68

	D350-R45-F0-N0
	450
	-
	R45
	0
	9.17
	16.1
	1.58
	10.7
	18.3
	-
	76.0
	574/675
	507/636
	111

	D350-R45-F0-N1
	450
	-
	R45
	0
	9.17
	16.1
	1.58
	10.5
	18.1
	-
	75.8
	574/675
	507/636
	98

	D350-R60-F0-N0
	470
	-
	R60
	0
	7.95
	11.5
	1.22
	7.91
	11.6
	-
	55.4
	551/640
	588/713
	27

	D350-R60-F0-N1
	470
	-
	R60
	0
	7.95
	11.5
	1.22
	7.97
	13.4
	-
	59.7
	551/640
	588/713
	34

	D350-R60-F0-N2
	470
	-
	R60
	0
	7.95
	11.5
	1.22
	8.14
	12.9
	-
	61.9
	551/640
	588/713
	56

	D350-R60-F0-N2S
	470
	-
	R60
	0*
	7.95
	11.5
	1.22
	7.99
	11.6
	-
	65.0
	551/640
	588/713
	63

	D350-R45-F2-N0
	450
	500
	R45
	2
	9.17
	16.1
	1.58
	10.7
	18.3
	54.6
	76.1
	574/675
	507/636
	117

	D350-R45-F2-N2
	450
	450
	R45
	2
	9.17
	16.1
	1.58
	10.4
	17.9
	54.6
	75.6
	574/675
	507/636
	85

	D350-R60-F3-N0
	470
	600
	R60
	3
	7.95
	11.5
	1.22
	7.94
	11.7
	43.7
	62.4
	551/640
	588/713
	48

	D350-R60-F3-N2
	470
	600
	R60
	3
	7.95
	11.5
	1.22
	7.94
	11.7
	43.7
	60.9
	551/640
	588/713
	42


Notes: * denser stirrup arrangement (sw=40mm)

[bookmark: _Ref489264108][bookmark: _Toc489622410]Table 2 Concrete mixes
	 
	 
	R45
	R60

	Binders (kg)
	 
	314
	425

	Aggregates (kg)
	5-10 mm
	740
	400

	
	0-5 mm
	479
	328

	Rubber (kg)
	0/5 mm
	134
	149

	
	5/10 mm
	24
	33

	
	10/20 mm
	110
	148

	Admixture (l)
	(PL+SPL)
	7.6
	7.6

	w/c (-)
	 
	0.35
	0.35




[bookmark: _Ref486845805][bookmark: _Toc489622411]Table 3 Sieve analysis
	Sieves of square aperture (mm)
	Percentage %

	
	Rubber blend
	Sand
	Gravel

	0
	0
	0
	0

	0.15
	1.82
	2.43
	0.39

	0.30
	4.78
	24.0
	1.06

	0.60
	8.21
	64.9
	1.95

	1.25
	15.4
	84.7
	2.95

	2.50
	35.4
	91.7
	4.71

	5.00
	48.7
	97.6
	16.1

	10.0
	95.5
	100
	85.5

	14.0
	100
	100
	99.5

	20.0
	100
	100
	100






45

[bookmark: _Ref486776257][bookmark: _Toc489622412]Table 4 Summary of test results

	Specimen
	[bookmark: OLE_LINK261][bookmark: OLE_LINK262][bookmark: OLE_LINK263]N (kN)
	[bookmark: OLE_LINK264][bookmark: OLE_LINK265][bookmark: OLE_LINK266]Vy (kN)
	[bookmark: OLE_LINK267][bookmark: OLE_LINK268]Vmax (kN)
	[bookmark: OLE_LINK269][bookmark: OLE_LINK270][bookmark: OLE_LINK271]δy (mm)
	[bookmark: OLE_LINK272][bookmark: OLE_LINK273]δu (mm)
	δf (mm)
	[bookmark: OLE_LINK274][bookmark: OLE_LINK275][bookmark: OLE_LINK276]My (kNm)
	[bookmark: OLE_LINK277][bookmark: OLE_LINK278][bookmark: OLE_LINK279]Mu (kNm)
	[bookmark: OLE_LINK280][bookmark: OLE_LINK281][bookmark: OLE_LINK282]ψy ×1000 (rad)
	[bookmark: OLE_LINK283][bookmark: OLE_LINK284][bookmark: OLE_LINK285]ψu
×1000 (rad)

	D250-R00-F0-N1
	200
	54.0
	57.3
	10.8
	41.5
	62.5
	56.0
	61.2
	10.8
	41.8

	D250-R60-F0-N1
	20
	29.8
	38.5
	10.8
	63.4
	87.5
	30.1
	39.0
	10.8
	63.4

	D250-R60-F3-N1
	200
	39.9
	43.4
	10.8
	59.8
	87.5
	42.1
	47.0
	10.8
	59.8

	D350-R45-F0-N0
	0
	63.9
	80.1
	12.4
	96.6
	110
	86.3
	108.2
	9.2
	71.5

	D350-R45-F0-N1
	140
	70.4
	84.9
	14.6
	96.0
	100
	96.1
	116.7
	10.8
	71.1

	D350-R60-F0-N0
	0
	60.3
	74.0
	12.7
	96.9
	112
	81.5
	100.1
	9.4
	71.8

	D350-R60-F0-N1
	140
	66.5
	77.0
	15.1
	101.9
	100
	91.2
	106.6
	11.2
	75.5

	D350-R60-F0-N2
	280
	67.5
	79.2
	15.8
	72.9
	100
	95.6
	111.4
	11.7
	54.0

	D350-R60-F0-N2S
	280
	65.9
	73.9
	14.6
	79.5
	100
	91.6
	104.9
	10.8
	58.9

	D350-R45-F2-N0
	0
	63.7
	84.4
	12.4
	107.4
	113
	86.2
	114.3
	9.2
	79.5

	D350-R45-F2-N2
	800
	82.6
	94.4
	12.0
	76.4
	N/F*
	115.5
	140.7
	8.9
	56.6

	D350-R60-F3-N0
	0
	55.0
	78.1
	12.2
	102.6
	100
	68.9
	105.7
	9.0
	76.0

	D350-R60-F3-N2
	800
	57.9
	78.1
	12.0
	72.5
	N/F*
	83.9
	119.0
	8.9
	53.9


*N/F – specimens for which fracture of flexural reinforcement was not observed


[bookmark: _Toc489622413]Table 5 Stiffness characteristics

	Specimen
	Axial load (-)
	v (-)
	kcr,test (N/mm)
	fc (N/mm2)
	Erc or Ec (N/mm2)
	EI,el (Nmm2)
	kel,calc (N/mm)
	λk,test* (-)

	λk (-)
	λk/ 
λk,test (-)

	D250-R00-F0-N1
	Low
	0.05
	11338
	72.0
	39776
	8.38E+12
	25144
	0.45
	0.51
	0.88

	D250-R60-F0-N1
	Low
	0.03
	3888
	7.5
	9937
	2.80E+12
	8400
	0.46
	0.48
	0.96

	D250-R60-F3-N1
	Low
	0.06
	5844
	9.2
	11326
	3.06E+12
	9180
	0.64
	0.65
	0.98

	D350-R45-F0-N0
	None
	0
	7623
	10.7
	12518
	1.22E+13
	14847
	0.51
	0.45
	1.14

	D350-R45-F0-N1
	Low
	0.07
	8157
	10.5
	12431
	1.21E+13
	14771
	0.55
	0.54
	1.02

	D350-R60-F0-N0
	None
	0
	5865
	7.9
	10259
	1.05E+13
	12863
	0.46
	0.46
	1.00

	D350-R60-F0-N1
	Low
	0.08
	7382
	8.0
	10315
	1.06E+13
	12912
	0.57
	0.55
	1.03

	D350-R60-F0-N2
	High
	0.16
	9291
	8.1
	10457
	1.07E+13
	13037
	0.71
	0.65
	1.09

	D350-R60-F0-N2S
	High
	0.17
	7994
	8.0
	10328
	1.06E+13
	12923
	0.62
	0.66
	0.93

	D350-R45-F2-N0
	None
	0
	6747
	10.7
	12553
	1.22E+13
	14878
	0.45
	0.46
	0.99

	D350-R45-F2-N2
	High
	0.13
	14599
	10.4
	12326
	1.20E+13
	14679
	0.99
	0.87
	1.15

	D350-R60-F3-N0
	None
	0
	6225
	7.9
	10294
	1.06E+13
	12893
	0.48
	0.45
	1.06

	D350-R60-F3-N2
	High
	0.16
	11015
	7.9
	10286
	1.06E+13
	12886
	0.85
	0.96
	0.89

	
	
	
	
	
	
	
	
	
	AVG
	1.01

	
	
	
	
	
	
	
	
	
	COV
	0.08


[bookmark: OLE_LINK286][bookmark: OLE_LINK287][bookmark: OLE_LINK288]*λk,test =kel,calc/kcr,test
[bookmark: _Ref486934958]

[bookmark: _Toc489622414]Table 6 Ductility assessments
	
	N (kN)
	My (kNm)
	Mu (kNm)
	ψy
(mrad)
	ψu
(mrad)
	μψ
(-)
	Lp,test (mm)
	Lp,EC8 (mm)
	Lp,test / Lp,EC8 (-)

	D250-R00-F0-N1
	200
	56.0
	61.2
	10.8
	41.8
	3.9
	280
	165
	0.59

	D250-R60-F0-N1
	20
	30.1
	39.0
	10.8
	63.4
	5.9
	303
	336
	1.11

	D250-R60-F3-N1
	200
	42.1
	47.0
	10.8
	59.8
	5.5
	365
	313
	0.86

	D350-R45-F0-N0
	0
	86.3
	108.2
	9.2
	71.5
	7.8
	388
	424
	1.09

	D350-R45-F0-N1
	140
	96.1
	116.7
	10.8
	71.1
	5.4
	410
	426
	1.04

	D350-R60-F0-N0
	0
	81.5
	100.1
	9.4
	71.8
	7.6
	400
	460
	1.15

	D350-R60-F0-N1
	140
	91.2
	106.6
	11.2
	75.5
	6.7
	478
	459
	0.96

	D350-R60-F0-N2
	280
	93.9
	111.4
	11.7
	54.0
	4.6
	427
	455
	1.07

	D350-R60-F0-N2S
	280
	91.6
	104.9
	10.8
	58.9
	5.4
	415
	458
	1.10

	D350-R45-F2-N0
	0
	86.2
	114.3
	9.2
	79.5
	8.7
	445
	424
	0.95

	D350-R45-F2-N2
	800
	115.5
	140.7
	8.9
	56.6
	6.4
	525
	428
	0.82

	D350-R60-F3-N0
	0
	74.3
	105.7
	9.0
	76.0
	8.4
	418
	459
	1.10

	D350-R60-F3-N2
	800
	82.5
	119.0
	8.9
	53.9
	6.1
	390
	460
	1.18

	
	
	
	
	
	
	
	
	Average
	1.00
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[bookmark: _Toc509417453]Figure 1 Testing arrangement: a) test-rig layout, b) side view, c) skew view
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[bookmark: _Toc509417454]Figure 2 Specimen details: a) cross-section of the Ø350 mm and Ø250 mm diameter members, b) view of reinforcement layout, c) typical reinforced rubberised concrete specimen (RRuC), d) typical AFRP confined reinforced rubberised concrete member (CRRuC)
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[bookmark: _Toc509417455]Figure 3 Sieve analysis for aggregates and rubber
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[bookmark: _Toc509417456][bookmark: OLE_LINK99][bookmark: OLE_LINK100][bookmark: OLE_LINK101]Figure 4 Constitutive σ-ε response: a) R45 Ø100 cylinders, b) R60 Ø100 cylinders, c) strength degradation curve [14], d) strength degradation curve and properties of the rubberised concrete materials in this study
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[bookmark: _Toc509417457]Figure 5 Instrumentation details: a) location of strain gauges, b) position of displacement transducers and surface gauges, c) digital image correlation system
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[bookmark: _Toc509417458][bookmark: OLE_LINK102][bookmark: OLE_LINK103][bookmark: OLE_LINK104]Figure 6 Load-deformation (V-δ) response for Ø250 members: a) D250-R60-F0-N1, b) D250-R00-F0-N1, c) D250-R60-F3-N1
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[bookmark: _Toc509417459]Figure 7  V-δ response for Ø350 RRuC members: a) D350-R45-F0-N0, b) D350-R45-F0-N1, c) D350-R60-F0-N0, d) D350-R60-F0-N1, e) D350-R60-F0-N2, f) D350-R6-F0-N2S 
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[bookmark: _Toc509417460]Figure 8 V-δ response for Ø350 CRRuC members: a) D350-R45-F2-N0, b) D350-R45-F2-N2, c) D350-R60-F3-N0, d) D350-R60-F3-N2.
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[bookmark: _Ref486846038][bookmark: _Toc489622332][bookmark: _Toc509417461]Figure 9 RRuC member kinematics from camera and DIC processing: a) D350-R45-F0-N0 with no axial load, b) D350-R45-F0-N2 with high axial load 
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[bookmark: _Ref486846080][bookmark: _Toc489622333][bookmark: _Toc509417462]Figure 10 Longitudinal rebar fracture in Specimen D350-R45-F0-N1 after removal of the concrete cover
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[bookmark: _Ref486846109][bookmark: _Toc489622334][bookmark: _Toc509417463]Figure 11 CRRuC member kinematics as obtained from the DIC: a) D350-F60-F3-N0, b) D350-R60-F3-N2
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[bookmark: _Ref486846150][bookmark: _Toc489622335][bookmark: _Toc509417464]Figure 12 Views of Specimen D350-R45-F2-N0 after testing: a) stretched regions and interface gap, b) damage state after removal of external confinement
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[bookmark: _Toc489622337][bookmark: _Toc509417466]Figure 14 Stiffness parameter λk versus axial load ratio ν
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[bookmark: _Toc509417467]Figure 15 Typical stress-strain response of rubberised concrete materials
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[bookmark: _Toc509417468]Figure 16  a) Influence of ρvr on ε2; stress-strain σ-ε curves for assessment of M-N interaction diagram for: b) D350-R60-F3 columns, c) D350-R45-F2 columns; d) assessment of proportionality factors in Equation (4)
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[bookmark: _Toc509417469][bookmark: OLE_LINK113][bookmark: OLE_LINK114][bookmark: OLE_LINK115][bookmark: OLE_LINK116][bookmark: OLE_LINK117][bookmark: OLE_LINK118]Figure 17 Bending-axial interaction curves for Ø350 RRuC members a) D350-R45-F0, b) D350-R60-F0; Ø350 CRRuC members c) D350-R45-F2, d) D350-R60-F3; Ø250 members e) RC - D350-R00-F0-N1, f) RRuC – D350-R60-F0-N1, g) CRRuC – D350-R60-F3-N1
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[bookmark: _Toc489622340][bookmark: _Toc509417470]Figure 18 Inelastic response assessment:  a) member configuration, b) definitions of slope and deflection angle, c) plastic hinge zone, d) moment diagram at ultimate, e) rotational ductility
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[bookmark: _Toc509417471]Figure 19 Ductility considerations: a) ultimate rotation ψu, b) rotation ductility μψ
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[bookmark: _Toc509417472]Figure 20 Reinforcement strains and plasticity distribution
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[bookmark: _Toc509417473]Figure 21  Estimated plastic hinge length
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[bookmark: _Ref486868314][bookmark: _Toc489622342][bookmark: _Toc509417474]Figure 22 Energy dissipation: a) Ø250 members, b) Ø350 R60 members without axial load, c) Ø350 R45 members without axial load, d) Ø350 R45 members with axial load, e) Ø350 R60 members with axial load 
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Abstract


 


This paper present


s


 


an


 


experimental 


investigation into


 


the cyclic behaviour of 


reinforced concrete 


members incorporating 


a 


significant proportion of 


recycled 


rubber particles as 


a 


replacement for 


mineral aggregates. 


Tests were 


carried out on 


thirteen 


lar


ge scale 


members


 


of circ


ular cross


-


section, 


with 


and without external confinement


,


 


and with different proportions of rubber content and axial 


loads. The specimens


 


were subjected to inelastic lateral cyclic 


displacements 


and predefined levels 


of co


-


existing axial loading. 


After de


scribing the 


testing arrangement and specimen details


, 


the 


main results and observations are provided and discussed. 


The test results enable


 


a 


direct 


comparative assessment


 


of the key response characteristics 


of the 


specimens


, 


with focus on


 


stiffness


 


properties


 


and strength


 


interaction, 


as well as ductility and energy dissipation


.


 


It is shown 


that


 


rubberised 


reinforced concrete 


members 


can offer a good balance between bending capacity and 


ductility


 


in comparison with conventional reinforced concrete m


embers


, particularly for low levels 


of axial load


s


. 


In the presence of relatively high axial loading and when a significant proportion of 


rubber 


content


 


is used, e


xter


nal confinement


 


such as through FRP sheets as employed in this study, 


can be adopted 


to 


r


ecover


 


the 


required 


capacity and 


to 


provide 


highly 


stable hysteretic response


. 


The implications of the findings on the use of rubberised reinforced concrete members in practice, 


and procedures that can be used to determine the main design parameters, are 


also highlighted 


within the discussions.
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