
1 
 

Construction and Building Materials, 154 (2017) 884–898. 

Bond-slip response of deformed bars in rubberised concrete 

D.V. Bompa and A.Y. Elghazouli1 

Department of Civil and Environmental Engineering, Imperial College London, UK 

Abstract 

This paper is concerned with examining the complete bond-slip behaviour between deformed 

reinforcement bars and concrete incorporating rubber particles from recycled tyres as partial 

replacement for mineral aggregates. An experimental study consisting of fifty-four pull-out tests on 

cylindrical rubberised and normal concrete specimens, in conjunction with two reinforcement sizes 

with short embedment lengths, is described. In addition to a detailed assessment of the full bond-

slip relationship, the test results offer a direct interpretation of bond behaviour under practical levels 

of confinement and its influence on the failure modes. Particular emphasis is given to the 

characteristic bond behaviour of rubberised concrete in terms of maximum bond strength and 

splitting strength as well bond stiffness and slip parameters. The detailed test measurements and 

observations provided in this study enable the definition of key bond parameters depicting the 

interfacial behaviour between rubberised concrete and deformed bars. The findings also permit the 

development of modified approaches for reliable representation of the failure modes and bond 

capacities for the concrete materials considered in this investigation. 
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1. Introduction 

In addition to its sustainability-related merits, the use of recycled rubber in concrete has potential 

structural performance benefits, particularly in terms of enhanced energy dissipation under dynamic 

loads. The mechanical properties of rubberised concrete have therefore been investigated in many 

previous studies, with particular focus on the compressive strength properties [e.g. 1-16]. In order to 

use such modified concrete materials in structural applications there is, however, a need for a 

reliable characterisation of the bond interaction with the embedded reinforcement bars. The bond 

behaviour is governed not only by the mechanical strength of concrete but also by its microstructure 

[17]. In rubberised concrete, the interface behaviour between steel and concrete may be 
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significantly altered by the replacement of mineral aggregates with recycled rubber in terms of the 

stiffness, strength and overall characteristics of the bond-slip relationship. 

In normal concrete, the bond strength between deformed bars and concrete is developed by 

chemical adhesion and steel-concrete friction followed by the mechanical interlocking of the rebar 

ribs [18-19]. The mechanical bond resulting from the rebar ribs-concrete keys interaction produces 

ring/burst forces and splitting cracks which may produce failure by splitting or pull-out [20-24]. 

The bond behaviour is typically examined using conventional pull-out type tests [25, 26]. In such 

tests, premature splitting failures can be arrested through confining action by stirrups [27, 28] or 

external devices [29-31]. Tests showed nonetheless that the bond strength exhibits an upper bound, 

since there is a limit of confining pressure which forces bond failure due to shearing of the concrete 

keys between the rebar ribs [26, 29]. 

Previous studies on deformed bars showed that the governing parameters in bond behaviour are 

those related to mechanical bond, rather than chemical adhesion and friction [31]. Under 

confinement conditions that prevent splitting failure, enhanced bond strengths are obtained from 

higher relative rib areas [32, 34-36] independently of the specific combination of rib height and rib 

spacing [37], whilst rib inclination and angle have minimal influence on the bond behaviour [38]. 

Previous studies have reported an increase in bond strength with increase in confining pressure [20, 

28, 27, 37, 39], yet it tends to level off at ratios of σl,cc/fc of between about 0.25 and 0.30, where σl,cc 

is the lateral confining stress and fc is the concrete strength. 

Limited information exists on steel-concrete bond behaviour in rubberised concrete, whilst tools to 

assess bond parameters are lacking. Tests on 20 mm rebar pull out resistance were performed on 

plain and self-compacting rubberised concrete samples with rubber replacement ratio of 18% and 

14%, respectively, in equal quantities of both coarse and fine aggregate with pre-coated crumb 

rubber [40]. These tests showed lower maximum bond strength τb,max but higher bond coefficient γb, 

assessed as the ratio between τb,max versus square root of the concrete compressive strength fc
1/2, 

compared to normal concrete, resulting in reduced slip displacement at maximum bond strength. 

Although, in actual values, τb,max decreases as the mineral aggregates are replaced by rubber, the 

bond coefficient γb follows an inversely proportional relationship with the rubber content. 

Additionally, the reduced slip displacement τb,max is directly related to the higher bond stiffness for 

rubberised concrete tests in comparison to the normal concrete tests. 

Another study on replacements of fine and coarse aggregates with crumb rubber and tyre chips in 

ratios ranging from 0-30% in 5% increments showed that the bond strength for 16 mm rebars was 
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lower by up to 40% compared with normal concrete for the highest rubber content [41]. Other tests 

on 10 mm rebars in cylindrical samples with a replacement of fine and coarse aggregates up to 40% 

by weight also showed a consistent decrease of up to 60% [42]. This was attributed to a reduction in 

shear strain at the steel-concrete interface resulting from the low modulus of rubber which allows 

greater absorption of kinetic energy [40, 41]. The friction between the rebars and rubberised 

concrete seems to be relatively low, primarily due to the weak interfacial bond between rubber 

particles and cement paste which allows premature cracking to develop [43]. However, as noted 

before, bond behaviour is not only governed by concrete properties, but also by reinforcement 

geometry. Surface properties and rib configuration may increase the bond strength by up to two 

folds [21]. The compaction level and concrete porosity can also have an influence on interface 

behaviour. Details of rebar geometry are however not reported in previous studies [40-42], hence 

restricting appropriate assessment. 

As noted above, in normal concrete the bond behaviour depends on the mechanical properties of the 

concrete, its microstructure, rebar configuration, concrete thickness and level of confinement. The 

presence of rubber particles in concrete modifies its microstructure, which directly influences the 

interlocking behaviour between rebar ribs and concrete keys and consequently the splitting and 

crushing actions near the interface region. Additionally, the mechanical properties of rubberised 

concrete under external confinement are strongly modified for high rubber replacements [44-46], 

hence the bond behaviour of deformed bars in confined rubberised concrete is also expected to 

change. Although some information exists on rebar-rubberised concrete interface behaviour, it is 

limited to bond strengths rather than the full bond-slip behaviour, whilst the influence of 

confinement has not been investigated. Also, procedures to predict the bond-slip response including 

the maximum bond strength between deformed rebars and rubberised concrete are lacking. 

In this paper, 54 pull-out tests in which deformed rebars embedded in concrete cylinders of normal 

and rubberised concrete, with up to 60% aggregate replacement, are described. The experimental 

investigation focused on examining the bond strength and the complete bond-slip relationship, as 

well as on evaluating the influence of bar diameter and controlled external confinement on the bond 

behaviour. After describing the test configuration and specimen details, comparative assessments in 

terms of peak strength and bond-confinement interaction are carried out in order to quantify the 

influence of rubber content on the bond characteristics. Complementary material tests, including the 

complete stress-strain response of the concrete and steel materials considered, are also reported. The 

detailed test measurements enable the definition of representative equations to depict the bond 

strength and slip parameters as a function of the rubber content. Key observations obtained from 

tests also permit the definition of bond parameters representing the interfacial behaviour between 



4 
 

rubberised concrete and deformed bars. Recommended amendments to existing Model Code 2010 

guidelines [21] are also suggested in order to provide a reliable representation of the failure modes 

and bond capacities for the concrete materials considered in this investigation. 

 

2. Experimental programme 

Fifty-four (54) pull-out specimens were prepared for assessing the bond-slip (τ-s) behaviour 

between deformed bars and normal or rubberised concrete. The parameters investigated directly in 

the tests were the diameter of the rebar (db=16 mm and db=20 mm) for short embedment lengths of 

5×db, the rubberised concrete type with replacement ratios ρrv=0-0.6 of both fine and coarse mineral 

aggregates and the level of external confinement. From the total number of samples, a set of 6 pilot 

specimens were initially tested to obtain the optimal testing configuration. The remaining 48 

samples, divided into two equal batches were tested afterwards to obtain the complete τ-s response. 

Additionally, corresponding material tests were performed including the assessment of the full 

compressive stress-strain σ-ε of concrete, compression and splitting strengths, and the complete σ-ε 

of the steel material for the rebars.  

2.1 Materials  

High strength cement, microsilica, fly-ash, mineral aggregates, a blend of rubber particles, 

admixtures and water were used for the concrete mixes (Figure 1a). A Grade C50 mix with 425 

kg/m3 was considered for the non-rubberised concrete. Also, 20% from the initial CEM I 52.5 [47], 

conforming to EN 197-1 [48], was replaced in equal quantities with EN 450-1 [49] fineness 

category S fly ash and Grade 940 silica fume [50]. For the rubberised concrete mixes, both fine and 

coarse aggregates were replaced by a blend of rubber particles resulting from the recycling of end-

of-life tyres. Rubber aggregates with dimensions up to 10 mm, were produced from car tyre 

recycling [51], whilst larger rubber particles up to 20 mm were produced from truck or bus tyre 

recycling, with typically higher density than car tyre particles [52]. All rubber particles are reported 

to have 25% content of carbon black, polymers in the range of 40–55%, whereas the remaining 

constituents are softeners and fillers. The specific gravity of rubber was 1.1, whereas the water 

absorption was 7.1% for 4-10 mm particles and 1.05 for 10-20 mm particles. 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 [53] are depicted in Table 1.  
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Hot rolled deformed bars with diameters of 16 mm and 20 mm, made of steel Grade B500C and 

with a minimum relative rib area of 0.056, were used without any surface treatment in the pull-out 

specimens. These types of reinforcement bars are widely used in UK structural applications and 

research projects with focus on structural behaviour [12]. The average uniaxial tensile yield 

strength, obtained from at least 5 rebar specimens of 350 mm length for each diameter, was 607 

MPa for 16 mm and 575 MPa for 20 mm, whilst the ultimate strength was 698 MPa and 684 MPa, 

respectively. The minimum ultimate strain was εu=12.5 % for 16 mm bars and εu=15.7 % for 20 mm 

bars. The actual relative rib area of each rebar size was assessed according to EN ISO 15630-1:2010 

[54] using a digital calliper though measurement of external bar diameters at ribs, between the ribs, 

perpendicular and at 45o from the rib-to-rib axis. The rib inclination and projected rib length were 

measured from a print of a wet painted bar rolled on a sheet of paper. Details of the 16 mm and 20 

mm rebar geometry are shown in Figure 1b, whilst the material properties are given in Table 2.  

2.2 Mix proportions 

The mix proportions were identified following an optimisation study within a wider research project 

[2, 55] and further analysed elsewhere by the authors [4] in terms of mechanical properties and 

complete stress-strain response. The rubberised concrete mix details depicted in Table 3 were 

designed from a reference normal aggregate (non-rubberised) concrete mix (R00) with a water-to-

binder ratio of 0.35. Rubberised concrete mixes with 20%, 40% and 60% replacement by volume of 

sand and gravel in equal quantities were produced. These are referred to throughout the paper as 

R20, R40 and R60, respectively. The optimisation studies carried out on these mixes [2] showed 

that the mechanical properties are significantly influenced by the coarse rubber properties, whilst 

the fine rubber has adverse effects on workability. Silica fume and fly ash, primarily added to 

improve workability, segregation and slump, and to optimise the particle packing of the mixture, 

improved strength and concrete flowability [2]. One-third of the quantity of admixtures added to 

improve workability, as depicted in Table 3, was plasticisers [56], whilst the other two-thirds were 

super-plasticisers [57]. 

The materials described in Table 3 were mixed together in a 40 litres rotary mixer. Initially, all 

mineral aggregates and half the water were mixed together for 1 minute, followed by the rubber 

particles for rubberised concrete. After 1-minute mix homogenisation, the binders were placed in 

the container and mixed for another minute. The visual inspection of the state of the fresh concrete, 

carried out periodically throughout the mixing procedure, suggested that a time of one minute is 

sufficient to obtain an adequate level of homogeneity between the concrete dry mix components. 

Afterwards, the remaining water and admixtures were added and mixed until the wet mix was 
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homogenous. Fresh concrete properties were determined by means of a slump cone (Table 4). 

Supplementary plasticiser was added where the observed workability was below acceptable levels 

and mixed again. All concrete materials were poured in forms made from plastic pipe offcuts for 

pull-out specimens, and in cast iron moulds for material testing. These were compacted with a 

vibrating table until the air release from the fresh concrete was at a minimum. This mixing 

procedure was maintained throughout the experimental programme. 

2.3 Specimen details 

Fifty-four cylindrical axisymmetric pull-out specimens in two geometrical configurations were 

prepared. Circular members create a more realistic situation, facilitating the testing procedure and 

allowing for effective and simple control of the confinement. Thirty (30) Ø151×160 mm samples 

with 16 mm embedded deformed bars, and twenty-four (24) Ø189×200 mm samples with 20 mm 

embedded deformed bars, were prepared as depicted in Figure 2a. The concrete cover to the rebars 

was 4.2×db for both configurations. As illustrated in Figure 2 the rebar was embedded to a depth of 

5.0×db as recommended by EN-10080 [58] and RILEM [25] to allow assessment of fundamental 

measures of bond, as the short embedment length creates a more uniform stress within the bonded 

length. The remaining embedded length in concrete was covered with a plastic sleeve to minimise 

direct plate bearing effects. The specimens were cast vertically, simulating the case of a column 

member, with the specimen face required to be in contact with the testing machine at the bottom. 

This ensured a fine finish of the concrete face allowing smooth contact with the reaction plate. 

Cubes and cylinders were also prepared for determining the mechanical properties of the concrete 

mixes considered. The samples were cast directly into cast iron forms and covered with plastic 

sheets to facilitate concrete hydration until de-moulding the following day. Subsequently, the 

samples were submersed in water until they reached 28 days when they were removed and prepared 

for testing. The top and bottom faces of the Ø100×200 cylinders were ground, capped with mortar 

and polished with sand paper to ensure surface flatness, whilst their ends were confined with 10 mm 

jubilee clips to avoid local crushing [4]. All dimensions of the cylindrical samples were measured at 

a minimum of three locations and further averaged for assessment of strength. The average 

dimensions of cubic samples were assessed from two measurements for each orthogonal direction. 

A minimum of three compression tests on 100 mm cubes and Ø100×200 cylinders [59,60], and 

splitting tests [61] on Ø102×254 cylinders at 28 days and at the time of testing were carried out for 

each concrete mix. These results are provided in Table 4.  
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2.4 Testing arrangement 

A stiff four-post hydraulic servo-controlled machine was used for testing the pull-out specimens 

(Figure 2b). Each test took between 40-80 minutes and was carried out in displacement control, 

with tensile displacement rates of 0.2 mm/min up to the post-peak region. As illustrated in Figure 

2b, the concrete cylinders were in direct contact with a reaction plate of 200 mm thickness, whilst 

the rebar was clamped in the machine jaws and subjected to a traction force. The reaction plate was 

connected to the testing machine bed through steel blocks and steel beams with 8 bolts. Two 

displacement transducers were mounted on the unloaded rebar end, by means of hexagonal bolts, to 

record the rebar-concrete relative displacement.  

For confined specimens, the external pressure was applied by means of 28 mm wide and 1.0 mm 

thick Grade 430 stainless steel rings [62] tightened with a hand ratchet. Each ring was provided 

with 5.0 mm-120Ω strain gauges to control the level of confinement by converting the recoded 

tension strains to confining pressure (Figure 2c). Two levels of low confinement pressures were 

considered, in the range of 0.5MPa and 3.0MPa. The smaller confining level was accounted for to 

overcome potential splitting behaviour, whilst the latter represents equivalent practical cases of 

circular rubberised reinforced concrete columns provided with transverse stirrups (i.e. column size 

dcol=250 mm with stirrup dimeter dbw=10 mm and spacing sw=100 mm, or dcol=350 mm columns 

with dbw=10 mm and sw= 80 mm). The required confinement pressure was applied before the test 

initiation and monitored throughout the loading procedure. Two samples from each geometric 

configuration were tested. In each test, the applied displacement δ, the relative rebar-concrete slip s, 

the reaction force Fb, and the lateral strains from the confinement rings εl,cc, were monitored 

continuously. The slip measurements recorded by the two transducers were averaged to obtain the 

complete bond-slip response, whilst the confinement strains εl,cc from each ring within the bonded 

length lb were averaged and converted to obtain the confining pressure σl,cc.  

The Ø100×200 cylindrical specimens, used for assessing the material compressive σ-ε behaviour, 

were tested in a stiff four-post 3500 kN machine and instrumented with transducers to record axial 

and lateral deformation as described elsewhere [4]. These tests were carried out in displacement 

control with a compressive displacement rate of 0.1 mm/min. The compressive tests on cubes and 

splitting tests on cylinders were carried out in force control using a 3000 kN testing machine. The 

loading rate was 0.3 MPa/s and 0.01 MPa/s for the two types of tests, respectively. The testing 

machines were provided with hinges at the top of the samples to accommodate rotations from any 

potential non-symmetrical behaviour. The splitting tests were carried out in an existing testing rig 

positioned between the machine loading plates, specifically designed for this purpose. The complete 
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compressive σ-ε for the investigated mixes obtained from Ø100×200 cylinders is illustrated in 

Figure 3a, while the properties of the steel rebars are shown in Figure 3b. 

 

3. Rebar-concrete interaction properties 

The complete bond-slip (τ-s) responses of the tested pull-out specimens are illustrated in Figure 4, 

whilst details regarding the maximum bond force Fb,max, maximum bond strength τb,max, 

confinement level σl,cc, slip values si, and corresponding concrete strength fc at testing, are depicted 

in Table 5. The sample names include bar diameter (16 mm or 20 mm), rubberised concrete 

material (R00-R60), and level of confinement for which C0 represents no confinement, while CL 

and CM depict the two confinement levels investigated with the detailed values reported in Table 5. 

Light grey curves in Figures 4c-j illustrate the minimum and maximum τ-s envelopes and the black 

colour curves depict the average results from each two specimens, with the main variables given in 

Table 5. The bond force, regarded as the uniform shear stress over the nominal area of the rebar, 

was assessed by dividing the tensile force by the actual cross-sectional rebar area of the steel bar 

embedded in concrete, τb=Fb/(u×lb), as illustrated in Figure 1 and depicted in Table 2 [25]. 

3.1  Pilot tests 

The pilot tests performed to obtain the optimal testing configuration for both confined and 

unconfined specimens showed distinct failure modes as a function of the level of confinement 

(Figure 4a,b). As illustrated in Figure 4a, the specimens made of reference concrete (R00) and 

without (C0) or minimal (CL) confinement failed due to splitting with a sudden drop in bond 

capacity. However, for CL, the external confinement restricted the separation of the specimen along 

the fracture plane, developing some residual capacity in the range of 15% of τb,max. On the other 

hand, the member with CM confinement had a stable τ-s response with a plateau at peak and failure 

characterised by pull-out and residual capacity in the range of 50% of τb,max. In all situations, τb,max 

was within similar ranges (29.8-30.7 MPa), about half of fc at the time of testing. In contrast, 

specimens with high rubber content (R60) showed rather distinct behaviour with decreased τb,max 

and residual capacity with the decrease in confinement σl,cc.  

As depicted in Figure 4b, all specimens had a stable and smooth response, with short or no plateau 

at peak due to the more ductile behaviour of rubberised concrete in comparison with normal 

concrete. Although Specimen Ø16-R60-C0 (without confinement) had splitting cracks at the 

bonded region, the concrete cylinder was intact without being separated into two distinct parts. The 
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confined specimens (Ø16-R60-CL and Ø16-R60-CM) had increased capacity, failing in pull-out. 

For Ø16-R60-CM, τb,max was twice fc. Overall, the pilot tests showed distinct response and failure 

modes as a function of the confinement, manifested by different levels of brittleness. Although the 

concrete cover was considerable, the unconfined C0 specimens exhibited splitting failure, whilst the 

confined CM members consistently failed in pull-out regardless of the concrete type. The CL 

specimens typically had a failure governed by splitting, but the external confinement restricted 

concrete dilation offering some residual bond in the post-peak range. Following these observations 

from the pilot tests, the remaining 48 specimens were tested using the same methodology. 

3.2  Bond slip (τ-s) response 

A direct comparison between specimens with 16 mm and 20 mm rebars shows minimal influence of 

the rebar size on the τ-s response, when the concrete section to rebar size ratio is in the same range. 

For example, for R00 specimens, τb,,max values for the C0 and CM confinement levels are within 4% 

difference, whilst R60 specimens show 1.4% variation (Table 5). For CL, R60 specimens exhibit 

higher variation, yet this occurred due to a change in failure mode. The intermediate rubber 

concrete mixes (R20 and R40) show similar τb,max ranges for C0 and CM, and some variation for CL 

specimens. The unconfined R00-C0 specimens had an average τb,max of 30.1 MPa, R20-C0 had τb,max 

of 27.4 MPa, R40-C0 had τb,max of 17.1 MPa and R60-C0 had τb,max of 11.7 MPa. On the other hand, 

R00-CM specimens reached an average value of τb,max of 31.3 MPa, and the average τb,max values 

were 28.7 MPa R20-CM, 20.7 MPa for R40-CM, and 14.1 MPa for R40-CM. The ratios for CL 

specimens were between the C0 and CM, except for R40-CL members which had a lower average 

τb,max than R40-C0 with minimal influence from the confinement. Although in some of the R00 

specimens the rebar yielded outside the bonded length, the results obtained offer a lower bound of 

τb,max since bond stresses in the plastic regime are typically lower than in the elastic regime [17,63]. 

A clear influence of the concrete type is observed both from the τb,max attained and also by the level 

of energy dissipated in the post-peak τ-s regime. Normal concrete R00 and rubberised concrete R20 

specimens in Figures 4c,d,g,h developed a more brittle response compared to R40 and R60 

members shown in Figures 4e,f,i,j. As expected, high-strength concretes (e.g. R00) have limited 

resistance to fracture with limited fracture energy. Consequently, as splitting cracks occur, they are 

typically uncontrolled [29]. For intermediate level of confinement (CL), R00 and R20 were 

governed by splitting; R40 had mixed response, whilst in the R60 samples, the rebar pulled out. 

Figure 5a illustrates two specimens which had distinct failure modes, brittle splitting for Ø20-R00-

C0(1) unconfined specimen, and complete pull-out for Ø20-R60-CM(2) confined member. 

Although splitting occurred for the R00 member, as depicted in Figure 5b, the concrete keys 
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exhibited some shearing with the concrete cover offering some confinement. On the other hand, at 

the other extreme, for the R60-CM confined specimen, complete shearing of the concrete keys 

occurred as observed from the post-test split specimen (Figure 5c).   

For the CL members, external confinement restricted concrete dilation to some extent, allowing for 

τb,max to be reached and showing a sudden decrease in capacity afterwards. This was the case, 

primarily, for R00 and R20 specimens. This in agreement with other studies in which similar 

members with σl,cc/fc < 0.25, made of normal concrete failed in splitting [20]. On the other hand, for 

specimens with higher rubber content, the reduction in bond capacity was smaller with a smoother 

post-peak τ-s branch. Also, as observed in Figures 4a-j, the peak τ-s plateau, typically developed for 

normal concrete, reduces in length with the increase in rubber content. As in the case of the results 

from pilot tests in Figures 4a,b, the failure modes as well as bond capacity τb,max and bond-slip τ-s 

behaviour are a function of the rubber content ρrv and confinement level σl,cc. Failures were 

governed by pull-out for confined CM specimens, whilst splitting occurred in unconfined C0 

members, with low-confined CL member being in-between depending on the rubber content.  

3.3 Bond properties 

The replacement of mineral aggregates with rubber particles modifies the mechanical properties in 

terms of strengths, stiffness and stress-strain response [4]. As illustrated in Figure 6a and Table 4, 

for the concrete materials considered in this paper, rubber replacement ρrv of 60% reduces 

significantly the compressive strength fc of the reference concrete to about 10%. Implicitly, this has 

a direct influence on the bond properties since the compressive forces in the concrete cover 

resulting from the wedge action are limited to a fraction of fc. On the other hand, the rebar-

rubberised concrete interface is inherently subjected to other forms of friction than in the case of 

normal concrete, with rubber particles clamping the rebar ribs and offering different energy 

dissipation mechanisms. The influence of ρrv and implicitly of fc on τb,max may be observed in Figure 

6b,c in which τb,max is averaged for all members with similar confinement levels. The averaged 

values of τb,max  vary in the range of 30.1-31.3 MPa for fc=70.7 MPa (R00), 27.4-31.3 MPa for 

fc=38.6 MPa (R20), 16.5-20.7 MPa for fc=16.3 MPa (R40), and 11.7-14.1 for fc=9.00 MPa (R60). 

As observed in Figure 6b, there is a rather linear decrease of τb,max with ρrv. On the other hand, in 

Figure 6c, the increase τb,max is proportional to fc. Figures 6b,c show that τb,max is half of fc for R00, 

whist it is nearly 1.5 times fc for R60, and the influence of ρrv  on τb,max is less detrimental than on fc. 

The averaged test results are also assessed in terms of a bond coefficient γb (see Figure 6d), 

representing the ratio between τb,max and square root of fc, and indicate good bond conditions when 
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γb >2.5 as defined by Model Code 2010 [21]. It may be observed that the presence of rubber 

produces some bond enhancement at the rebar-rubberised concrete interface with bond coefficients 

ranging between γb of 3.9 and 5.1, while for normal concrete this was lower (γb = 3.6-3.7) due to 

rebar yielding. Bond coefficients above γb > 3.0 are typical for normal concrete with fc > 55 MPa, as 

shown in previous experimental studies [64]. Considering these results, it seems that rubber-rebar 

interaction has a rather beneficial effect. Also, as mentioned in Section 3.2 above, the τ-s response 

at peak varied with the rubber content. For specimens without rubber, members failing in pull-out 

had a τ-s plateau at peak. This is also indicated by Figure 6e, in which the relative slip (Δs) 

representing the difference between the slip at the end of the plateau (s2) to that at the start of the 

plateau (s1) are plotted against ρrv. On one hand, it may be observed that the increase in confinement 

produces an increase in Δs, whilst on the other hand an increase in ρrv results in a decrease of the 

plateau length. 

It should be noted that practical levels of confinement produce a minimal increase in the recorded 

τb,max.. Although lateral confinement in the range of about 3 MPa represents rather low levels for 

normal concrete (R00), some enhancement in τb,max up to 9% was recorded. At the other end, R60 

samples with fc=6.53-9.00 MPa and 3 MPa lateral confinement (σl,cc/fc>0.30) had more significant 

influence on τb,max with an increase up to 30% in comparison with the lowest bound from the 

unconfined members. As illustrated in Figures 7a and 7b, for all the concrete materials investigated, 

the influence of external confinement on τb,max was a function of the type of concrete and the level 

of confinement. At the same time, the interlocking effect between concrete and rebar ribs required 

supplementary force to produce crushing of concrete keys and, hence, the energy dissipated by the 

pull-out force increased with increasing confinement. 

 

4. Modelling of bond parameters for rubberised concrete 

4.1 Bond strength (τb,max) 

Bond strength τb,max is typically related to the widely accepted square root of the compressive 

concrete strength fc relationship (Equation 1) [31]. It is also defined as the uniform shear stress over 

the nominal area of the rebar (Equation 2). Although such assumptions may be valid for plain bars, 

in the case of deformed bars much of the bond strength is provided by the interaction between the 

concrete and the rebar ribs. As for normal concrete, in the case of rubberised concrete the bond 

coefficient γb; i.e. ratio between maximum τb,max and square root of fc
1/2  as depicted by Equation (2), 

may be strongly influenced by the relative rib area fR as well as the rubber content ρrv. The 
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relationship between τb,max for rubberised concrete materials and ρrv can be expressed indirectly 

through the rubberised concrete compressive strength fcr using Equations (3), proposed previously 

by authors (Bompa et al, 2017) [4], in which fc0 is the concrete compressive strength of the 

reference normal concrete from which the rubberised concrete material is derived. 
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As discussed previously, enhanced bond strengths are obtained from higher relative rib areas [33-

37]. Bond coefficients as high as γb=2.5 correspond to good bond conditions, whilst γb=1.25 are 

associated with all other bond conditions [31]. Such values are employed in Model Code 2010 [21] 

as design values accounting for any factor related to rib geometry. The tests described in this paper 

showed enhanced bond coefficients ranging from γb=3.9-5.1 for rubberised concrete, and lower 

values of γb=3.6-3.7 for normal concrete due to rebar yielding. Table 6 gives τb,max values assessed 

using MC2010 recommendations using γb=2.5 [21] and an average test value of γb=4.5, both 

assessed using the test concrete strength fc from Table 4, for specimens with low confinement CL 

levels failing primarily in pull-out.  In cases in which rebar yielding τb,y preceded τb,max, the 

minimum of the two is accounted for in the τb,max/τb,test ratio. As observed in Table 6 and Figure 8a, 

MC2010 offers conservative predictions without being able to represent the loss of bond due to 

rebar yielding, whilst the use of γb=4.5 offers more accurate predictions including the failure mode. 

This shows that the increased γb values may be more appropriate for the assessment of τb,max 

between normal or rubberised concrete and deformed bars with diameters of 16 mm and 20 mm 

made of steel Grade B500C with a minimum relative rib area of 0.056 as employed in the 

experimental programme described in this paper.  

4.2  Splitting strength (τbu,sp) 

The splitting strength τbu,sp of unconfined pull-out members with short anchorages in the range of 

lb=5×db may be determined using Equation (4a) [21] in which η2 is a factor representing bond 

conditions (η2 = 1.0 for good bond and η2 = 0.7 for all other bond conditions), db is the embedded 
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bar diameter, while cmin and cmax are the concrete covers. For the 16 mm rebars described in Section 

2, cmin=cmax=67.5 mm, whilst for 20 mm rebars cmin=cmax=84.5 mm. Table 7 depicts values of τbu,sp 

using MC2010 recommendations for unconfined C0 members which had failures characterised by 

splitting. For R00 and R20 members, Equation (4) offers conservative estimates in comparison with 

the test results and with τbu,sp represented by smaller values than those of τb,max shown in Table 6 for 

the same configuration. On the other hand, for members with high rubber content (ρrv=0.4-0.6), the 

obtained τbu,sp is higher than τb,max in Table 6 for similar members, showing unreliable predictions 

since splitting always occurs before pull-out. Such results seem to be controlled by the low values 

of concrete strength for ρrv=0.4-0.6 (i.e 16.8 MPa and 9.0 MPa, respectively) with values of 

fc/25<1.0 leading to overestimates of the splitting strength τbu,sp. Hence, for concrete materials with 

fc<25 MPa, the ratio fc/λsp should consider the low strength characteristics as proposed in Equation 

(4b). 

0.25 0.2 0.33 0.10

maxmin
, 2

25
6.5 c

bu sp
sp b b b

f cc

d d d
 


       

                
where 25sp    (4a) 

200 7.0sp cf           (4b) 

Accounting for an increased η2=1.8 factor as the ratio between the bond coefficient accounted for in 

this study (γb=4.5), MC2010 bond coefficient for ‘good bond’ of γb=2.5 [21], and λsp assessed as a 

function of fc, Table 7 and Figure 8b depict τbu,sp/τtest ratios for the unconfined members described in 

Section 2. It may be observed that not only are the averages for each configuration within 

reasonable limits, but the failure mode is also correctly predicted with τbu,sp<τb,max as shown in Table 

7. Considering the above, Equation (4a) may be used for both normal and rubberised concrete 

materials with fc>25 MPa in conjunction with enhanced η2 as determined from the actual γb. On the 

other hand, a modified influence of fc using Equation (4b) to τbu,sp should be employed for fc<25 

MPa, also combined with η2 factors corresponding to the bond coefficient.  

4.3 Bond strength (τb,max) vs lateral confinement (σl,cc) 

As discussed in Section 3.3, the increase in lateral confinement influences the bond behaviour in 

both normal and rubberised concrete. As pointed out in studies dealing with normal concrete, for 

low and medium levels of confinement (σl,cc/fc<0.25 [20] or σl,cc/fc<0.30 [39]), the relationship 

between τb,max/σl,cc and σl,cc/fc follows a linear trend [29]. On the other hand, for high confinement 

levels, above the previously mentioned limits, the confinement has minimal impact on τb,max. Figure 

7 shows that for the concrete materials investigated in this paper a linear trend was obtained for all 

rubber contents ρrv when σl,cc/fc<0.25. On the other hand, for R60 members, the only configurations 
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with higher nominal confinement levels, a constant trend exists beyond this limit. Hence, based on 

analysis of the test results, Equation (5) may be used to determine the contribution of confinement 

to τb,max.as follows: 

,max , ,2
0.4 4 1 1

2
b l cc l cc

rv
c c cf f f

  


    
       

    
 for , / 0.20l cc cf     (5) 

Figure 8c illustrates the predictions of Equation (5) plotted (red lines) against the test results (black 

marks) from Table 5, as an average of the two tested members for each configuration. As can be 

observed, there is a constant increase in τb,max/σl,cc in the relationship with σl,cc/fc as the rubber 

content ρrv increases, with confinement playing a more significant role for high ρrv rubberised 

concrete than for normal concrete. A change in the slope of Equation (5) is considered at σl,cc/fc>0.2 

as to offer a lower bound influence of σl,cc/fc on τb,max. The comparative predictions of Equation (5) 

and the linear test trends, shown with black lines, indicate good predictions both in terms of average 

values and slope with the initial branch of the function overlapping the trend lines of the test results. 

Additionally, Figure 8d which shows the relationship between σl,cc/fc and test-to-predicted τb,max / σl,cc 

values indicate good estimations with an average of 1.01 and coefficient of variation of 0.08. 

4.4 Bond slip (τ-s) response  

For short anchorage lengths in the range of lb=5×db as investigated in this paper, it is possible to 

consider that there is an average local τ-s relationship [21]. For monotonic loading as described in 

Section 2, a simplified τ-s curve may be used if the bar is both pulled or pushed (Figure 9) [66]. As 

described previously, in case of rebar yielding the bond stresses are typically lower than in the 

elastic regime [17, 63], with bond strengths at bar yielding τb,y below the maximum attainable τb,max. 

This can be captured by reduced the bond strength as illustrated in Figure 9 [67]. 

The non-yield τ-s curve is represented by a power function up to the slip limit s1, with the bond 

stiffness controlled by α (Equation 6a). Between slip limits s1 and s2, a plateau is considered at peak 

(Equation 6b), whilst a linear descending branch follows up to the residual bond strength τb,f and slip 

limit s3 (Equation 6c). The slip limit s3 represents the clear spacing between ribs as described in 

Section 2.1. Afterwards, a constant residual bond stress τb,f is accounted for (Equation 6d) [21, 31, 

66]. The loss of bond at rebar yielding may be considered as the shear stress corresponding to the 

yield force in the rebar as depicted in Equation (6e) and illustrated in Figure 9 [67]. 
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Figure 10 shows predictions of Equations 6a-d accounting for the parameters of Model Code 2010 

for ‘good bond’ conditions as described in Table 8. Additionally, splitting strengths τbu,sp assessed 

using Equation (4a) [21] for unconfined members are also depicted. In cases in which rebar yielding 

occurred, typically R00 specimens and several R20 specimens, as identified also in Tables 6 and 7, 

Equation (6e) is used. In Figure 10, the test results are presented with continuous black lines, whilst 

τ-s predictions, using MC2010 equations and parameters, are depicted by dashed grey lines. It may 

be observed that in all cases the assessed bond strength τb,max is on average about 50% of the test 

strengths as also indicated in Table 6 for CL members. On the other hand, for members with high 

rubber content ρrv, the splitting strength τbu,sp is overestimated, with values higher than τb,max as 

discussed in Section 4.2 and shown in Figures 10e-h. This arises from the limited application of 

Equation (4a) for concrete materials with fc<25 MPa such as for R40 and R60. Also, failure modes 

governed by yielding (Figures 10a,b,d) are not captured since the evaluated τb,y is higher than the 

τb,max determined using MC2010.  

As discussed previously, the rebar rib configuration influences the bond characteristics; for the 

rebars used in the tests, an enhanced bond coefficient γb=4.5 offers improved accuracy in predicting 

τb,max (Table 6). This is shown in the τ-s response in Figure 10c,e-h for members in which rebar 

yielding did not occur. Although for the remaining members (Figure 10a,b,d), τb,max was not attained 

in the tests, predictions were also carried out to assess the bond strength. This was necessary to 

evaluate τb,y and τbu,sp which occur at a fraction of τb,max. The rebar geometry also influences the bond 

stiffness [35], hence the α parameter which controls the stiffness of predicted values from Equation 

(6a) may require the values to be adapted to the rebar configuration. For the rebars used in the tests 

described in Section 2, the use of α=0.15 offers improved prediction of bond stiffness as depicted in 

Figure 9. 

Figure 6d and the discussion in Section 3.2 showed that for the tested members the slip limits 

change with the level of confinement σl,cc and rubber content ρrv. To allow for improved predictions 

of slip limits for members employing rubberised concrete, Equations (7a,b) are proposed as 
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conservative limits for s1 and Δs for the assessment of s2 (Equation 7c) for which the CL specimens 

are considered as a reference. Figures 11a,b illustrate the slip parameters s1 and Δs obtained from 

tests for C0, CL and CM specimens, with the predictions of Equation (7a) shown in Figure 11a, and 

of Equation (7b) in Figure 11b. Additionally, predictions of the same equations using shifted values 

for the numerators are plotted (i.e. for assessing s1: 2.1 for CM, 1.4 for CL and 0.7 for C0; for 

assessing Δs: 0.90 for CM, 0.60 for CL and 0.15 for C0). These values may be used for assessing 

the slip parameters for the levels of confinement described in Section 2. Equations (7a-c) permit an 

improved assessment of the τ-s curve by accounting for the specific bond behaviour between 

rubberised concrete and rebars. For cases in which yield or splitting occurs, Equations (8a,b) may 

be used for determining the slip values corresponding to the governing bond strength. 
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Figure 7b showed that the increase in confinement produces an increase in the energy dissipated in 

the post-peak region due to the restricted dilation of the external confinement, which has a direct 

influence on the slope of the descending branch (s2-s3) of the τ-s curve. However, the limited 

amount of bond tests on rubberised concrete with external confinement does not enable the 

definition of a confinement dependent descending branch. Hence, the s3 limit for unconfined 

members, represented as the rib spacing sR, is employed.  

Considering the test results and analysis performed in this paper, as for bond between normal 

concrete and deformed bars, in the case of rubberised concrete materials current MC2010 guidelines 

may apply for assessing τ-s curve, including τb.max. The direct application of the prescribed values 

results in conservative estimates, while modified bond parameters as proposed in Table 8 offer 

more reliable prediction. Although there is a clear decrease in the concrete compressive strength fc 

in relationship with the rubber content ρrv in Figure 6a with fc for R60 at 28 days about 10% of fc for 

R00, for the concrete materials investigated herein the ρrv shows less detrimental influence on the 

bond properties (Figure 6b). The direct comparison between the test τb.max and fc show a rather linear 
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increase from R60 to R00 (Figure 6c) with τb.max/fc in the range of 1.5 for R60 and about 0.5 for 

R00. On the other hand, the bond coefficients γb obtained, showed values around 4.5 for rubberised 

concrete, regardless of the rubber content. In the case of normal concrete, lower bond coefficients 

were obtained, primarily due to bond failure occurring in the yielding regime of the rebar. However, 

these are superior to design recommendations for ‘good bond’ [21].  

The above described findings are in contrast to other results from pull-out tests on deformed bars in 

rubberised concrete available in the literature [40-42] which had bond coefficients γb<2.50, showing 

diminished bond properties. Rebar geometries were not reported in these previous studies and may 

have been different from those of the rebars described in Section 2, hence strongly influencing the 

bond response. As mentioned previously, besides the rebar rib geometry, the concrete 

microstructure through its level of voids can influence the rib-concrete interface behaviour. 

However, rebars with rib geometries such as those investigated herein, used in conjunction with 

densely packed concrete, were shown to offer superior bond properties in comparison with design 

recommendations [21]. To obtain reliable predictions of failure modes related to bond behaviour, 

bond coefficients corresponding to those obtained in this study should be considered, primarily in 

cases in which the complete τ-s relationship is required.  

In addition to the above, in cases of failure modes governed by splitting or yielding, reliable bond 

coefficients are necessary for strength assessment since these occur before the maximum bond 

capacity is reached. Modified approaches, such as those proposed herein, should also be considered 

to determine the characteristics of the behaviour of rubberised concrete. The slip parameters 

proposed in this paper, required for the assessment of τ-s, depending on the rubber content ρrv and 

level of confinement σl,cc, reflect closely the bond behaviour observed in rubberised concrete. To 

this end, the equations and parameters proposed in this paper offer improved predictions for the 

assessment of bond behaviour between deformed bars and rubberised concrete, in comparison with 

existing recommendations, and include the complete τ-s relationship as well as characteristic 

interfacial strengths. Although existing design recommendations can be used, they may offer overly 

conservative estimates and can be unreliable in predicting the failure modes involved. 

 

5. Concluding remarks 

The study presented in this paper examined the bond behaviour between deformed bars and 

concrete materials incorporating rubber particles, obtained from recycled tyres, as replacement for 

mineral aggregates. A full account of a series of 54 pull-out tests on cylindrical rubberised and 
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normal concrete specimens, in conjunction with two types of deformed bars, was given. In addition 

to the detailed assessments of the complete bond-slip relationships, the test results offered direct 

interpretation of the bond behaviour under low levels of confinement as well as its influence on the 

failure modes. The detailed test measurements of bond-slip response, coupled with the observations 

described in this paper, enabled the definition of characteristic bond parameters representing the 

interfacial behaviour between rubberised concrete and deformed bars. Modified expressions, 

enabling an improved prediction of failure modes and bond capacities, were also proposed. The 

experimental and analytical investigations described in this paper allow the following main 

conclusions and observations to be drawn: 

- The rubber content has 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. 

- External confinement increases the bond strength between the investigated rubberised concrete 

and deformed bars, as a function of the concrete compressive strength and the level of external 

pressure, proportionally up to about 20% confinement pressure-to-concrete strength ratio, 

remaining largely constant thereafter. 

- The experimental results showed that the bond-slip relationship and failure mode is dependent on 

the concrete strength for resisting the bursting forces generated by the rebar ribs-concrete 

interlock, the steel yield strength, and the level of confinement; with splitting failure occurring 

for unconfined rubberised concrete members even in the presence of thick concrete covers, and 

pull-out failures developing for cases of low confinement. 

- Based on the test results and observations, a set of bond parameters and expressions were 

proposed to define the characteristic interfacial behaviour between the investigated deformed 

bars and rubberised concrete in terms of maximum bond strength, splitting strength, bond 

stiffness and slip parameters.  

- The parameters and relationships proposed in this paper offer improved predictions for the 

assessment of bond behaviour between the investigated rubberised concrete deformed bars in 

comparison with existing recommendations, and also include the full τ-s relationship and 

characteristic interfacial strengths.  

- Existing design recommendations for normal concrete can be used for rubberised concrete 

materials up to replacement ratios of 60% for determining the maximum bond strength, yet they 

may offer overly conservative estimates and can provide unreliable predictions of the splitting-

type failure modes for concrete materials with low compressive strengths. 
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Nomenclature 
 
Greek letters 
α – bond stiffness parameter 
γb – bond coefficient 

δ – displacement 
Δs – relative slip  
ε - strain 
εu – ultimate tensile strain  

η2 – bond parameter for splitting strength  

λ – rubber replacement ratio parameter 

λsp – splitting parameter 
ρrv – rubber replacement ratio 

σ – stress 
σl,cc  - lateral confinement force 

τ - bond stress 
τb,f – residual bond strength 

τb,max – maximum bond strength 

τb,test – maximum test bond strength 

τb,y – yield bond strength 

τbu,sp – splitting strength 

Lowercase latin letters 
cmin, cmax – concrete covers 

db – bar diameter  

dcol – column diameter 

dbw – stirrup diameter 
dg,repl – size of the replaced aggregate 
dg,max – maximum aggregate size 

fc – cylinder compressive concrete strength 
fc,cube, - cube compressive concrete strength 
fct,sp – concrete material splitting strength 
fy – steel yield strength 

fu – steel ultimate tensile strength 
fR – relative rib area 
lb – embedded bond length 

si – slip parameters 

s - slip 
sR – rib spacing 

u – bar perimeter 
Uppercase latin letters 
Ab – bar cross-sectional area 
Fb – bond force 

Fb,max – maximum bond force 
Gb – bond post-peak energy  
Ø - diameter 
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Figures 

 

 

 
Figure 1 a) Materials (rubber blend, aggregates, binders); b) Rebar configuration 

 

 

 

Figure 2 a) Schematic of the pull-out specimens, b) Testing arrangement, c) Pull-out specimens with 
confinement 

 



26 
 

 

Figure 3 Stress strain σ – ε response of a) concrete materials b) steel reinforcement 
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Figure 4 Bond slip τ – s response a) Pilot Ø16-R00, b) Pilot Ø16-R60, c) Ø16-R00, d) Ø16-R20, e) Ø16-

R40, f) Ø16-R60, g) Ø20-R00, h) Ø20-R20, i) Ø20-R40, j) Ø20-R60, 
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Figure 5 a) Unconfined Ø20-R00-C0(1) specimen after test developing splitting failure, b) Confined Ø20-

R60-CM(2) specimen with complete rebar pull-out c) Half specimen and detail of post-test interface 
properties for Ø20-R00-C0(1) d) Post-test split half of Ø20-R60-CM(2) and detail of the interface 

characteristics  
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Figure 6 Test results: relationship between a) fc and ρrv, b) τb,max and ρrv, c) τb,max and fc, d) γb and ρrv, e) Δs 
and ρrv 

 

 

 

Figure 7 Bond behaviour under confinement a) maximum bond strength τb,max, b) bond energy Gb 
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Figure 8 Predictions of Equation (5): a) maximum bond strength, b) splitting strength, c) influence of rubber 

content ρrv and confinement on τb,max/fc, d) statistical parameters 
 

 

 

 

Figure 9 Bond-slip τ-s response [21, 31, 66, 67] 
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Figure 10 Prediction of the bond-slip τ-s response for a) Ø16-R00, b) Ø20-R00, c) Ø16-R20, d) Ø20-R20, e) 
Ø16-R40, f) Ø20-R40, g) Ø16-R60, i) Ø20-R60 
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Figure 11 Prediction of slip limits a) s1 from Equation (7a), b) Δs from Equation (7b) 
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Tables 

Table 1 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 

 

Table 2 Steel material properties 

Bar 
type 

fy (MPa) fu (MPa) εu (%) u (mm) Ab (mm) sR (mm) fR (-) 

16 mm  607  698  12.5 49.8 178 9.50  0.070 
20 mm  575 684  15.7  63.8 297 12.5  0.109 

 

Table 3 Concrete mixes  

Mix R00 R20 R40 R60 

CEM I 52.5 340 340 340 340 

Microsilica 42.5 42.5 42.5 42.5 

Fly ash 42.5 42.5 42.5 42.5 

Gravel (10-20 mm) 1001 800 600 400 

Sand (0-5mm) 820 656 492 328 

Fine rubber (0-10mm) 0 60.5 121 182 

Coarse rubber (10-20mm) 0 49.5 99 148 

Admixtures 7.60 7.60 7.60 7.60 

Water 149 149 149 149 
 

Table 4 Concrete properties 

Strengths at 28 days (MPa) Strengths at testing (MPa) Slump 
(mm) 

Density 
(kg/m3) Mix fc fc,cube fct,sp fc fc,cube 

R00 65.3 78.6 5.53 70.7 87.0 125 2352 

R20 28.2 47.5 3.62 38.6 58.9 110 2192 

R40 13.7 26.0 1.82 16.8 29.8 125 2037 

R60 6.5 12.4 1.34 9.0 16.3 50 1869 
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Table 5 Test results 

Sample 
Number 

of 
samples 

Fb,max (kN) 
τb,max 

(MPa) 
σl,cc (MPa) s1 (mm) s2 (mm) fc (MPa) FM 

Ø16P-R00-C0 1 118.9 29.8 0 1.0 3.1 65.0 SP 

Ø16P-R00-CL 1 118.6 29.8 0.55 1.0 1.0 65.0 POS 

Ø16P-R00-CM 1 122.5 30.7 3.33 1.9 1.9 65.0 PO 

Ø16P-R60-C0 1 44.5 11.2 0 0.1 0.2 6.5 SP 

Ø16P-R60-CL 1 46.5 11.7 0.63 0.2 0.3 6.5 POS 

Ø16P-R60-CM 1 52.5 13.2 3.04 0.2 0.3 6.5 PO 

Ø16-R00-C0 2 122.5 30.8 0 0.4 0.6 70.7 SP 

Ø16-R00-CL 2 124.3 31.2 0.48 1.2 1.7 70.7 POS 

Ø16-R00-CM 2 123.8 31.1 2.52 2.0 2.8 70.7 PO 

Ø16-R20-C0 2 111.4 28.0 0 0.2 0.3 38.6 SP 

Ø16-R20-CL 2 110.4 27.7 0.65 0.4 0.6 38.6 POS 

Ø16-R20-CM 2 113.0 28.4 2.22 0.7 0.9 38.6 PO 

Ø16-R40-C0 2 67.3 16.9 0 0.3 0.4 16.3 SP 

Ø16-R40-CL 2 62.5 15.7 0.65 0.4 0.5 16.3 POS 

Ø16-R40-CM 2 84.6 21.2 2.39 0.4 0.8 16.3 PO 

Ø16-R60-C0 2 46.4 11.7 0 0.3 0.3 9.0 SP 

Ø16-R60-CL 2 45.3 11.4 0.71 0.3 0.4 9.0 POS 

Ø16-R60-CM 2 55.8 14.0 2.53 0.6 0.9 9.0 PO 

Ø20-R00-C0 2 188.5 29.5 0 0.9 1.0 70.7 SP 

Ø20-R00-CL 2 195.6 30.6 0.86 1.6 2.1 70.7 POS 

Ø20-R00-CM 2 201.7 31.6 2.77 2.1 3.3 70.7 PO 

Ø20-R20-C0 2 171.5 26.9 0 0.3 0.3 38.6 SP 

Ø20-R20-CL 2 177.1 27.7 0.83 0.5 0.7 38.6 POS 

Ø20-R20-CM 2 185.9 29.1 2.82 1.3 2.0 38.6 PO 

Ø20-R40-C0 2 110.2 17.3 0 0.2 0.3 16.3 SP 

Ø20-R40-CL 2 110.7 17.3 0.84 0.7 1.2 16.3 POS 

Ø20-R40-CM 2 129.1 20.2 2.81 0.6 0.9 16.3 PO 

Ø20-R60-C0 2 74.6 11.7 0 0.3 0.4 9.0 SP 

Ø20-R60-CL 2 94.1 14.7 0.83 0.7 1.1 9.0 POS 

Ø20-R60-CM 2 90.7 14.2 2.91 0.8 1.3 9.0 PO 
 FM – failure mode, PO – pull-out, SP – splitting, POS – pull-out with some splitting cracks 
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Table 6 Maximum bond strength 

Specimen 
type 

τb,test 
(MPa) 

σl,cc 

(MPa) 
τb,y 

(MPa) 
τb,test 

/τb,y (-) 
FM 

τb,max (MPa) τb,max/τb,test (-) 
MC2010 
γb = 2.5 

 

This 
study 
γb = 4.5 

MC2010 
γb = 2.5 

This study 
γb = 4.5 

Ø16-R00-CL 31.2 0.48 30.7 1.02 PYS 21.0 37.8 1.48 1.02 
Ø16-R20-CL 27.7 0.65 30.7 0.90 POS 15.5 28.0 1.78 0.99 
Ø16-R40-CL 15.7 0.65 30.7 0.51 POS 10.2 18.4 1.53 0.85 
Ø16-R60-CL 11.4 0.71 30.7 0.37 POS 7.5 13.5 1.52 0.84 
Ø20-R00-CL 30.6 0.86 28.3 1.08 PYS 21.0 37.8 1.46 1.08 
Ø20-R20-CL 27.7 0.83 28.3 0.98 POS 15.5 28.0 1.79 0.99 
Ø20-R40-CL 17.3 0.84 28.3 0.61 POS 10.2 18.4 1.69 0.94 
Ø20-R60-CL 14.7 0.83 28.3 0.52 POS 7.5 13.5 1.97 1.09 

AVG 1.65 0.98 
COV 0.11 0.10 

FM – failure mode, POS – pull-out with some splitting cracks, PYS – pull-out in plastic regime of the rebar 
with some splitting cracks 

 

 

Table 7 Splitting strength 
τbu,sp (MPa) τbu,sp/τtest (-) 

Sample 
τb,test 

(MPa) 
σl,cc 

(MPa) 
τby 

(MPa) 
τb,test/ 
τb,y (-) 

FM MC2010
This 
study 

MC2010 
This 
study 

Ø16-R00-C0 30.8 0.00 30.7 1.00 SY 17.1 30.8 1.80 1.00 
Ø16-R20-C0 28.0 0.00 30.7 0.91 SP 14.7 26.5 1.90 1.06 
Ø16-R40-C0 16.9 0.00 30.7 0.55 SP 11.9* 15.8 1.41* 1.07 
Ø16-R60-C0 11.7 0.00 30.7 0.38 SP 10.2* 12.0 1.14* 0.97 
Ø20-R00-C0 29.5 0.00 28.3 1.04 SY 17.1 30.8 1.73 0.96 
Ø20-R20-C0 26.9 0.00 28.3 0.95 SP 14.7 26.5 1.83 1.01 
Ø20-R40-C0 17.3 0.00 28.3 0.61 SP 11.9* 15.8 1.44* 1.09 
Ø20-R60-C0 11.7 0.00 28.3 0.41 SP 10.2* 12.0 1.14* 0.98 

AVG 1.55 1.02 
COV 0.20 0.05 

FM – failure mode, SP – splitting, SY – splitting in plastic regime of the rebar 

 

 

Table 8 Slip parameters 
 

 γb α s1 s2 s3 sy sy1 sy2 ssp1 
MC2010 [21] and [67] 2.5 0.4 1.0 2.0 sR Eq. (8a) sy+2.5 2 × s3 1.2 ×s1 

Proposed 4.5 0.15 Eq. (7a) Eq. (7c) sR Eq. (8a) sy+2.5 2 × s3 1.2 ×s1 
sR – rib spacing 


