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[bookmark: OLE_LINK43][bookmark: OLE_LINK44]Abstract: In this work, a new mechanistic interface model is proposed to simulate the nonlinear bond behavior of steel reinforcement in concrete. With the motivations to reproduce the bond response more realistically and uncover the underlying mechanisms responsible for the high nonlinearity, the main characteristics including the damage evolution and frictional features are properly embodied during the establishment of the model. Specifically, the collective bond stress is expressed as the superposition of the mechanical interlocking and the frictional resistance, while the total reinforcement slip is first decomposed into three components, namely elastic slip, plastic slip, and sliding slip. As to the interfacial damage, by introducing a probabilistic method and the concept of cumulative slip, the irreversibility and directionality are emphatically considered. Upon these assumptions, along with mathematical and physical laws governing the developments of interfacial damage, kinematic/isotropic hardenings, and frictional sliding, the model is strictly deduced and numerically implemented within the thermodynamic framework. The numerical illustrations of the model behavior under different loading paths and the independent validations with different test results demonstrated that the proposed model is capable of reproducing the bond responses satisfactorily. The nonlinearity of the bond behavior is the integrative result of the variations of interlocking force and frictional resistance, which is largely attributed to the progressive transformation of the dominated mechanisms at different debonding stages. The presented model constitutes a beneficial addition to the understanding of the nonlinear bond behavior from the theoretical viewpoint.
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1. Introduction
[bookmark: _Ref407306402]Reinforced concrete (RC) structure is vulnerable to external loads, and its integrity is greatly guaranteed by the reliability of the bond performance between steel reinforcement and surrounding concrete [[endnoteRef:1]]. Taking the RC beam illustrated in Fig. 1(a) as an example, the transferring efficiency of the bond stress within the interface has a significant influence on determining the development length of end-anchored steel reinforcements, the maximum crack width at the mid-span, and the overall bending stiffness [[endnoteRef:2]-[endnoteRef:3][endnoteRef:4]]. Any possibility of the bond failure may result in a worsen nonlinearity of the mechanical response, or even a catastrophic loss of structural integrity [[endnoteRef:5],[endnoteRef:6]]. Hence, to avoid unexpected premature failure of critical components, identifying the involved mechanisms and quantifying the bond stress-slip relation accurately is a crucial step in the preliminary design of RC structures [[endnoteRef:7]]. [1: [] CEB-FIP. Bond of reinforcement in concrete: state-of-art report. Fib Bulletin No. 10, Lausanne, Switzerland, 2000. ]  [2: [] Jason L, Torre-Casanova A, Davenne L, Pinelli X. Cracking behavior of reinforced concrete beams: experiment and simulations on the numerical influence of the steel-concrete bond. Int J Fracture, 2013, 180(2): 243-260.]  [3: [] Bandelt M, Billington S. Bond behavior of steel reinforcement in high performance fiber-reinforced cementitious composite flexural members, Mater Struct, 2016, 49: 71-86.]  [4: [] Chi Y, Yu M, Huang L, Xu LH. Finite element modeling of steel-polypropylene hybrid fiber reinforced concrete using modified concrete damaged plasticity. Eng Struct, 2017, 148, 23-35.]  [5: [] Sajedi S, Huang QD. Probabilistic prediction model for average bond strength at steel-concrete interface considering corrosion effect. Eng Struct, 2015, 99: 120-131.]  [6: [] Zhou Y, Zheng B, Zhao D, Dang L, Sui L, Li D, Xing F. Cyclic bond behaviors between corroded steel bar and concrete under the coupling effects of hoop FRP confinement and sustained loading. Compos Struct, 2019, 224: 110991.]  [7: [] Ben Romdhane MR, Ulm FJ. Computational mechanics of the steel–concrete interface. Int J Numer Anal Met, 2002, 26(2): 99-120.] 

[bookmark: _Ref48123565][bookmark: _Ref55508738]Be aware of the importance of this issue, extensive studies have been conducted since the last century [[endnoteRef:8]-[endnoteRef:9][endnoteRef:10]]. The majority of the current basic knowledge are obtained from experimental investigations. For instance, it has been widely evidenced that the bond between steel reinforcement and concrete is mainly governed by the action of mechanical interlocking and frictional sliding [[endnoteRef:11],[endnoteRef:12]], different from the bond between fiber-reinforced polymer (FRP) sheet and concrete that is normally gained through the homogeneous adhesive layer [[endnoteRef:13],[endnoteRef:14]], as shown in Fig. 1(b) and (c). And just because of this, a discontinuous gap, rather than continuous deformation, between two components is mostly observed for the former case, resulting in a different stress-slip law with obvious friction characteristics when compared with the latter one (Fig. 1(d) and (e)) [[endnoteRef:15],[endnoteRef:16]]. Regarding the analytical or numerical modeling, three categories of methods are available to quantify the bond behavior to date, namely, mathematical equations, semi-empirical formulas, and theoretical models [[endnoteRef:17]-[endnoteRef:18][endnoteRef:19]]. Among them, the former two approaches are based on the evaluation of a large number of test results obtained from specific situations and, thus, are not likely to be generalized because of the high dependency [[endnoteRef:20]]. Besides, for the sake of convenience, these models are generally overly-simplified, and only some principle factors, such as concrete compressive strength, concrete cover thickness, rebar diameter, etc., are included [[endnoteRef:21]], but the evolutionary mechanisms are almost disregarded [[endnoteRef:22]]. [8: [] Mo KH, Alengaram UJ, Jumaat MZ. Bond properties of lightweight concrete-a review. Constr Build Mater, 2016, 112: 478-496.]  [9: [] Sulaiman MF, Ma CK, Apandi NM, Chin S, Awang AZ, Mansur SA, Omar W. A review on bond and anchorage of confined high-strength concrete. Structures, 2017, 11: 97-109.]  [10: [] Lin H, Zhao YX, Feng P, Ye HL, Ozbolt J, Jiang C, Yang JQ. State-of-the-art review on the bond properties of corroded reinforcing steel bar. Constr Build Mater, 2019, 213: 216-233.]  [11: [] Tepfers R. Cracking of concrete cover along anchored deformed reinforcing bars. Mag Concrete Res 1979; 31:3-12.]  [12: [] Huang L, Xu LH, Chi Y, Deng FQ, Zhang AL. Bond strength of deformed bar embedded in steel-polypropylene hybrid fiber reinforced concrete. Constr Build Mater, 2019, 218: 176-192.]  [13: [] Li J, Xie J, Liu F, Lu Z. A critical review and assessment for FRP-concrete bond systems with epoxy resin exposed to chloride environments. Compos Struct, 2019, 229: 111372.]  [14: [] Tuakta C, Büyüköztürk O. Deterioration of FRP/concrete bond system under variable moisture conditions quantified by fracture mechanics. Compos Part B-Eng, 2011, 42(2): 145-154.]  [15: [] Luccioni BM, López DE, Danesi RF. Bond-slip in reinforced concrete elements. J Struct Eng, 2005, 131(11): 1690-1698.]  [16: [] Daud RA, Cunningham LS, Wang YC. New model for post-fatigue behaviour of CFRP to concrete bond interface in single shear. Compos Struct, 2017, 163: 63-76.]  [17: [] Wu YF, Zhao XM. Unified bond stress-slip model for reinforced concrete. J Struct Eng, 2013, 139(11): 1951-1962.]  [18: [] Harajli MH. Bond stress-slip model for steel bars in unconfined or steel, FRC, or FRP confined concrete under cyclic loading. J Struct Eng 2009; 135: 509-518.]  [19: [] Lundgren K. Three-dimensional modelling of bond in reinforced concrete, theoretical model, experiments and applications. Chalmers University of Technology, 1999.]  [20: [] Gao D, Yan H, Fang D, Yang L. Bond strength and prediction model for deformed bar embedded in hybrid fiber reinforced recycled aggregate concrete. Constr Build Mater, 2020, 265: 120337.]  [21: [] Model Code 2010. International Federation for structural concrete (fib). Final draft, Lausanne, Switzerland, 2011.]  [22: [] Yan F, Lin Z, Yang M. Bond mechanism and bond strength of GFRP bars to concrete: A review. Compos Part B-Eng, 2016, 98: 56-69.] 

	


	[bookmark: _Ref47896825]Fig. 1  Illustration of the bond between reinforcements and concrete.


[bookmark: _Ref55507489][bookmark: _Ref48139694][bookmark: _Ref48748340][bookmark: _Ref48078212][bookmark: _Ref48071233][bookmark: _Ref48123040][bookmark: _Ref55507585][bookmark: _Ref48142018]Thanks to the development of fundamental theories and computational techniques in the last decades, many theoretical models dedicated to characterizing the interfacial bond behaviors were proposed in succession. For example, based on the elastoplastic theory, Cox and Herrmann [[endnoteRef:23]] proposed a two-dimensional non-associative model in the scale of rebar to simulate the monotonic bond-slip behavior and the bond-dilation relation caused by the wedging action of the bar rib. Afterwards, Murcia-Delso and Shing [[endnoteRef:24]] presented an interface model, in which a multi-surface plasticity formulation was adopted to represent the damage of concrete between the bar ribs as well as the relative sliding between concrete and bar surface. More recently, within the thermodynamic framework, Baktheer and Chudoba [[endnoteRef:25]] introduced a cumulative slip-driven damage model to reflect the bond degradation in various fatigue cases. Almost at the same time, Huang et al. [[endnoteRef:26]] suggested a similar damage-plasticity model to predict the bond behavior. By defining the evolutions of interfacial damage and hardening plasticity skillfully, the model can provide a wide range of applications in either monotonic or cyclic situations. Other relevant examples refer to [[endnoteRef:27]-[endnoteRef:28][endnoteRef:29][endnoteRef:30][endnoteRef:31]]. In all these models, although the establishing processes are multifold, one of the common motivations is to interpret the observed test results faithfully and further anticipate an accurate simulation of the bond response in the structural scale [[endnoteRef:32]]. Compared to those mathematical or semi-empirical models, theoretical models greatly deepen our understanding of this invisible debonding process. But meanwhile, some of the models fail to or only partially reproduce the whole bond characteristics, manifested on the indistinction between frictional sliding and inelastic deformation [23], and improper consideration of their respective contributions during the evolution of interfacial response [24,26]. More importantly, the underlying bond mechanisms responsible for the transformation of the features shown in Fig. 1(e) are not adequately reflected [29]. [23: [] Cox JV, Herrmann LR. Development of a plasticity bond model for steel reinforcement. Mech Cohesive-Frictional Mater, 1998, 3(2): 155-180.]  [24: [] Murcia-Delso J, Shing PB. Elastoplastic dilatant interface model for cyclic bond-slip behavior of reinforcing bars. J Eng Mech, 2016, 142(2): 04015082.]  [25: [] Baktheer A, Chudoba R. Pressure-sensitive bond fatigue model with damage evolution driven by cumulative slip: Thermodynamic formulation and applications to steel-and FRP-concrete bond. Int J Fatigue, 2018, 113: 277-289.]  [26: [] Huang L, Chi Y, Xu LH, Deng FQ. A thermodynamics-based damage-plasticity model for bond stress-slip relationship of steel reinforcement embedded in fiber reinforced concrete. Eng Struct, 2019, 180: 762-778.]  [27: [] Lundgren K, Gylltoft K. A model for the bond between concrete and reinforcement. Mag Concrete Res, 2000, 52(1): 53-63.]  [28: [] Ragueneau F, Dominguez N, Ibrahimbegovic A. Thermodynamic-based interface model for cohesive brittle materials: application to bond slip in RC structures. Comput Methods Appl Mech Eng, 2006, 195(52): 7249-7263.]  [29: [] Serpieri R, Alfano G. Bond-slip analysis via a thermodynamically consistent interface model combining interlocking, damage and friction. Int J Numer Meth Eng, 2011, 85(2): 164-186.]  [30: [] Guiamatsia I, Nguyen GD. A thermodynamics-based cohesive model for interface debonding and friction. Int J Solids Struct, 2014, 51(3-4): 647-659.]  [31: [] Huang L, Ye HL, Chu SH, Xu LH, Chi Y. Stochastic damage model for bond stress-slip relationship of reinforcing bar embedded in concrete. Eng Struct, 2019, 194: 11-25.]  [32: [] Casanova A, Jason L, Davenne L. Bond slip model for the simulation of reinforced concrete structures. Eng Struct, 2012, 39: 66-78.] 

To this end, in this study, a mechanistic model attempting to describe the nonlinear bond behavior of steel reinforcement to concrete more realistically is proposed. In the model, the main characteristics of the bond response, in terms of reinforcement slip, bond stress, and interfacial damage, as well as their evolution laws, are embodied. The model presented here is an enhancement of our previous studies [26,31], and as a preliminary study, only the situation of steel reinforcement embedded in a well-confined concrete is considered, albeit the splitting failure is more commonly observed in practice.
2. Characterization of bond response
As aforementioned, substantial efforts have already been made to characterize the bond behavior between steel reinforcement and surrounding concrete. The findings in general can be summarized into three aspects as follows.
2.1 Reinforcement slip
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Unless otherwise stated, the term of reinforcement slip in this study exclusively denotes the total relative slip between steel reinforcement and concrete matrix, as depicted in Fig. 2(a). For many years, the majority of bond-slip models only include the total value of the reinforcement slip, because of its easy availability [[endnoteRef:33]]. Using such an empirical approach, most of the design problems frequently encountered can be practically addressed, which, however, covers up the inherent bond mechanisms behind the superficial phenomena on the other hand [[endnoteRef:34]]. For example, the components of the total reinforcement slip and the respective driving force responsible for the evolution of each component, as well as their interrelations with the deformation of surrounding concrete at different debonding stages, as illustrated in Fig. 2(b), cannot be expressed clearly. [33: [] ACI 408R-03. Bond and Development of Straight Reinforcing Bars in Tension. American Concrete Institute, Detroit, Michigan, US, 2003.]  [34: [] Jiang C, Wu YF, Dai MJ. Degradation of steel-to-concrete bond due to corrosion. Constr Build Mater, 2018, 158: 1073-1080.] 

Concerning this, in light of the elastoplastic theory, some researchers assumed that the total slip is composed of an elastic recoverable component and an inelastic or plastic-like component [26,28]. Upon this idea, each increment of the total slip during the debonding process can always be decomposed into two parts. As long as the appropriate evolution laws of each component are specified, a satisfactory reproduction of the bond response is very likely to be obtained, especially in the case of cyclic loading. Nevertheless, one of the most shortages in these models is the neglect of the obvious discontinuous gap between the ribs of adjacent steel reinforcement and concrete, particularly at the post-peak loading stage, albeit it is usually incorporated into the plastic-like component in a numerical manner.
Hence, to further rationalize the expression of the reinforcement slip with a clearer physics meaning, the total slip s is first decomposed into three components in this study, i.e.,
	

	[bookmark: _Ref449531581](1)


where se, sp, and sl are the elastic deformation, plastic deformation, and sliding slip accounting for the discontinuity between steel reinforcement and adjacent concrete, respectively.
	


	[bookmark: _Ref45389039]Fig. 2  Decomposition of the reinforcement slip.


2.2 Bond stress
Likewise, the first thing to state is that the bond stress herein refers to the average value of the shear stress within a local interface between the steel reinforcement and surrounding concrete. Considering the stress transfer mechanism at different stages, the bond stress depends on the magnitude of chemical adhesion, mechanical interlocking, and frictional resistance [[endnoteRef:35]]. Among them, chemical adhesion is usually not taken into account because of its vulnerability and negligible role in most common situations [15]. Hence, in the following, only the contributions from the mechanical interlocking and the frictional resistance are evaluated. [35: [] Dahou Z, Sbartaï ZM, Castel A, Ghomari F. Artificial neural network model for steel-concrete bond prediction. Eng Struct, 2009, 31(8): 1724-1733.] 

Without losing the generality and for the sake of simplicity, during the debonding process the local interface is idealized as a representative volume element (RVE), which includes two parts, i.e. undamaged part and damaged part (Fig. 3(a)). Correspondingly, the bond stress is regarded as the collection of the interlocking force induced by the elastic deformation of the undamaged part and the frictional resistance preventing relative sliding occurs within the damaged part, as shown in Fig. 3(b),
	

	[bookmark: _Ref46073800](2)


where τ, τi and τf represent the collective bond stress, interlocking force and frictional resistance, respectively.
	


	[bookmark: _Ref45470689]Fig. 3  Decomposition of the bond stress.


To describe the deformability of the discontinuous interface between steel reinforcement and adjacent concrete and the frictional characteristics, a spring-slider system schematically represented in Fig. 4 is adopted. For the single spring-slider element, the constitutive relation can be expressed in two stages (Fig. 4(a)) as follows,
	

	(3)


[bookmark: OLE_LINK94][bookmark: OLE_LINK95]where ke,n and τf,n are the stiffness and residual strength of n-th element, respectively, and δ is the failure displacement of elastic spring. 
[bookmark: OLE_LINK98][bookmark: OLE_LINK99][bookmark: OLE_LINK100]Since the failure displacement δ is a random variable, the macroscopic bond response, therefore, is observed to be highly nonlinear as the number of single spring-slider element increases, as shown in Fig. 4(b) and (c). According to the above definitions, when the number of elements increases towards infinity, the local bond stress-slip constitutive relationship is rewritten as
	

	[bookmark: _Ref533538924](4)


[bookmark: OLE_LINK21]where Ke is the original overall bond stiffness; τf is the total frictional resistance, τf = Kl l, in which Kl and l are the modulus of frictional resistance and the characteristic value of sliding slip (defined later), respectively. It is important to notice that the frictional resistance always acts to oppose any relative slip between steel reinforcement and concrete, thus its direction will convert during the unloading process. Such a sudden change is also one of the main characterizations to account for the debonding phenomenon, which will be elaborated in Section 3.1. H (·) is the Heaviside function, taking the value of unity if the argument (·) is positive, and zero otherwise, i.e.,
	

	(5)



	


	[bookmark: _Ref45479461]Fig. 4  Spring-slider system adopted to characterize the bond response. Stress-displacement relations of (a) single element, (b) multiple elements, and (c) infinite elements.


2.3 Interfacial damage
[bookmark: _Ref55508743]Interfacial damage is a crucial internal state variable representing the progressive degradation of bond response over time, which is typically defined as the ratio between the unloading stiffness and the initial bond stiffness [[endnoteRef:36]]. According to the rigorous basis of irreversibility from Lemaitre’s hypothesis [[endnoteRef:37]], the following three mandatory constraints should be unconditionally obeyed during the whole evolution process of the interfacial damage, [36: [] Huang L, Chi Y, Xu LH, Chen P, Zhang AL. Local bond performance of rebar embedded in steel-polypropylene hybrid fiber reinforced concrete under monotonic and cyclic loading. Constr Build Mater, 2016, 103: 77-92.]  [37: [] Lemaitre J. A continuous damage mechanics model for ductile fracture. J Eng Mater Tech, 1985, 107: 83-89.] 

	

	(6)


where Dτ denotes the interfacial damage, ranging from 0 (intact state, Dτ,0) to 1 (complete failure, Dτ,∞); Ḋτ is the evolution rate of the damage, and Ḋτ ≥ 0 indicates its irreversibility.
[bookmark: _Ref55508746]Hence, as the reinforcement slip increases, the interfacial damage begins to accumulate, resulting in the gradual softening of the bond response, as well as the by-product of decreasing the unloading stiffness correspondingly (Fig. 5(a)). Moreover, in the case of reverse loading, the damage accumulated in the earlier loading history is also observed to apparently weaken the bond performance in the other direction, and this directional effect becomes much more pronounced as the opposite slip is larger, as compared in Fig. 5(b). Lastly, it should be noted that to be consistent with the previous decomposition of the bond stress in Section 2.2 and to be more faithful to the reported experimental results [[endnoteRef:38],[endnoteRef:39]], the physical definition of the unloading stiffness is altered in this study. Instead of adopting the common cognition that it refers to the slope between the points where it begins to unloading and the bond stress is zero (Points A and C in Fig. 5(a)), the unloading stiffness herein is defined as the slope between the points where the direction of the frictional resistance converts and the bond stress is zero (Points B and C in Fig. 5(a)). [38: [] Campione G, Cucchiara C, La Mendola L, Papia M. Steel-concrete bond in lightweight fiber reinforced concrete under monotonic and cyclic actions. Eng Struct, 2005, 27(6): 881-890.]  [39: [] Li J, Gao X, Zhang P. Experimental investigation on the bond of reinforcing bars in high performance concrete under cyclic loading. Mater Struct, 2007, 40(10): 1027-1044.] 

	


	[bookmark: _Ref45544419]Fig. 5  Degradation of bond response due to interfacial damage, (a) monotonic loading, and (b) cyclic loading.


3. Proposed model
Based on the above descriptions of the features relating to the bond response between steel reinforcement and concrete, a mechanistic model is developed in this section, in which the transformation of the bond mechanisms induced by the damage irreversibility and the frictional characteristics are emphatically considered.
3.1 Thermodynamic framework
1 
2 
3 
3.1 
3.1.1 State potential
Under the framework of classical elastoplastic theory, the Helmholtz free energy ψ of a deformed solid body can be divided into the reversible elastic part ψe and the irreversible plastic part ψp to account for the deformation [[endnoteRef:40]]. In such a case, a thermodynamic balance between the energy consumption and dissipation is always valid during the whole deformation process. But for an interface issue, due to the frictional sliding between two adjacent components, the energy consumed from the solid deformation is not totally dissipated during the sliding process [28,[endnoteRef:41]]. To capture this physical phenomenon, the undissipated energy is assumed to be transferred and stored into a new part termed sliding potential ψs that will be gradually dissipated in the subsequent loading schemes. [40: [] Lindström T, Ewest D, Simonsson K, Eriksson R, Lundgren JE, Leidermark D. Constitutive model of an additively manufactured ductile nickel-based superalloy undergoing cyclic plasticity. Int J Plasticity, 2020: 102752.]  [41: [] Richard B, Ragueneau F, Adelaïde L, Cremona C. A multi-fiber approach for modeling corroded reinforced concrete structures. Eur J Mech A-Solid, 2011, 30(6): 950-961. ] 

Hence, in this study, considering the coupling between concrete deformation, interfacial damage, and frictional sliding, the thermodynamic potential of the RVE shown in Fig. 3(a) is defined as,
	

	(7)


where ξ and α are the internal state variables related to the kinematic and isotropic hardening, respectively; Kξ and Kα are the moduli of the corresponding internal variable. The last item refers to the sliding potential, in which the modulus of frictional resistance Kl is assumed to be largely dependent on the frictional coefficient μ and normal pressure pn, obeying the classical Mohr-Coulomb friction law [[endnoteRef:42]], [42: [] Rasmussen L, de Farias M, de Assis A. Extended Rigid Body Spring Network method for the simulation of brittle rocks. Comput Geotech, 2018, 99: 31-41. ] 

	

	(8)


with c and m the constants. Along with the smooth of the contact surface, the frictional coefficient μ is expected to suffer a gradual reduction as a consequence, taking the following form [[endnoteRef:43]], [43: [] Fett T. New contributions to R-curves and bridging stresses-Applications of weight functions. KIT Scientific Publishing, 2014.] 

	

	(9)


being scum the cumulative slip. Physically, it is defined as the accumulation of every absolute sliding slip increment during the whole process,
	

	(10)


where μ0 is the original frictional coefficient, ηl is the reduction factor considering the effect of cumulative sliding slip, n is the constant related to the degradation of the frictional coefficient, and sr is the rib spacing of steel reinforcement. Finally, for the characteristic value of sliding slip l, in the case of monotonic loading, it equals to the sliding slip in the loading direction (i.e. l = sl); while when subject to reverse or cyclic loadings, it represents the maximum sliding range ever reached in both loading directions, [sl−min, sl+max], that is, l = |sl+max| + |sl−min|. Moreover, it should be noted that the last term relating to the expression of sliding slip is slightly modified to include a sign function. This alteration is to mathematically enable the direction of the frictional resistance always acts oppositely to any relative motion of adjacent surfaces (as derived later in Eq. (13)), but does not change the original physical meanings. The value of the sign function, sign (·), is specified as plus one if the argument (·) is positive, and minus one otherwise, i.e.
	

	(11)


3.1.2 State equations
To ensure the irreversibility of the debonding process, the Clausius-Duhem inequality should be always valid [[endnoteRef:44]]. Hence, each component of the collective bond stress, τi and τf, resulted from the mechanical interlocking and the frictional sliding, respectively, is written as, [44: [] Nguyen GD. A thermodynamic approach to non-local damage modelling of concrete. Int J Solids Struct, 2008, 45(7-8): 1918-1934.] 

	

	[bookmark: _Ref437953689](12)

	

	[bookmark: _Ref41900592](13)


and the collective bond response is rewritten, according to the definition of Eq. (2), as follows,
	

	(14)


Meanwhile, the damage energy release rate is given as,
	

	[bookmark: _Ref440980833](15)


where Yτd is the damage release rate associated with the deformation of concrete matrix, and Yτl is the damage store rate due to the frictional sliding. The back stress b and the thermodynamic force z are obtained by differentiating the potential function with respect to respective kinematic and isotropic hardening internal variables,
	

	[bookmark: _Ref449970277](16)

	

	[bookmark: _Ref46149472](17)


3.2 Flow rules
1 
2 
3 
3.1 
3.2 
3.2.1 Evolution of interfacial damage
In this study, the failure process of the debonding between steel reinforcement and surrounding concrete is assumed to be the gradual breaking of spring elements in the proposed spring-slider system, as documented in Section 2.2. Thus, in the following the evolution of the interfacial damage is derived using a probabilistic method.
Let Ni be the number of intact spring elements at some time, and the rate of spring breaking at this very moment Ṅi /Ni is supposed to be dependent on the damage release rate Yτd in the form of power function as follows [[endnoteRef:45]], [45: [] Wahab N, Topper T, Soudki K A. Modelling experimental bond fatigue failures of concrete beams strengthened with NSM CFRP rods. Compos Part B-Eng, 2015, 70: 113-121.] 

	

	[bookmark: _Ref46082612](18)


where A and B are the constants related to the damage evolution. This assumption actually can also be deduced from the Weibull distribution [[endnoteRef:46]]. On the other hand, it is easy to obtain the survival probability Pi of spring elements, [46: [] Li QS, Fang JQ, Liu DK, Tang J. Failure probability prediction of concrete components. Cement Concrete Res, 2003, 33(10): 1631-1636.] 

	

	[bookmark: _Ref46082614](19)


where Ni,0 is the initial number of intact spring elements. Hence, introducing Eq. (18) into (19) yields, 
	

	[bookmark: _Ref46083614](20)


Considering that the damage can be numerically expressed as the ratio of the number of broken spring elements to the initial intact ones, the relation between the physical damage and the statistical probability thus is given as,
	

	[bookmark: _Ref46083615](21)


With this, the interfacial damage in a rate form is then obtained by combining Eqs. (20) and (21),
	

	(22)


Furthermore, to account for the adverse effects of previous loading histories on the subsequent bond response in the opposite direction, which has been experimentally evidenced by extensive studies [1,25,[endnoteRef:47]], the interfacial damage Dτ is defined as a two-scalar variable including Dτ+ and Dτ− [26]. Mathematically, it is expressed as, [47: [] Lowes LN, Moehle JP, Govindjee S. Concrete-steel bond model for use in finite element modeling of reinforced concrete structures. ACI Struct J, 2004, 101(4): 501-511.] 

	

	(23)


with the state functions κ+ and κ− specified as
	

	(24)

	

	(25)


where parameters ω+ and ω− control the degree of bond degradation in corresponding direction.
3. 
4. 
3.2.2 Evolutions of hardenings and frictional sliding
[bookmark: _Ref48139739]Extensive experimental phenomena have demonstrated that except for an isotropic hardening that the center of yielding surface keeps immobile, a motion in the direction of the plastic flow is also observed during the debonding process[18,36,38], as schematically illustrated in Fig. 6. Hence, the interfacial hardening evolution cannot be exclusively represented by either one of these two evolution laws. To handle their coupling features and the frictional sliding, a yielding criterion in the effective stress space is defined to govern the bond response as follows [[endnoteRef:48]],  [48: [] Simo JC, Hughes TJR. Computational Inelasticity, Volume 7 of Interdisciplinary Applied Mathematics. Springer Science & Business Media, 1998.] 

	

	[bookmark: _Ref449972305](26)


where  is the effective bond stress, i.e.  = τ /(1−Dτ); b and z are the back stress and thermodynamic force, already given by Eqs. (16) and (17), which define the evolution of the center and the frontier of yielding surface, respectively; τr is the sliding resistance limit that takes the form of
	

	(27)


to denote the degradation of the threshold due to the gradual smooth of the interface, and τr0 is the initial value.
	


	[bookmark: _Ref46148591]Fig. 6  Illustration of the evolution of hardenings and frictional sliding.


Concerning the evolution of the involved internal variables, the associate flow rule is adopted. Hence, for each variable, the respective expression with respect to the corresponding thermodynamic force is given as,
	

	(28)

	

	(29)

	

	(30)

	

	[bookmark: _Ref46169951](31)


where γ is the non-negative multiplier that controls the evolution rate of the internal variables. During the whole debonding process, the evolution of these variables strictly obeys the following governing equations, i.e. the well-known Kuhn-Tucker conditions [24],
	

	[bookmark: _Ref46169104](32)


From Eq. (32), it is clear that in the case of g() < 0, a unique solution for the Lagrange multiplier γ can be obtained; while in the case of g() = 0, the non-uniqueness problem is encountered. As such, the additional consistency condition
	

	(33)


should be supplemented. Expanding the expression of g() gives,
	

	[bookmark: _Ref450076250](34)


Then, introducing Eqs. (26) ~ (31) into (34) yields
	

	[bookmark: _Ref450116103](35)


Given the fact that ġ() = 0 is always valid on the yielding surface, the multiplier γ is finally determined,
	

	[bookmark: _Ref445730906](36)


3.3 Numerical implementation
In this subsection, the implementation of the proposed model is outlined. Unlike the abovementioned rigorous theoretical derivations in a rate form that consist of many partial differential equations, the model is numerically implemented by discretizing the equations into numerous finite steps. To determine the involved internal state variables, the backward Euler algorithm, as illustrated in Fig. 6(b) and briefly outlined in Fig. 7, is adopted, in which the interfacial damage defined in a rate form is calculated through an explicit integration, while the evolution of hardenings and frictional sliding are integrated implicitly.
The main idea about the implementation of the slip-driven model can be summarized in the following. For clarity, the detailed discretization of the model equations are omitted, which can refer to [26,48].


First, supposing that an admissible stress state (, bn, zn)  ℿ = {  ℝ | g() 󠆢= |−b|−z−τr ≤ 0} is given, the subsequent incremental slip Δs is initially added to the elastic component sen, while the other internal variables spn, sln, ξn, αn, and Dτn remain unchanged. With these, the trial bond stress  and the corresponding yielding criterion  can be obtained;
Secondly, if the criterion  ≤ 0 is valid, it means that the bond response at this local point behaves elastically and the trial process satisfies the local constitutive equations. Hence, the updated stress state (, bn+1, zn+1) is still admissible, and the trial stress state can be regarded as the actual stress state.
Thirdly, on the condition that the criterion  ≤ 0 is not valid, the nonlinear hardenings and the frictional sliding within the interface are believed to occur, suggesting that the obtained trial stress state is not the real one. To approach the actual result, the iterations shown in Part 3 of Fig. 7 is then performed until the criterion  ≤ 0 is satisfied. From a physical standpoint, the renewed stress state (, bn+1(i+1), zn+1(i+1)) at the final iteration step can be regarded as the actual stress state.
After these steps, the evolutions of interfacial damage and kinematic/isotropic hardenings, as well as frictional sliding, can be simultaneously incorporated into a complete numerical algorithm.
	

For any an admissible stress state (, bn, zn)  ℿ = {  ℝ | g() 󠆢= |−b|−z−τr ≤ 0}
Input: sn, Δs, sen, spn, sln, τn, Dτn, ξ n, αn
Output: sen+1, sp n+1, sl n+1, τn+1, Dτn+1, ξ n+1, αn+1

	% Part 1: Providing an incremental slip Δs:
          Assuming that



	% Part 2: Elastic step:
          IF  ≤ 0 THEN



	% Part 3: Inelastic step:
          ELSE
             WHILE  > 0 DO


             ENDW
ENDIF

	[bookmark: _Ref47816841]Fig. 7  The main algorithm for predicting the bond response.


4. Model behaviour and numerical validation
In this section, to validate the applicability of the model, a series of numerical illustrations varied in different loading histories are first conducted to verify whether the main features of bond response are reproduced, followed by the comparisons to experimental results at constitutive level obtained from two classical pull-out tests.
3. 
4. 
5. 
4.1 Illustration of model behavior under different loading paths
4 
4.1 
4.1.1 Scenario I: Monotonic loading
The numerical simulation of the monotonic bond response between steel reinforcement and concrete is shown in Fig. 8. This scenario is performed using the following set of model parameters: Ke = 180 MPa/mm, Kξ = 45 MPa/mm, Kα = 40 MPa/mm, A = 0.08, B = 0.20, μ0 = 0.45, c = 3.0 and τr0 = 4.0. To better illustrate the complete bond behaviors, the loading path is from 0 mm (intact state) to 10 mm (complete failure), covering the slip range in which the majority of physical phenomena occur. With the consideration of computational efficiency and numerical robustness, the incremental slip of each integration step is specified as 0.01 mm.
From the illustration, it can be seen that the nonlinear collective bond response is the superposition of the interlocking force and frictional resistance (Fig. 8(a)), and the reinforcement slip is reasonably decomposed into three parts, namely, elastic slip, plastic slip, and sliding slip (Fig. 8(c)). Along with the development of interfacial damage, these components exhibit different evolution laws, and the proportions of them vary dramatically, as shown in Fig. 8(b) and (d). These variations, in turn, can physically account for the transformation of the main characterizations observed during the debonding process.
	

	


	

	


	[bookmark: _Ref46339814]Fig. 8  Evolutions of bond stress and slip along with the development of interfacial damage in the case of monotonic loading.


More specifically, at the initial stage, or put it more loosely, at the pre-peak stage, the reinforcement slip mostly derives from the elastic and plastic deformation of concrete ribs, and the induced interlocking force dominates the collective bond response. Around the peak stage, the interfacial damage has already developed considerably because of the progressive deterioration of concrete ribs under intensive compression. Benefited from this, the sliding slip at this moment approaches or even exceeds the elastic and plastic slips, leading to the gradual increase of the frictional resistance, although it is activated from the very beginning of slip. After that, at the post-peak stage, with the further weakening of concrete ribs, the interlocking force degrades significantly, while the frictional resistance exhibits a noticeable improvement due to the increasing frictional contact area. Finally, when the reinforcement slip approaches 10 mm, approximately the length between two adjacent ribs of the steel reinforcement, the concrete ribs are almost totally sheared off, and only the rough interface is available for resisting the relative sliding. Hence, at this stage, the interlocking force nearly reduces to zero, and the frictional resistance becomes the main force.
4.1.2 Scenario II: Half-cyclic loading
The numerical simulation of the half-cyclic bond response between steel reinforcement and concrete is depicted in Fig. 9. This scenario is performed using the same parameters adopted in Case I, plus the additional parameter n = 0.3 to reflect the bond degradation resulted from the accumulated sliding slip. As a typical example, the loading path is set to be constant amplitude between 0 mm (intact state) and 4 mm (obviously damaged), and the incremental slip of each integration step is still specified as 0.01 mm.
The predictive results show that compared to the monotonic response, the collective bond stress during the cyclic loading scenario exhibits an obvious degradation (Fig. 9(a)), which is the comprehensive outcome of the respective reduction of interlocking force and frictional resistance (Fig. 9(b)). From the viewpoint of mechanism, the reasons to account for the reduction of these two components however are different. In this model, the interlocking force is supposed to be weakened due to the development of interfacial damage; while for the frictional resistance, it degrades gradually because of the decrease of frictional coefficient. Regarding the reinforcement slip, the overall behaviors of the involved three components are quite similar to those observed in the monotonic loading case, except for the unloading/reloading responses, as shown in Fig. 9(c) and (d). To be more detailed, because of the reversibility, the elastic slip will first decrease to zero at the unloading stage and then increase again at the reloading stage; while for the irreversible plastic slip and sliding slip, their absolute values almost keep unchanged at these two stages, although their percentages in the total slip vary significantly.
	

	


	

	


	[bookmark: _Ref46514438]Fig. 9  Evolutions of bond stress and slip along with the development of interfacial damage in the case of half-cyclic loading.


4.1.3 Scenario III: Full-cyclic loading
At last, the full-cyclic loading scenario is considered, and the simulation results are plotted in Fig. 10. It is performed using the same parameters adopted in Case II, plus the additional parameters ω+ and ω− to control the degradation of bond response in the opposite direction. Except in exceptional circumstances (for example, the bond of reinforcement to the new-to-old concrete, or something like gradient materials), the values of these two parameters are generally specified to be identical, and in this case study, ω+ = ω− = 0.20 was adopted. For ease of reference, the loading path is set to be constant amplitude between 0 mm (intact state) and ± 4 mm (obviously damaged in both directions), and the incremental slip of each integration step remains 0.01 mm.
From the figures, especially the evolutions of the interlocking force and the frictional resistance separately depicted in Fig. 10 (b) and (c), the bond mechanisms responsible for the degradation of the collective bond response (Fig. 10 (a)) are illustrated much more distinctly. Moreover, it is also observed that owing to the accumulated damage in previous loading histories, the collective bond response, or rather the interlocking force, suffers a significant degradation in the subsequent opposite loading direction. However, for the frictional resistance, it exhibits an improvement to some extent, thanks to the considerable increase of the rough sliding interface, although the frictional coefficient decreases slowly in the meantime.
In Fig. 10 (d), the development of the interfacial damage in both directions is shown, accompanied with the results obtained in corresponding monotonic loading situations. From the comparison, it can be observed that the curve representing the evolution of the interfacial damage in the negative direction undergoes an obvious shift, leading to severer damage under the same condition. This numerical result provides an intuitive understanding of the damage accumulation that is used to interpret the degradation of reverse bond response.
	

	


	

	


	[bookmark: _Ref46599666]Fig. 10  Evolutions of bond stress and slip along with the development of interfacial damage in the case of full-cyclic loading.


From the above numerical demonstrations of three typical scenarios, it can be seen that the proposed model is capable of reasonably reproducing the main characterizations of the bond responses aforementioned in Section 2, particularly the evolution laws of respective components of bond stress, reinforcement slip, and interfacial damage.
4.2 Numerical validation with test results
1 
2 
3 
4 
4.1 
4.2 
4.2.1 Strategy for parameters identification
As shown in Section 4.1, to predict the bond response with the proposed model, a total of ten parameters summarized in Table 1 are needed to completely reflect the involved mechanisms governing the debonding process. In practice, before the implementation of the model, these parameters should be identified in advance, by means of an inverse calculation of routine test results. For the basic parameters Ke, Kξ, Kα, A, B, μ0, c, and τr0, their values can be easily calibrated with the test results from monotonic loading scenarios, while the determination of the degradation parameters n and ω related to the evolutions of cyclic behaviors should further rely on the cyclic tests where the loading paths can be very simple.
[bookmark: _Ref46930557]Table 1
Recommended values for the parameters in the numerical analyses.
	Mechanism
	Symbol
	Physical significance
	Values

	
	
	
	Ref. [50]
	[bookmark: _Ref48140315]Ref. [[endnoteRef:49]] [49: [] Murcia-Delso J. Bond-slip behavior and development of bridge column longitudinal reinforcing bars in enlarged pile shafts. Doctoral dissertation. UC San Diego, 2013.] 


	
	
	
	
	No. 1
	No. 2
	No. 3
	No. 4

	Elasticity
	Ke
	the initial overall bond stiffness, MPa/mm
	220
	190
	200
	205
	210

	Hardenings
	Kξ
	the modulus of kinematic hardening, MPa/mm
	42
	30
	30
	30
	30

	
	Kα
	the modulus of isotropic hardening, MPa/mm
	35
	25
	25
	25
	25

	Interfacial damage
	A
	the parameter controlling the evolution of damage
	0.08
	0.09
	0.09
	0.09
	0.09

	
	B
	the parameter controlling the evolution of damage
	0.35
	0.30
	0.28
	0.30
	0.30

	
	ω+, ω−
	the parameter controlling the degradation in opposite direction
	0.24
	0.15
	0.18
	0.16
	0.15

	Frictional sliding
	μ0
	the initial frictional coefficient
	0.48
	0.40
	0.42
	0.42
	0.40

	
	c
	the parameter related to the frictional resistance
	3.20
	3.50
	3.50
	3.50
	3.50

	
	n
	the parameter related to the degradation of frictional resistance
	0.32
	0.30
	0.32
	0.33
	0.32

	
	τr0
	the initial threshold value of sliding resistance, MPa
	4.5
	4.2
	4.2
	4.2
	4.2


[bookmark: _Ref407476868]Specifically, the initial bond modulus Ke can be determined by the initial tangent slope of the monotonic bond stress-slip curve, and the damage parameters A, B can be obtained with an assumed constraint condition that when the peak bond strength is reached, the damage variable equals to 0.5. The frictional sliding parameters μ0, c, and τr0 can be determined by the bond response at the ultimate stage where the frictional resistance dominating the whole bond behavior. The degradation parameters of ω and n can be calibrated by a simple full cyclic test with a constant amplitude. Regarding the hardening parameters Kξ and Kα, currently there is no effective approach to establish satisfactory quantitative relations to other material parameters or constraint conditions. Thus, several trial calculations are required before the final results are obtained. Considering the high complexity of the interface issue, to ensure the robustness of the identification procedure, the average values of the test results of at least two or three specimens that are cast from the same batch are recommended. Based on some trial computations (recommending minor adjustments on the reference values in Table 1, as appropriate) and general consensuses already achieved [1,[endnoteRef:50],[endnoteRef:51]], the optimum values of these parameters can be finally determined for each individual case. [50: [] Eligehausen R, Popov EP, Bertero VV. Local bond-stress-slip relationships of deformed bars under generalized excitations. EERC University of California Berkeley. Report No. UCB/EERC 83-23; 1983.]  [51: [] Chu SH, Kwan AKH. A new bond model for reinforcing bars in steel fibre reinforced concrete. Cement Concrete Comp, 2019, 104: 103405.] 

It should be acknowledged that although these parameters all have explicit physical significances to control the evolution of the corresponding internal variable, the calibration procedure seems to be rather computationally intensive, to some extent. Hence, more works are required to further improve the practical operability of the model. For example, establishing some quantitative relations between these parameters and material/structural characteristic values of reinforced concrete structures (e.g. concrete compressive strength, reinforcement diameter, concrete cover thickness, etc.) may be quite beneficial. However, even so, upon the current expedient strategy, the calibrated model can be applied, without any further adjustment, to predict the bond responses of general cases where the loading histories are usually much more complex. Hence, compared to those widely used phenomenological or mathematical models, the validity of the proposed model is greatly extended to situations that are different from those used for calibration, suggesting a much wider application scope.
4.2.2 Comparisons to the test conducted by Eligehausen et al.
To propose a simple reliable bond stress-slip law that is able to be applied in the numerical analyses of RC structures, Eligehausen et al. [50] conducted more than one hundred pull-out tests in which the well-confined specimens are subjected to generalized excitations. In the tests, the influences of loading history, confining reinforcement, bar diameter, concrete compressive strength, bar spacing, transverse pressure, and loading rate on the bond response were comprehensively evaluated. Based on the obtained results, this work provided a deep insight to understand the general bond behaviors of deformed bar embedded in concrete.
In the following, for simplicity, only four specimens from the same group (denoted series 2 in the original report) subjected to full cyclic loadings with different constant amplitudes are selected as references. The controlled slips are set as 1.02 mm, 2.54 mm, 6.86 mm, and 9.20 mm, as shown in Table 2, to represent four typical loading stages dominated by different mechanisms, i.e., pre-peak stage, around peak stage, post-peak stage, and ultimate frictional stage. The monotonic loadings in compression and tension are also included for comparison. For each specimen, the compressive strength of the concrete is around 30 MPa, and the Grade 60 deformed steel reinforcement (#8, db = 25.4 mm) is centrically placed in the concrete matrix (15db × 7db × 304 mm) with an embedded length of five times the bar diameter, to provide a fairly uniform bond stress distribution.
[bookmark: _Ref450653915]Table 2
[bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK92][bookmark: OLE_LINK93]Loading procedure of the selected specimens from Eligehausen’s test.
	Specimen
	Loading path
	Loading rate

	
	Monotonic loading
	Cyclic loading
	

	Series 2.5
	0 mm → 12 mm
(tension);
0 mm → −12 mm
(compression)
	0 mm ↔ ± 1.02 mm (1 and 10 cycles) → 12 mm
	1.7 mm/min

	Series 2.7
	
	0 mm ↔ ± 2.54 mm (1 and 10 cycles) → 12 mm
	

	Series 2.9
	
	0 mm ↔ ± 6.86 mm (1 and 10 cycles) → 12 mm
	

	Series 2.10
	
	0 mm ↔ ± 9.20 mm (1 and 10 cycles) → 12 mm
	


In Fig. 11, the numerical predictions are plotted against the experimental results. From the comparison, it can be seen that as the increase of loading amplitude, the proposed model can satisfactorily reflect the transformation of bond mechanisms. At the pre-peak stage, the bond response is mostly dominated by the action of mechanical interlocking. Thanks to the slight interfacial damage, an approximate linear behavior, as well as a minor bond degradation in the opposite direction, is observed (Fig. 11(a)). Around the peak stage, the mechanical interlocking is considerably weakened, resulting in more obvious degradation in both loading directions; and meanwhile, due to the increase of sliding slip, the frictional resistance begins to play a non-negligible role (Fig. 11(b)). At the post-peak stage, the contribution from the mechanical interlocking is further reduced, and the characteristics of the frictional resistance become more obvious (Fig. 11(c)). Lastly, at the ultimate frictional stage, owing to the almost total failure of the mechanical interlocking, the frictional resistance predominantly governs the subsequent evolution of the collective bond response (Fig. 11(d)).
	

	


	Constant amplitude: 0 mm ↔ ± 1.02 mm
	Constant amplitude: 0 mm ↔ ± 2.54 mm

	

	


	Constant amplitude: 0 mm ↔ ± 6.86 mm
	Constant amplitude: 0 mm ↔ ± 9.20 mm

	[bookmark: _Ref450658192][bookmark: OLE_LINK86]Fig. 11  Comparisons between the predictive results and experimental results conducted by Eligehausen et al., 1983.


4.2.3 Comparisons to the test conducted by Murcia-Delso et al.
More recently, to fill the gap in development length requirements left by traditional specifications, Murcia-Delso et al. [49] presented a study specially targeted at the bond degradation of large-diameter steel reinforcement embedded in well-confined concrete. In the context of the rapid emergence of large-scale RC structures during the past decades, the significance of this work becomes more pronounced. In their experiment, a total of four series of specimens (22 pieces) were tested, and three types of steel reinforcements, namely #11, #14, and #18 with a respective diameter of 35.8 mm, 43.0 mm, and 57.3 mm, were used. The influences of the concrete strength and the loading history on the bond response were also taken into consideration.
Similarly, for the sake of simplicity, only several representative tests were finally chosen for validation in this study, and the corresponding loading procedures are summarized in Table 3. The experimental results and numerical predictions are compared in Fig. 12. It can be seen that although the cyclic loading paths are much more changeable, the simulation results still can roughly reproduce the main features of the bond responses, substantiating that the proposed model is applicable to reasonably reflect the effects of loading histories on the evolutions of unobservable interfacial damage, kinematic/isotropic hardenings, and frictional sliding.
[bookmark: _Ref47649679]Table 3
Loading procedure of the selected specimens from Murcia-Delso’s test.
	Specimen
	Loading path*
	Remarks

	
	Monotonic loading
	Cyclic loading
	

	Series 1
	0 mm → 40 mm (tension);
0 mm → −40 mm (tension)
	0 mm → 6.5 mm → 0 mm → 11 mm → 0 mm → 27.5 mm → 0 mm → 40 mm
(half cycles);
0 mm → −5 mm→ 0 mm → −11 mm → 0 mm → −33 mm → 0 mm → −45 mm
(half cycles)
	#11, db = 35.8 mm
fc' = 33.8-36.5 MPa

	Series 2
	0 mm → 40 mm (tension)
	0 mm → 3.5 mm → − 2 mm → 5 mm → − 2.5 mm → 6 mm → −6 mm → 10 mm → −10 mm → 25 mm → −25 mm
(full cycles);
0 mm → −1.5 mm → 0 mm → −5 mm → 0 mm → −10 mm → 0 mm → −25 mm → 0 mm → −40 mm
(half cycles)
	#14, db = 43.0 mm
fc' = 33.8-37.2 MPa

	Series 3
	0 mm → 40 mm (tension)
	0 mm → −1.5 mm → 1.5 mm → −10 mm → 10 mm → −10 mm → 25 mm → −25 mm → 37 mm
(full cycles);
	#18, db = 57.3 mm
fc' = 34.5-40.7 MPa

	Series 4
	--
	0 mm → ± 1 mm → ± 2 mm → ± 4.5 mm → ± 10 mm → ± 25 mm → ± 40 mm
(full cycles, repeat load at each amplitude 1 and 2 times);
	#14, db = 43.0 mm
fc' = 54.5-56.5 MPa


Note: * the controlled slips of monotonic and cyclic loadings are not specified in the original file, so they are approximate values.

	

	


	

	


	

	


	

	


	[bookmark: _Ref47714344]Fig. 12  Comparisons between the predictive results and experimental results conducted by Murcia-Delso et al., 2013.


5. Conclusions
In this paper, a new mechanistic model is developed to simulate the nonlinear bond behavior of steel reinforcement to concrete. Without losing the generality, by making reasonable simplifications and introducing mathematical and physical laws to represent the evolutions of interfacial damage, kinematic/isotropic hardenings, and frictional sliding, the predicted bond response is satisfactorily validated by numerical case studies and experimental test results. The main highlights of the proposed model are:
(1) The majority of the experimentally observed characteristics of the bond behavior, in terms of the bond stress, reinforcement slip, and the interfacial damage, are appropriately embodied in the model.
(2) During the whole debonding process, the progressive transformation of the dominated mechanisms, from the mechanical interlocking at the initial stage to the frictional resistance at the ultimate stage, as well as the coexistence of them at the intermediate stages, can be properly reproduced.
(3) As a slip-driven damage model, by introducing a probabilistic method and the concept of cumulative slip rather than the number of loading cycle, the effects of loading history on the degradation of bond performance can be reflected with a solider physical meaning.
(4) After the parameters identification, the bond responses can be predicted by using a consistent set of parameters for any monotonic and cyclic loading paths, providing a wider application range of the model.
The presented model provides a theoretical insight to advance the understanding of the nonlinear bond behavior. However, it also should be acknowledged that although the proposed model is implemented in a good manner, more works in the future are needed to deal with the calibration of the parameters. Proper solutions to this issue may reduce the computational intensity and further improve the practical implementability of the model.
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