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Abstract 10 

This study proposed an analytical method based on the Three Dimensional Rigid Body Spring 11 

Model (3D-RBSM) to realistically simulate bond behavior of deformed rebar in concrete. In this method, 12 

concrete was modeled by rigid particles using a voronoi mesh with random geometry and rebar was 13 

modeled by beam element connected to concrete through a link element that was assigned a suitable local 14 

bond model. The proposed model enables to evaluate changes in internal cracking and stress distribution 15 

due to variation in cover thickness and rebar diameter. Furthermore, it can simulate the bond stress slip 16 

behavior and transition of failure modes. Based on analytical results, it was confirmed that the proposed 17 

simplified model can evaluate bond behavior like three dimensional rebar model with rib shape, 18 

consequently, it provides an economical and efficient alternative due to lesser computational elements. 19 
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 A simplified bond model based on 3D-RBSM is proposed by using voronoi mesh for concrete and 23 

beam element for reinforcement to evaluate bond behaviors. 24 

 A CEB-Shima hybrid local bond model is proposed and utilized in 3D-RBSM to simulate bond 25 

behavior, reasonably. 26 

 Voronoi mesh has a vital role to simulate bond behavior and crack distribution by using a beam 27 

element model for 3D-RBSM.  28 

 The simplified bond model can evaluate the effect of structural parameters such as concrete cover 29 

thickness and rebar diameter on bond stress slip relationship and crack and stress distribution 30 

mechanism. 31 

 32 

1. Introduction 33 

Bond interaction between reinforcement and concrete is one of the most important characteristics of 34 

reinforced concrete members. Several experimental studies [1-4] have been conducted since the 1910s to 35 

understand the fundamental differences of bond mechanism between deformed and round rebar in concrete. 36 

Whereas, it was highlighted that for deformed rebar, bearing stresses due to the interlocking of concrete 37 

between ribs had a significant influence on the bond behavior as compared to the frictional and adhesion 38 

stresses being the only contributors for the round rebar. Furthermore, Broms et al. [5] and Goto [6] used 39 

special coloring techniques injected into the pullout specimen to visualize and understand the bond 40 

mechanism of internal cracks near to the ribs of deformed rebar. In these research themes, it was understood 41 

that interlocking of concrete between ribs is not the only sole contribution of deformed rebar to bond 42 

behavior, but the internal conical cracks formed at 45-60° angle (Fig. 1) also play a vital role in the bond 43 

mechanism of RC structure due to the formation of compression struts.  44 

Bond behavior has a significant effect on the mechanical aspects of RC structures such as flexural and 45 

shear capacities, cracking behavior, hysteretic behavior, etc. However, it is a very complicated phenomenon 46 
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being dependent upon several structural parameters. Numerous experimental researches [7-22] are 47 

performed on bond evaluation considering the influence of concrete strength, concrete cover, rebar diameter, 48 

stirrup ratio, embedment length, rib spacing, etc. In particular, Iizuka et al. [20] conducted research on the 49 

effect of variation in cover thickness on bond behavior based on a two-end pullout experiment. Results 50 

outlined an overall positive effect of the increase in cover thickness on bond behavior. Also, other 51 

researches on the effect of confinement [11, 18, 19 and 22] due to cover thickness or stirrup ratio expressed 52 

a gradual transition of failure mode from splitting to pullout failure with the increase in confinement level, 53 

so bond stresses increased significantly as well. Based on these studies, generalized local bond stress slip 54 

equations have been included in the design codes [23-25]. Particularly, CEB-FIP code [23] defines the 55 

effect of various structural parameters (concrete cover, stirrup ratio, etc.) in terms of confinement on bond 56 

behavior as shown in Fig. 2. Where the structural parameters are included as modification factors in the 57 

local bond stress slip equation. 58 

In several finite element method (FEM) tools, non-linear bond slip behavior had been neglected by 59 

considering a perfect bond condition in case of smeared or embedded reinforcement modeling [26-28]. 60 

However, it had been often realized that prefect bond assumption results in over-estimation of experimental 61 

results [29], especially when a bond failure is expected to occur. For the better analytical evaluation of RC 62 

structures based on steel-concrete bond characteristics, non-linear bond stress slip modeling has been 63 

occasionally performed by several researchers [20, 30-32]. Where a discrete beam element model has been 64 

used considering a bond interface. In the beam element model, Gan [31] used several local bond models to 65 

simulate bond behavior for various RC members. Local bond models had a functional dependency on cover 66 

thickness, rebar diameter, confinement pressure, etc. Also, Lowes et al. [32] modeled a bond element of 67 

finite length between rebar and concrete element. Bond element had a rigorous dependency on several 68 

parameters including lateral pressure, rebar diameter, concrete cover, etc. It builds an understanding that 69 

discrete bond modeling in FEM is highly parametric dependent. Whereas the numerical outcomes are 70 

susceptible to incorrect estimations due to variation in structural parameters and bond conditions, and test 71 
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data being limited. Moreover, it should be noted that bond behavior is evaluated without the representation 72 

of the internal cracks as observed in Goto’s study that is an essential phenomenon of deformed rebar 73 

structures [5, 6]. To overcome these disadvantages, a mesoscale based 3D rebar model with rib shape (3D 74 

model) is applied as an alternative methodology of the beam element model (beam model).   75 

In FEM, by utilizing a 3D model in the combination of a smeared crack model, bond behavior along 76 

the internal cracking mechanism can be simulated. Salem et al. [33] used a 3D model to simulate pre and 77 

post-yield bond behavior. While Kurumatani et al. [34] used this model to simulate internal cracking 78 

behavior and the overall effect of different chloride concentrations on damage evaluation of RC members. 79 

Recently, several researchers are using a discrete element based Three Dimensional Rigid Body Spring 80 

Model (3D-RBSM) that enables to directly evaluate the crack propagation process. In 3D-RBSM, Eddy et 81 

al. [35] simulated the influence of stirrups on bond behavior for a beam-column joint by using the 3D model 82 

and showed the applicability of this method to evaluate the effect of confinement levels on bond related 83 

mechanical properties. Also, by using the model in 3D-RBSM, Ikuma et al. [36] simulated the effect of 84 

cover thickness on bond behavior. However, the bond evaluation aspect of the 3D model has several 85 

computational disadvantages. It requires a very fine mesh size for concrete [34-36] in the vicinity of rebar 86 

to evaluate the influence of the rib on bond behavior. Also, a considerable number of mesh elements are 87 

required for reinforcement itself. Due to this, computational elements are compelled to exponentially 88 

increase. Hence, it suffers through huge computational cost and time. Most importantly, the 3D model is 89 

applicable for only a small scale of members due to the limited computational capacity in the present era. 90 

The objective of the present study is to validate the utilization of beam model for reproducing signature 91 

bond behaviors of reinforced concrete using 3D-RBSM. In this proposed model, the link element introduced 92 

by the local bond model was applied to connect the beam element of rebar to the voronoi element of 93 

concrete. The local bond model is parametrically independent, unlike FEM. With the proposed simplified 94 

model, the influence of variation in concrete cover thickness on bond stress slip relationship and crack 95 

propagation was evaluated similarly to a 3D model. The effect of variation in rebar diameter on the bond 96 
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behavior was also simulated. Furthermore, the stress distribution mechanism of bond was explained based 97 

on variation in concrete cover thickness and rebar diameter. 98 

 99 

2. Overview of 3D-RBSM 100 

3D-RBSM is one of the discrete models. In RBSM, concrete is modeled as an assemblage of rigid 101 

particles interconnected by the springs arranged at their interfaces (Fig.3). The crack pattern is strongly 102 

affected by the mesh design since cracks initiate and propagate through the interface of particles. Therefore, 103 

a random geometry of rigid particles is generated by voronoi tesselation to reduce mesh bias on the initiation 104 

and propagation path of the cracks. Each rigid particle has three translational and three rotational degrees 105 

of freedoms defined at the center of gravity. The interface between two particles is divided into triangles 106 

with centroids and vertices of the surface. One normal and two shear springs are set at the center of each 107 

triangle. 108 

The concrete constitutive models for tension and compression of normal springs and shear springs 109 

used in RBSM for monotonic loading analysis are constructed by uniaxial relationships between stress and 110 

strain, as shown in Figs. 4-8. The details of the models and the relevant model parameters have been 111 

described and verified in the research conducted by Yamamoto et al. [37, 38, 40]. 112 

Steel reinforcement is modeled as a series of regular beam elements [38] as shown in Fig. 9. In this 113 

model, the reinforcement can be freely arranged within the member domain, regardless of the mesh 114 

arrangement of concrete [39]. At each beam node, two translational and one rotational degree of freedom 115 

are defined employing the springs. The reinforcement is attached to concrete particles by zero-size link 116 

elements that are attached between beam node and particle computational point to provide a stress transfer 117 

mechanism between rebar and concrete. The distance between two link elements is similar to the rigid 118 

particle size of concrete. Each link element consists of tangential, normal and rotational springs around the 119 

rebar axis. Tangential spring is used to represent shear stress transfer due to the ribs and assigned a non-120 
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linear bond stress slip relationship. Normal spring is assigned very large stiffness to prevent displacement 121 

in the direction normal to the rebar [38]. The analytical method has been applied to many structural and 122 

durability problems such as flexural and shear failures under monotonic and cyclic loadings [40-42] and 123 

internal crack propagation due to rebar corrosion [43-45]. 124 

 125 

3. Beam Element based Reinforcement Model to Simulate Bond Behavior 126 

3.1. Local Bond Stress Slip Models 127 

Crack development is strongly dependent upon the bond interaction between concrete and 128 

reinforcement. The local bond stress-local slip relationships are indicated in Fig. 10 to make a comparison 129 

among several local bond models. Compressive strength and rebar diameter are set to 30MPa and 25.4mm, 130 

respectively. The green line shows the CEB-FIP local bond stress slip model [21]. This model is 131 

representative of pullout failure mode. Bond slip model has a dependency on concrete compressive strength, 132 

only. The constitutive law of the CEB-FIP model is shown in equation (1).  133 

τ = τ max(s s1⁄ )0.4    s1 ≥ s ≥ 0               (1) 134 

τ max = 2.5 × f′c
0.5

 135 

Where, 𝜏: bond stress (MPa), f’c: compressive strength (MPa), s: slip (mm), while s1: 1.0mm. 136 

Shima et al. [12] formulated a bond model based upon the experimental outcomes of rebar embedded 137 

in massive size concrete specimens, a representation of a column-footing joint. To express the effect of 138 

various boundary conditions (long embedment, short embedment, uni-axial tension) on bond slip behavior, 139 

Shima et al. proposed a bond slip equation with the inclusion of rebar strain referred to as the bond-slip-140 

strain relationship. However, considering a very long embedment length with the boundary condition of the 141 

slip being zero at a location where strain is zero and vice versa, the bond-slip-strain model was simplified 142 

as the bond slip model. This model is represented by the black line in Fig. 10. The constitutive relationship 143 
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of the Shima local bond slip model can be seen in equation (2). Shima model has lower ultimate bond 144 

strength and rigid pre-peak stiffness as compared to CEB-FIP model. Also, the model has a functional 145 

dependency on rebar diameter and does not consider the post-peak softening behavior, unlike CEB-FIP 146 

model. 147 

τ = τ max(1 − exp (−40(s D)⁄ 0.6
)             s ≥ 0                   (2) 148 

 τ max = 0.9 × f ′
c

2
3            149 

Where, D: diameter of rebar (mm). 150 

The blue line shows the model proposed by Suga et al. [46] that has been used to simulate several 151 

structural members in 3D-RBSM and FEM by Authors [38, 46]. The model was proposed by modifying 152 

the Shima model considering a strength reduction factor of ‘0.4’ and a power factor of ‘0.5’ for the structural 153 

analysis of RC members with a cover thickness smaller than massive concrete. Also, they proposed a 154 

softening curve to evaluate the post-peak behavior of RC members. For the case of the Suga model, the 155 

constitutive relationship of bond stress slip can be seen in equation (3).       156 

τ = τ max(1 − exp (−40(s D)⁄ 0.5
)              s1 ≥ s ≥ 0                                              (3) 157 

τ = τ max − (τ max (s − s1) (s2 − s1))⁄     s2 ≥ s ≥ s1 158 

τ = 0.10 × τ max                                               s ≥ s2   159 

τ max = 0.40 (0.9 × f ′
c

2

3)                                                     160 

Where, s1: 0.2 mm and s2: 0.4 mm. 161 

 In this study, the authors present a new bond model based upon modification to the CEB-FIP model, 162 

termed as the “CEB-Shima hybrid” model. The objective of the model is to reasonably simulate the effect 163 

of various structural parameters on bond behavior, as will be illustrated in the next section. The proposed 164 
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model is represented by the red line in Fig. 10. The initial loading stiffness of the model has a resemblance 165 

to the Shima model, being stiffer than the CEB-FIP model. In higher bond stress regions, ultimate bond 166 

stress and post-peak behavior are similar to the CEB-FIP model. For the proposed model, the modified 167 

constitutive function is given in equation (4). The simple modifications are suggested to the power factor 168 

being “1/3” besides “0.4” and the slip value (s1) at ultimate bond stress being “0.9mm” besides “1.0mm”.   169 

τ = τ max(s s1⁄ )1 3⁄     s1 ≥ s ≥ 0                (4) 170 

τ max = 2.5 × f′c
0.5

 171 

 172 

3.2. Suitable Local Bond Model to Simulate Effect of Cover Thickness on Bond Behavior 173 

Analytical outcomes of the before-mentioned local bond models are validated by two-end pullout 174 

experiments performed by Iizuka et al. [20]. The schematic diagram of the two-end pullout test can be seen 175 

in Fig. 11. In this experiment, the size of the specimen was 150mm cube. A rebar was embedded inside the 176 

specimen at the desired cover thickness and subjected to two-end pullout loading. While a strain gauge was 177 

installed on rebar at half of the embedment length to measure the strain to calculate the average bond stress. 178 

Also, LVDTs are used at both ends of the rebar to measure the average slip.  179 

To compare several local bond models, three test specimens with a cover thickness of 10, 30 and 50mm 180 

are selected [20]. Rebar diameter and concrete strengths are 25.4mm and 25.1MPa, respectively. It is noted 181 

for the beam model that the cover thickness is equal to the summation of the actual cover thickness (C: 10, 182 

30, or 50mm) and rebar radius (R) as shown in Fig. 12. An averaged mesh size of 10mm is throughout used 183 

to simulate the test specimens. 184 

Fig. 13 presents a comparative study among several local bond models to evaluate the effect of cover 185 

thickness variation (10, 30, 50mm) on bond behavior. For the small cover thickness i.e. 10mm, all four 186 

models can reasonably predict experimental ultimate bond stresses. However, loading stiffness behavior 187 
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varies for different local bond models. In the case of the Suga model, the stiffness is mildest as compared 188 

to all other local models as well as experiments. Also, the stiffness is milder for the CEB-FIP model than 189 

the experiments. On the other hand, the Shima model and CEB-Shima hybrid model can reasonably 190 

simulate experimental pre-peak stiffness behavior. 191 

For the cover thickness of 30 and 50mm, the Suga model predicts constant bond stress slip behavior 192 

besides of increase in cover thickness and significantly underestimates experimental ultimate bond stresses 193 

due to the least local theoretical bond strength. Also, the predicted stiffness is considerably different in 194 

comparison to experiments. Suga model cannot evaluate the effect of an increase in cover thickness on 195 

elevated bond stresses in the objective experiment. On the contrary, for the case of the Shima model, CEB-196 

FIP model, and CEB-Shima hybrid bond model, all three have the capability to reasonably estimate the 197 

increasing average bond stress of experiments with an increase in cover thickness. Regarding pre-peak 198 

behavior, the Shima model and CEB-Shima hybrid models show comparatively similar behavior to 199 

experiments than CEB-FIP due to higher initial stiffness of local bond models. The results of both models 200 

match reasonably with the experimental results in terms of pre-peak stiffness, peak bond stress, and slip at 201 

the peak bond stress. However, analytically evaluated post-peak behavior is different in comparison to 202 

experiments. These differences might be attributed to the significant experimental variation in the post-203 

peak region. So, the analytical accuracy of the proposed model to simulate post-peak behavior is to be 204 

verified based on a broad range of two-end pullout test results along with various other experimental setups 205 

such as one-end pullout test, beam-end test, etc. 206 

For all four local bond models, Figs. 14 and 15 illustrate the internal crack formation and the 207 

deformation pattern at 0.30mm slip to evaluate the influence of concrete cover thickness. The crack color 208 

gradient depends on the crack width. For the case of the Suga model, internal cracks don’t propagate in the 209 

mid-section of the rebar and a split crack formation does not appear for each case of concrete cover 210 

thickness. Moreover, due to the low theoretical ultimate bond stress, the Suga model cannot reproduce the 211 

split crack formation. Formation of the split crack is a characteristic representation in pullout experimental 212 
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studies for low to medium level confinements [5, 6, 18, 22]. On the other hand, CEB-Shima hybrid, CEB-213 

FIP, and Shima models simulate an uneven distribution of the internal cracks along rebar length as observed 214 

in Fig. 14. Also, the formation of the split cracks at the surface of the specimen has appeared in Fig 15. 215 

Several experimental studies [18, 48, 49] had outlined that the bond stresses increase with increment of C/D 216 

ratio. This experimental observation has been simulated by all three local bond models, whereas the split 217 

crack formation tendency has reduced with an increase in cover thickness from 10 to 50mm, consequently, 218 

ultimate bond stresses increased. 219 

CEB-Shima hybrid model and Shima model showed similar and reasonable results to simulate both 220 

bond slip and internal cracking behavior. However, certain drawbacks are associated with the Shima model. 221 

The model is based on long embedment length boundary condition, so the applicability to a wide range of 222 

boundary conditions (short embedment, uni-axial tension) is limited, particularly for the structural members 223 

with higher bond stresses as experimentally observed [11, 14, 21, 23]. Also, the model does not consider a 224 

post-peak softening behavior that is an important failure characteristic. In addition, it has a dependency 225 

upon rebar diameter. On the other hand, the utilization of the CEB-Shima hybrid model in 3D-RBSM can 226 

express the effect of various boundary conditions on bond behavior and a simplified bond stress slip 227 

approach is provided without rebar diameter. As the evaluated test specimens are subjected to split failure 228 

mode, so in present analytical evaluation, the target of authors is only the pre-peak modeling of CEB-Shima 229 

hybrid bond model. Considering these advantages, the CEB-Shima hybrid bond model is proposed as the 230 

bond model to be utilized in 3D-RBSM. So in the next sections, the CEB-Shima hybrid bond model will 231 

be utilized throughout to highlight the peculiar advantages of the proposed analytical method based on 232 

beam element and voronoi mesh. 233 

Furthermore, the initiation and progression of cracks have been rarely outlined for a typical two-end 234 

pullout test with short embedment length as in the case of Iizuka et al [20]. So the crack formation process 235 

based on the proposed analytical method with the CEB-Shima hybrid bond model is shown in Fig. 16 for 236 

the specimen with 30mm cover thickness. Cracks are shown at the surface near to the minimum cover 237 
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thickness at peak bond stress and in the post-peak stage at slip values of 0.15mm, 0.20mm, and 0.30mm. It 238 

is observed that just at peak bond stress, longitudinal crack progresses from the end of the rebar due to 239 

stress concentration in this region. Later on, as slip progresses into post-peak range then the longitudinal 240 

cracks branch into two cracks transverse to the rebar direction. 241 

 242 

3.3.  An Economical and Efficient Alternative of the Mesoscale 3D Rebar Model 243 

As explained before, to simulate experimentally observed conical crack propagation from the rib 244 

surface of deformed rebar leading to the characteristic ring tension effect and realistic local bond behavior, 245 

several researchers have utilized a 3D rebar model [33-36]. On the other hand, it was shown in the previous 246 

section that the proposed model based on a simple beam element with the combination of voronoi mesh in 247 

3D-RBSM can also simulate conical cracks propagation from the rib surface as well as experimentally 248 

observed bond stress slip behavior. In this section, to build a bond based on comparative study between 3D 249 

model and beam model of reinforcement, the results of simulated specimens in the previous section are 250 

compared with the results of Ikuma et al [36], who simulated same specimens by constructing 3D rebar 251 

model with rib shape in 3D-RBSM. 252 

Comparative bond stress slip relationships are presented in Fig. 17. 3D rebar model illustrates an 253 

increase in the ultimate bond stresses and slips at ultimate bond stresses with an increase in cover thickness 254 

and also a change in the stress slip stiffness. Although, the 3D rebar model overestimated the bond strength 255 

of test results for smaller cover cases (10/30mm) and the beam element model underestimated the one for 256 

larger cover case (50mm). However, both models show sufficient accuracy to simulate bond stress slip 257 

behavior as observed in experiments, considering the pre-peak region. These observations confirmed the 258 

reasonableness and usefulness of the proposed beam element model. Although, the results of the proposed 259 

model show ductile behavior than test results in the post-peak region, however, 3D rebar model also showed 260 

the ductile behavior. The differences in the post-peak region should be discussed not only based on the 261 
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proposed beam element model but also based on the 3D rebar model along with variation in test results, 262 

considering a broad range of two-end pullout tests along with various other experimental setups such as 263 

one-end pullout test, beam-end test, etc.   264 

Fig. 18 shows the comparison of deformation behavior, internal crack propagation and cracking pattern 265 

near rebar interface at a slip value of 0.15 and 0.30mm for the 30mm cover case. The internal crack 266 

formation gives a visualization of crack width as shown by the color gradient. The range of simulated crack 267 

width as well as the pattern is similar for both models. With both models, internal cracks progressed at 45-268 

60° angle to the rebar axis that is a consistent cracking mechanism in comparison to the Goto’s study as 269 

shown in Fig. 1. According to the deformation diagram, the propagation of split cracks in the longitudinal 270 

and transverse direction of rebar is observed in the case of the 3D model. Also, in the case of the beam 271 

element model, the formation of the same split cracks can be confirmed. Goto’s study explained that 272 

inclined formation (45-60° angle) of internal cracks in the vicinity of rebar causes the propagation of 273 

longitudinal split cracks in the direction of rebar. This mechanism has been well simulated with the beam 274 

model and the 3D model. Overall, results indicate that the beam model and 3D model can simulate the 275 

effect of cover thickness on local bond characteristics. 276 

It is an important fact that the 3D model has several computational drawbacks. To simulate a specimen 277 

of 150mm cube size merely, the 3D model requires 24,000 elements approximately. Moreover, rebar has 278 

to be arranged at locations with very fine mesh and modeling of ribs requires particular attention that can 279 

be a hindrance for member level evaluation considering multi-dimensional reinforcement arrangement. 280 

These are computationally inefficient and uneconomical aspects of the 3D model. While, with the beam 281 

model, modeling of the same size specimen requires 2500 elements only based on a 10mm mesh size that 282 

is ninth times lesser than the 3D rebar model. Moreover, the rebar model based on beam element can be 283 

freely arranged in specimen domain rendering ease to the user for multi-dimensional reinforcement 284 

arrangement. It is proven that the proposed model is a good numerical substitute of the 3D model with 285 

efficient and economical aspects and applies to a wide range of structural members.  286 
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3.4. Mesh Size and Discretization Dependency 287 

Random geometry of rigid particles slightly shows mesh arrangement differences and mesh size 288 

dependency. Moreover, the distance between two link elements to provide shear force transmission between 289 

rebar and concrete depends on rigid particle size. Therefore, mesh size dependency is necessary to be 290 

verified. To do so, mesh sizes of 5, 10, 15, and 30mm are selected as shown in Fig. 19 along with the 291 

number of elements for respective cases. Also, to verify the mesh discretization effect, 15mm mesh size 292 

case is re-meshed, so two cases as 15mm-1 and 15mm-2 are considered as shown in Fig. 19. It should be 293 

noted that the computational time can be significantly decreased with an exponential decrease in 294 

computational elements. Fig. 20 represents the influence of mesh size on bond stress slip behavior for test 295 

specimen of 30mm concrete cover, 25.4mm rebar diameter, and 25.1MPa concrete strength. It shows that 296 

ultimate bond stresses and pre-peak stiffness increase slightly and post-peak behavior become ductile with 297 

an increase in mesh size from 5 to 30mm. Also, it can be seen that the mesh discretization based on 15mm 298 

mesh size has a negligible effect on bond stress slip behavior.  299 

The internal cracking pattern at 0.30mm slip can be seen in Fig. 21. With an increase in mesh size, the 300 

internal cracking intensity reduces because of mesh size approaching to cover thickness, so there is a slight 301 

increase in bond stresses and stiffness gradient. Overall, analytical results with a mesh size of 5 to 30mm 302 

can reasonably predict the experimental results. If the mesh size is smaller than the cover thickness, the 303 

proposed model is appropriately applicable to simulate bond behavior with the internal cracking pattern. 304 

Utilization of the mesh size in the range close to cover thickness provides an economical and efficient tool 305 

for the evaluation of large size concrete structures. Furthermore, with mesh discretization, there is no 306 

significant effect on the internal cracking behavior.  307 

 308 

4. Dominant Effect of Random Geometry of Voronoi Mesh to Simulate Bond Behavior with Beam 309 

Model 310 
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In several structural evaluation software based on FEM, a regular mesh shape is used for the modeling 311 

of concrete. While the irregular shape of voronoi mesh in 3D-RBSM is a characteristic representation of 312 

the concrete matrix. It is a sole element to reproduce realistic cracking mechanism in comparison to 313 

experiments. To understand the inherited ability of the beam model to simulate bond behavior based on the 314 

role of random geometry of voronoi mesh, a specimen with cubic shape regular mesh was modeled in 3D-315 

RBSM as shown in Fig. 22. The size of the mesh is 10mm. Bond stress slip comparison between regular 316 

and voronoi mesh is built based on the same specimens as in chapter 3. For both types of mesh shapes, 317 

CEB-Shima hybrid model was used for the modeling of shear stress transfer (bond stresses) between rebar 318 

and concrete. 319 

In Fig. 23, bond behavior comparison between regular and voronoi mesh with beam element is shown. 320 

Though the initial stiffness behavior until the initiation of the cracking is similar for both models, however, 321 

the ultimate bond stresses in the case of regular mesh are significantly lower than the experiments. It should 322 

be noted for regular mesh that overall bond stress slip behavior remains constant besides an increase in 323 

cover thickness. Hence, regular mesh with beam model cannot evaluate the effect of confinement on bond 324 

behavior, unless a bond model including the effect of cover thickness is utilized. This fact has also been 325 

recognized in researches based on FEM [20, 31, 32]. In case of beam element model with voronoi mesh-326 

based irregular shape, the effect of confinement on bond behavior can be reasonably evaluated, while the 327 

bond model does not need to consider several structural aspects as modification factors in bond stress slip 328 

equation as like FEM. 329 

Fig. 24 shows crack pattern at rebar interface for regular mesh considering all three cover thickness 330 

cases at 0.15 and 0.30mm slip. The distribution of internal cracks always follows the boundary of mesh 331 

shape. In the case of regular mesh, internal cracks progressed at 90° angle to the rebar axis with shear 332 

transfer action. The formation of internal cracks is different in comparison to the Goto’s study as shown in 333 

Fig. 1. Hence, regular mesh shape is incapable to simulate the actual internal cracking mechanism of 334 
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deformed rebar structures. Also, transverse split cracking at the surface of the concrete is not simulated 335 

with regular mesh shape. 336 

To illustrate the sole reason behind entirely different cracking pattern and bond stress slip behavior 337 

between regular and voronoi mesh, Fig. 25 shows the mechanism of stress transfer from shear spring in 338 

rebar direction along with internal stress distribution. As for the beam element model, a link element with 339 

tangential (shear) spring is used to transfer the shear stresses. So, when a regular mesh is used, shear stresses 340 

from the beam element cannot completely transfer to the outer region of concrete and remain localized in 341 

the vicinity of the rebar. A regular mesh doesn’t simulate the conical stress distribution phenomenon. Hence 342 

the entire concrete section cannot be effective to resist shear stresses originated from the beam element. 343 

Stress localization causes the localization of cracks in the surrounding of rebar. Overall, the bond stresses 344 

remain lower than the experiments. On the other hand, with the irregular shape of voronoi mesh, 345 

propagation of tensile stresses away from reinforcement in the form of ring-tension can be observed. Most 346 

importantly, the formation of compression struts in the vicinity of the beam element is observed.  These 347 

compression struts produce due to the formation of conical cracks that is an actual bond mechanism 348 

observed in Goto’s study [6]. Simulation of ring-tension and compression struts reflects experimentally 349 

observed bearing stresses from the rib. Overall, the cumulative effect of ring tension and compression strut 350 

allows the transfer of stresses from shear spring to the entire section of concrete due to the irregular shape 351 

of voronoi mesh. So, the entire cross-section of concrete could provide an optimum contribution towards 352 

equilibrium with shear stresses from beam element and the bond behavior could be evaluated in comparison 353 

to experiments. 354 

  355 

5. Capability to Simulate Bond Mechanism of Cover Thickness and Rebar Diameter 356 

5.1. Cover Thickness 357 
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In the previous section, the ability of voronoi mesh of 3D-RBSM to contribute towards the conical 358 

stress distribution mechanism has been mainly highlighted. However, it is yet to be understood how the 359 

proposed technique has inherited the ability to express the effect of variation in cover thickness on variation 360 

in bond stress slip behavior. To understand the mechanism, the internal stress distribution is discussed for 361 

the cover thickness cases, whose bond stress slip relationships were shown in Figs. 13, 17 and 23. Figs. 26 362 

and 27 present the internal stress distribution in the direction of rebar. In Fig. 26, the stress distribution is 363 

shown at a section parallel to the rebar. While in Fig. 27, the internal stress distribution is shown at the 364 

section perpendicular to the rebar at a distance of 25mm from the top-loading end. The section at 25mm is 365 

selected to clearly observe the compression stress due to the inclined cracks from rebar to shear stress 366 

transfer. The stress distribution is given at slip values of 0.01 and 0.1mm in the pre-peak stage, at ultimate 367 

bond stress points, and 0.30mm slip in the post-peak stage. Considering bond stress slip relationships, bond 368 

stresses are almost the same for all cover thickness cases at 0.01mm slip. However, at 0.1mm slip, a 10mm 369 

cover thickness case shows smaller bond stress values than 30 and 50mm cover thickness cases. The 370 

progressive bond stress slip region shows a clear effect of cover thickness on bond behavior. 371 

At a lower slip value of 0.01mm, tensile stress for a 10mm cover thickness case has reached to the 372 

specimen surface. However, concrete stress magnitude and area (tension and compression stresses) are 373 

almost the same for each cover thickness case, so bond stresses are also the same. With slip progressing in 374 

the non-linear stage, the net concrete stress magnitude varies dependent upon cover thickness. At 0.1mm 375 

slip, the region of tensile stresses is least for 10mm cover case, because tensile stresses slightly diminished 376 

at the minimum cover thickness side due to earlier progression of tensile stresses to the specimen surface. 377 

While, for 30 and 50mm cover case, the magnitude of concrete stresses is quite similar, so the bond stresses 378 

are similar.  379 

At ultimate bond stress stages, a clear-cut effect of variation in cover thickness on variation in concrete 380 

stress distribution can be seen. Tensile (ring tension) and compressive stresses (compression struts) 381 

distribute to a wider region with an increase in cover thickness, therefore, the ultimate bond stresses increase. 382 
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Furthermore, the effect of variation in cover thickness is observed on stress distribution in the post-peak 383 

region. The findings reveal that the proposed simplified model is a realistic representation of experimentally 384 

observed bond mechanism under cover thickness effect. 385 

 386 

5.2. Rebar Diameter 387 

Several one-end and two-end pullout based experimental studies have outlined the influence of rebar 388 

diameter on bond behavior and various bond stress equations [11, 20 and 23] with an inverse function of 389 

rebar diameter have been formulated. This fact emphasizes that bond stresses decrease with an increase in 390 

rebar diameter. The proposed model does not utilize the rebar diameter as a function in the bond stress slip 391 

constitutive equation for the sake of simplicity. Also, the beam model is not a physical representation of 392 

rebar cross-section. Moreover, the distance of the beam element from the concrete surface is dependent 393 

upon the summation of real cover thickness and rebar radius, since the position of beam element is set at 394 

the center of rebar. As a representation of the effect of rebar diameter on bond behavior is an important 395 

aspect of an analytical model. So, to validate the applicability of the proposed model to simulate the rebar 396 

diameter effect, three rebar diameter cases of 19.1, 25.4 and 31.8mm are selected from the test results of 397 

Iizuka et al. [20]. The concrete strength of each specimen is 26.0, 25.1 and 21.2MPa, respectively. For all 398 

cases, the cover thickness is 30mm and mesh size is 10mm. 399 

Fig. 28 shows the analytical effect of rebar diameter on bond stress slip behavior with experimental 400 

results. The analytical model evaluates that ultimate bond stresses, as well as the slip at ultimate bond 401 

stresses, decrease with an increase in rebar diameter. Furthermore, the proposed analytical model also 402 

shows the effect of variation in rebar diameter on change in stiffness of the bond stress slip curve, whereas 403 

the stiffness gradually decreases with an increase in rebar diameter. The experimental outcomes on rebar 404 

diameter variation are well simulated by the proposed model. To discuss the load resistance mechanism 405 

under equilibrium condition, the bond force slip relationship is more important than the bond stress slip 406 
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relationship because bond stress depends on rebar diameter. Fig. 29 shows the bond force slip relationship 407 

for test and simulation. Bond force is obtained by multiplying bond stresses to the circumferential area of 408 

half embedment length of rebar. Fig. 29 reveals that analytically observed bond force slip tendency remains 409 

approximately similar in the pre-peak stage despite the different rebar diameter.   410 

To discuss the mechanism of rebar diameter related to bond behavior, Figs. 30 and 31 show the internal 411 

stress distribution parallel to the rebar at section parallel and perpendicular to rebar at a distance of 25mm 412 

from the top-loading end, respectively. The stress distribution is shown in the pre-peak stage at 0.05 and 413 

0.1mm slip, at ultimate bond stress points and in the post-peak stage at 0.3mm slip. Slip levels at the ultimate 414 

bond stress stage are 0.2, 0.12 and 0.13mm for 19.1, 25.4 and 31.8mm rebar diameter, respectively.  415 

For the same cover thickness, the area for stress resistance is almost the same for different rebar 416 

diameter cases. Figs. 30 and 31 reveal that the magnitude of ring tension and compression struts is almost 417 

similar for different rebar diameter cases at the same slip levels in the pre-peak stage. Also, at the ultimate 418 

bond stress stage, the effect of different rebar diameter on stress distribution is almost similar. So, the bond 419 

force slip has almost similar behavior with different rebar diameters. On the other hand, bond stresses are 420 

normalized by circumferential area dependent upon rebar diameter, so bond stresses decrease with an 421 

increase in rebar diameter. In the post-peak stage at 0.30mm slip, slight variation in tension stress region 422 

can be observed with different rebar diameter cases. The variation is dependent upon the propagation of 423 

split cracks. Overall, the proposed analytical method can simulate the effect of rebar diameter on bond 424 

behavior leading to a reliable evaluation of a wide range of structures. 425 

 426 

6. Conclusion 427 

Based upon the outcomes of the proposed numerical method to model concrete by using voronoi mesh with 428 

random geometry and rebar by beam element combined with simplified local nonlinear bond stress slip 429 

model, the following conclusions are drawn: 430 
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1. The proposed numerical model can automatically simulate the effect of cover thickness on bond stress 431 

slip relationship and cracking behavior around rebar such as Goto cracks. So, the complicated parametric 432 

functional dependency of bond on cover thickness like FEM is not required to be modeled. 433 

2. CEB-Shima hybrid local bond model is a suitable local bond stress slip model to be combined with the 434 

proposed method. The features are that initial stiffness is similar to the Shima model, while final stiffness 435 

and ultimate bond stress are similar to the CEB-FIP model. The model tends to evaluate the transition of 436 

failure modes along with the better evaluation of experimental results as compared to all former models.  437 

3. The proposed methodology using a simple beam element for rebar modeling can simulate bond behavior 438 

like a mesoscale based 3D rebar model with rib shape. The merits of the proposed model are to reduce 439 

element numbers and computational time and freely arrange the reinforcing bars in the specimen domain 440 

rendering ease to the user. 441 

4. The use of voronoi mesh is essential towards the propagation of conical cracks from the rib surface of 442 

deformed rebar promoting the ring tension phenomena observed in RC structures. The simulation by regular 443 

mesh modeling cannot evaluate the effect of cover thickness on bond behavior without introducing 444 

dimensional parameters in local bond stress slip relationship. 445 

5. The model can evaluate the effect of variation in rebar diameter and cover thickness on bond behavior in 446 

accompany with the reasonable stress transfer mechanism.  447 

6. It was confirmed that the proposed model is a good numerical substitute for mesoscale based 3D rebar 448 

model with rib shape and promotes efficient and economical aspects for application to a wide range of 449 

structural members. 450 

7. The formation of a better analytical model to simulate post-peak behavior is a future target of this study. 451 
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Fig. 1 Internal cracks around deformed rebar [5]. 

Fig. 2 Influence of confinement on bond behavior [23]. 
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Fig. 3 Concrete model. 
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Fig. 4 Compression 

model of normal spring. 

Fig. 5 Tension model of normal 

spring. 

 Fig. 6 Shear spring model. 
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Fig. 10 Various local bond stress-slip models. 
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Fig. 11 Schematic diagram of two-end pullout test conducted by Iizuka et al. [20]. 
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a. C: 10mm. b. C: 30mm. 

c. C: 50mm. 

Fig. 13 Influence of local bond model on bond behavior. 
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 43 

Fig. 14 Analytically observed internal crack distribution at 0.30mm slip. Column: Different local bond 

models. Rows: Different cover thickness specimens. Blue color: Minimum crack width of 0.01mm. 

Red color: Crack width equal or greater than 0.1mm. 
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Fig. 15 Analytically observed deformation behavior at 0.30mm slip. Columns: Different local bond 

models. Rows: Different cover thickness specimens. Magnification: 50 times. 
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 55 

Fig. 16 Analytically observed failure process, with CEB-Shima hybrid bond model for 30mm cover 

thickness specimen, at the surface near to the minimum cover thickness. Blue color: Minimum crack 

width of 0.01mm. Red color: Crack width equal or greater than 0.1mm. 
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Fig. 17 Evaluation of various reinforcement models, used in analytical methods, to simulate bond 

behavior. Beam model is used in present study. 3D model is used by Ikuma et al. [36]. 
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Fig. 18 Cracking behavior comparison between beam element and 3D rebar model for 30mm cover 

thickness specimen. Columns 2, 4 and 6: Deformation, internal cracking and cracking at rebar interface, 

respectively, observed by using beam model in present study. Columns 3, 5 and 7: Deformation, internal 

cracking and cracking at rebar interface, respectively, observed by Ikuma et al. [36] by using 3D model. 

Rows: Different slip levels. Blue color: Minimum crack width of 0.01mm. Red color: Crack width equal 

or greater than 0.1mm. Magnification: 50 times. 
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Fig. 19 Voronoi mesh arrangement with different mesh sizes and mesh discretization. 15mm mesh 

discretized as 15mm-1 and 15mm-2. 
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Fig. 20 Influence of mesh size and mesh discretization on bond stress slip behavior for 30mm cover 

thickness specimen. 

Mesh Size 5mm 10mm 15mm-1 15mm-2 30mm

Internal

cracking

Cracking at 

rebar 

interface

0.01 0.1mm

Fig. 21 Influence of mesh size and mesh discretization on crack propagation for 30mm cover thickness 

specimen at 0.30mm slip. Blue color: Minimum crack width of 0.01mm. Red color: Crack width equal or 

greater than 0.1mm. 
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Fig. 22 Regular mesh shape model (Mesh size: 10mm) 
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Fig. 23 Bond stress slip behavior comparison between regular and voronoi mesh for different cover 

thickness specimens. For both mesh cases, beam model is used. 
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Fig. 24 Cracking at rebar interface for regular mesh with beam model. Columns: Different cover 

thickness specimens. Rows: Different slip levels. Blue color: Minimum crack width of 0.01mm. Red 

color: Crack width equal or greater than 0.1mm. 
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Fig. 25 Stress transfer mechanism and concrete stress distribution based on voronoi and regular mesh 

for 30mm cover thickness specimen at various slip levels. For both mesh cases, beam model is used. 

Bright purple color: Tension stress equal or greater than 1.5MPa. Blue color: Zero stress. Red color: 

Compression stress equal or greater than 5MPa. 



12 
 

 87 

 88 

 89 

 90 

 91 

 92 

 93 

 94 

 95 

 96 

 97 
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Fig. 26 Effect of change in cover thickness on stress distribution at section parallel to rebar including 

the rebar. Columns: Different slip levels including the ultimate bond stress stage. Rows: Different 

cover thickness specimens. Bright purple color: Tension stress equal or greater than 1.5MPa. Blue 

color: Zero stress. Red color: Compression stress equal or greater than 5MPa. 
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Fig. 27 Effect of change in cover thickness on stress distribution at section perpendicular to rebar at 

25mm distance from top loading end. Columns: Different slip levels including the ultimate bond stress 

stage. Rows: Different cover thickness specimens. Bright purple color: Tension stress equal or greater 

than 1.5MPa. Blue color: Zero stress. Red color: Compression stress equal or greater than 5MPa. 
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Fig. 28 Rebar diameter influence on bond 

stress slip behavior for 30mm cover thickness 

specimen. 

Fig. 29 Rebar diameter influence on bond 

force slip behavior for 30mm cover 

thickness specimen. 
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 136 

Fig. 30 Effect of change in cover thickness on stress distribution at section parallel to the rebar including 

the rebar for 30mm cover thickness specimen. Columns: Different slip levels including the ultimate 

bond stress stage. Rows: Different rebar diameter specimens. Bright purple color: Tension stress equal 

or greater than 1.5MPa. Blue color: Zero stress. Red color: Compression stress equal or greater than 

5MPa. 
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Fig. 31 Effect of change in cover thickness on stress distribution at section perpendicular to rebar at 

25mm distance from top loading end for 30mm cover thickness specimen. Columns: Different slip 

levels including the ultimate bond stress stage. Rows: Different rebar diameter specimens. Bright purple 

color: Tension stress equal or greater than 1.5MPa. Blue color: Zero stress. Red color: Compression 

stress equal or greater than 5MPa. 
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