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ABSTRACT 
 

The addition of steel fibers into conventional concrete can effectively improve the 

steel-concrete bond performance. This bond performance is significantly affected by 

the distributions of steel fibers and coarse aggregates, which have complex stress 

transfer mechanism in concrete. The inherent correlation between radial pressure and 

shear bond stress as described by the thick-walled cylinder theory (TWCT) of concrete 

offers an alternative method to characterize the steel-concrete bond performance in 

terms of radial pressure. Therefore, this paper presents a robust finite element (FE) 

simulation method to investigate the bond mechanism between reinforcing bar and 

steel fiber reinforced concrete (SFRC) by considering the effects of random 

distributions of coarse aggregates and steel fibers on the radial pressure. A set of pull-

out tests were also conducted to verify the simulation results. It was found that the 

development and propagation behavior of radial pressure-induced internal cracks are 

significantly affected by the distributions of coarse aggregates and steel fibers, and it 

also appeared that the addition of steel fibers to conventional concrete can effectively 

improve its plasticity performances by bridging radial cracks and confining local 

concrete. 
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1. INTRODUCTION 

 

For reinforced concrete (RC) structures, the bond-slip phenomenon is one of the 

most important factors influencing the mechanical and seismic response of structural 

components. In fact, the bonding status between rebar and concrete is directly 

associated with the deformation and internal cracking of surrounding concrete induced 

by radial pressure (Tepfers 1979). Since concrete is a heterogeneous material, its 

strength is greatly affected by its interior structure in the meso-level (aggregate, cement 

paste and other inclusions) (Elsharief et al. 2003, Zhang et al. 2020). For steel fiber 

reinforced concrete (SFRC), to rationally simulate the effect of steel fibers on the bond 

mechanism, meso-scale modeling to the level of aggregate particles and discrete steel 

fibers would be requisite.  

 

In this paper, two types of mesoscopic SFRC model have been established based 

on the Monte-Carlo method (Gentle 2003). The effects of random distribution of 

aggregate and steel fibers on the radial pressure-induced internal cracking of SFRC 

have been investigated through both finite element (FE) modeling as well as 

experimental testing. The works serve the purposes to validate the numerical 

simulation and experimentation, and cross-verify the reliability and accuracy of 

research results. 

 

2. STEEL-CONCRETE BOND MECHANISM 

 

The interaction between rebar and concrete is illustrated in Fig. 1. Generally, the 

bond interaction consists of the components of chemical adhesion, frictional resistance, 

and mechanical interlock between the ribs of rebar and concrete (fib 2014). When the 

rebar is subjected to a pull-out force, the bond interaction components are mobilized, 

and the degree of mobilization would vary with the loading regime. Due to the stress 

concentration at rebar ribs, radial cracks as shown in Fig. 1(a) tend to develop. 

Consider the conical action around the radial crack, the rebar-concrete bond can 

actually be visualized in the form of a wedge action as shown in Fig. 1(b).  

 

The stress field of the conical action is comprising of the radial pressure and the 

bond stress, as explicated by the thick-walled cylinder theory (TWCT). In Fig. 2, the 

concrete cover is denoted by c and the rebar diameter is denoted by d, an axisymmetric 

notation is set up based on the radius r and resultant angle α between the radial and 

tangential (bond) stresses. The relationship between radial pressure σr and bond 

stress τ is illustrated in Fig. 2(a) over the elastic regime. When the concrete 

surrounding the rebar reaches the plastic regime throughout, the stress state is 
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represented by Fig. 2(b), which can be regarded as the upper bound of the kinematic 

solution. In the course of pull-out loading, cracks would be induced in the concrete. As 

such, the partially cracked state would resemble the reality. This is depicted in Fig. 2(c), 

where e denotes the distance from the centroid of rebar to the radial crack tip. The ratio 

of stress magnitude at crack tip level to the stress magnitude at rebar surface level 

would be equal to 0.5d/e, i.e. the radius of rebar divided by the instant crack depth. 

 

 

Fig. 1 Bond action between rebar and concrete: (a) radial internal cracking; (b) 

wedge action 

 

 

Fig. 2 Thick-walled cylinder of concrete cover: (a) uncracked elastic; (b) 

uncracked plastic; (c) partially cracked elastic 

 

3. MODEL AND EXPERIMENT OF SFRC 

 

Monte-Carlo method can be applied to simulate the positions of aggregate and 

steel fibers since the distribution of aggregate and steel fibers is a random process (Li 

et al. 2018). On this basis, the random distribution of aggregate and steel fibers in the 

FE model forms the pre-requisite of discretization and meshing as shown in Fig. 3. In 

implementing the process, the aggregate particles are idealized as spherical shape, 

and the interfacial transition zone (ITZ) between aggregate particle and cementitious 

matrix is assumed constant to be 0.5 mm. To generate the random spatial distribution, 

the larger aggregate particles were placed first, followed by smaller aggregate particles, 

while the steel fibers were lastly placed. A rational algorithm was executed to preclude 

any mutual encroachment of aggregate particles or any intersection of aggregate 
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particle with the boundary, or any insection of steel fiber with aggregate particle or the 

boundary. 

 

 

Fig. 3 Random aggregate distribution: (a) mathematical aggregate distribution; (b) 

aggregate and steel fiber input in model 

 

Regarding experimentation, two types of pull-out specimens, namely Type I and 

Type II, were fabricated for pull-out tests. For Type I, the concrete block size was 

150x150x150 mm whereas for Type II, the concrete block size was 150x150x75 mm. 

The distinct concrete block sizes was to examine the influence of different concrete 

cover and hence confining effect in resisting pull-out. The rebar was deformed bar of 

diameter 16 mm, and the embedment length was 75 mm with PVC pipe sleeving. The 

steel fiber was of length 20 mm and diameter 0.4 mm, and the content of steel fibers 

varied among 0%, 1% and 2% by volume of concrete. Details of the pull-out specimen 

is shown in Fig. 4(a). The pull-out load was exerted vertically through the jaws clamping 

the rebar in an universal testing machine under displacement control, and the test 

setup is depicted in Fig. 4(b). 

 

 

Fig. 4 Pull-out specimen and setup: (a) specimen; (b) test setup 
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4. MODELING AND TESTING RESULTS 

 

With the analysis domain defined by the generated random distibution of 

aggregates and steel fibers, FE computation was employed to analyze the element 

stresses and strains. The internal stress distributions of the two types of pull-out 

specimens with different steel fiber contents are shown in Fig. 5. It can be seen that 

the stress field was dependent on the presence of steel fibers. As the volume fraction 

of steel fibers increased, the internal stress magnitude inside the concrete decreased. 

This is due to the crack bridging effect and local confining effect of discrete fibers in 

SFRC (Singh 2017). The reduction in internal stress magnitudes, especially around 

the rebar, could relief the tendency of radial cracking, and hence improve the concrete 

integrity and pull-out resistance of rebar.  

 

  Type I 

 Type II 

Fig. 5 Stress distributions (Type I/II): (a) 0.0% SF; (b) 1.0% SF; (c) 2.0% SF 

 

The experimental and analytical crack patterns of the two types of pull-out 

specimens are presented in Fig. 6. For Type I as shown in Fig. 6(a), no apparent 

cracking was observed on the specimen surface, and the numerical results reflected 

potential cracking within the cementitious paste surrounding the rebar. For Type II as 

shown in Fig. 6(b), cracks appeared from the rebar towards the long edges of the 

concrete block, and there were less number of cracks in the specimens with steel fibers 

added. The analytical crack patterns resembled the experimental observation with 

good matching, and the tendency of crack propagation across the shorter dimension 

of concrete block was well captured. 
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(a) 

 

 

(b) 

Fig. 6 Experimental and analytical crack patterns: (a) Type I; (b) Type II 

 

 

5. CONCLUSIONS 

 

Two types of mesoscopic steel fiber reinforced concrete (SFRC) model have been 

established based on the Monte-Carlo method to investigate the effect of random 

distribution of aggregate and steel fibers on the internal cracking of concrete due to 

radial pressure. An experimental program of pull-out testing has also been conducted 

in order to provide reference for the finite element (FE) simulation. The results of 

numerical modeling and experiment reveal that: 

1. The mesoscopic concrete model established in the present paper well captured 

the properties of real concrete specimens. The development of bond stress and 

surface cracking during the pull-out test are in line with the model. 

2. The radial pressure-induced stress transfer and cracking growth in concrete match 

with the thick-walled cylinder theory for concrete. Based on this theory, the load 

response of concrete can be classified in three statuses: elastic, plastic, and 

partially cracked. 

3. The distribution of aggregate has significant influence on the growth path of internal 

cracks. Cracks tend to propagate along the weak interfacial transition zone (ITZ) 
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between aggregate and cementitious paste. The cementitious paste near the 

coarse aggregate is more prone to crushing due to stress concentration. 

4. Steel fibers in concrete can effectively restrain the growth of internal cracks through 

bridging effect and confinement effect. As a result, the plasticity of concrete can be 

greatly improved.  
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