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Abstract 
 
Cementitious concrete is known for its brittle failure because of low tensile 
strength. Steel fibers used in reinforced concrete is one of the effective 

materials to overcome the brittleness of concrete. Mechanical properties of 

this type of concrete depend on the development of fiber/matrix interfacial 

zone since it plays an important role in load transfer. Bond shear stress and 
the slip between the interfaces is effectively identified by the fiber pull-out 

tests. The primary objective of this research was to study the bond between 

fiber and matrix by conducting numerical investigation in a sustainable way 
by avoiding the usage of natural and artificial resources such as cement, 

water and aggregates. A single fiber placed at the center of cubical matrix 

was studied using Finite Element Analysis (FEA) software. The analysis of 

fiber pull-out was carried out in straight, crimped and hooked end fibers at 
different embedment lengths in the cement matrix. The analysis of pull-out 

response will help in apprehending the bond mechanism between the fiber/ 

matrix which is very effective to improve the bond quality and choice of steel 
fiber. Pull-out load versus slip behavior was obtained for a total of fifty-four 

models and maximum of peak loads was obtained for the crimped fiber 

because of the uneven shape. The crimp in the fiber provides better bond to 
hold in the matrix compared to straight and hooked end fibers. Fiber slips 

away from the matrix as the pull-out load increases with significant change 

in shape of the fiber. Shear stress values for crimped fibers were found to be  

 
Journal of Green Engineering, Vol. 10_9, 5057–5075. 
© 2020 Alpha Publishers.All rights reserved 



                                                                                                                  
 

 

 
 

 

 
5058 K.Thiagarajan et.al 

 

higher than that of straight and hooked end fibers. From the current analysis 

of damage patterns, it was confirmed that mechanical interlocking in hooked 

end and crimped fiber requires additional force to pull-out from the matrix. 
 

Key words: Pull out load, Slip, Steel Fibers, Bond behavior, Shear Stress. 

 

1 Introduction 
 

Research on brittle nature of concrete has forced an opening to fiber 
reinforced materials in practice since the past four decades. Due to its quasi 

brittle and ductile nature it is proven that it possesses very low tensile 

strength and poor resistance to crack. Out of various types of fibers, this 

study tends to focus on the steel fibers. Steel fibers used in reinforced 
concrete is one of the effective methods to reduce the brittle failure of 

concrete.Experimental results from the single fiber pull-out test illustrates 

that finding the ultimate load of a particular fiber and its interfacial bond with 
the concrete is important, Soulioti et al. (2013) [1]. Those results highlighted 

hooked and undulated fiber performed better than the straight fibers because 

of better mechanical interlocking. This mechanical interlocking contributes 

to higher pull-out force since fiber transforms from hook to straight and 
slides out of the matrix. These experimental outcomes liberate a firm 

knowledge to carry out numerical modelling for the prediction of pull-out 

behavior of various types of fibers. Stress transmission from the matrix to the 
fibers and vice versa is achieved through the interfacial bond strength and 

bond strength usually depends on the type of fiber, volume fraction of fiber, 

aspect ratio, embedment length, material properties and cementitious 
properties, Ellis et al. (2014) [2]. The reduced volume fraction of fiber is 

found to provide better resistance, Breitenbucher et al. (2013) [3]. Increase in 

embedment length of a fiber may enhance pull-out resistance since the fiber 

undergoes full plastic deformation and utilizes the mechanical anchorage in 
the fiber. Pull-out in high strength and ultra-high-performance concrete also 

showed favorable results in pull-out response, Ye and Liu (2019) [4]. Based 

on the experimental results it is evident that the hooked and undulated fiber 
depend on the mechanical interlocking and the straight fiber rely on the 

friction and adhesion to generate bond. This behavior is studied in a 

numerical simulation to compare the results of various shapes of fiber and 
concrete strengths. Cunha et al., (2010) discussed about the pull-out response 

of steel fiber in self-compacting concrete at various orientations and 

embedment lengths, resulting in better peak stress and pull-out load for fiber 

inclination at 30ᴼ  [5]. The effect of hooked end fiber with various loading 
rate and dynamic pull-out response were analyzed with numerical validation 

and this revealed that the crack initiation and propagation in fiber matrix 

interface have significant influence in rate dependent pull-out behavior, Cao 
et al. (2019) [6].  
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Isla et al. (2015) studied the anchorage effect; fiber geometry and 

inclination angle and it was found that fiber inclination affects fibers pull-out 

strength and can lead to fiber breakage [7]. Abbas and Khan (2016) initiated 
an experimental approach of pull-out of fiber from the cylindrical matrix 

with higher diameter of fibers and the results portrayed that a small fringe 

augment fiber diameter may cause a considerable increase in fiber pull-out 

ultimate load [8]. Pull-out behavior of spiral shaped fiber in normal concrete 
matrix with various pitch lengths studied by Hao and Hao (2017) showed 

that pull-out load resistance varied with various loading rates, fiber diameters 

and embedment lengths [9,10]. The primary objective of this research was to 
study the bond between the fiber and concrete matrix by conducting 

numerical investigation. A single fiber placed at the center of cubical 

concrete matrix was studied using Finite Element Analysis (FEA) software. 
Analysis of fiber pull-out was carried out in straight, crimped and hooked 

end fibers at different embedment lengths in the matrix.  

 

2 Related Works 
 

Deng et al,(2018) proposed a comparative study on pull-out behavior of 

steel fiber in hybrid fiber reinforced concrete on both experimental and 
analytical aspect and showed that the hybrid fiber reinforced concrete 

provided better sliding frictional force and maximum pull-out load compared 

to normal concrete [11].Beglarigale and Yazıcı, (2015) reported behavior of 
steel fiber in reactive powder concrete and ordinary mortar portrayed an 

increase in pull-out load with the lower water-cement ratio, thick 

microstructure and low water-binder ratio indicates better bond characteristic 
between steel fiber and reactive powder concrete matrix as compared to other 

mixtures [12].Soetens et al. (2013) developed a semi analytical model to 

predict the pull-out resistance of various types of fibers opened a new gate to 

compare experimental and theoretical values with evident confirmation of 
inclined fibers performing better than the normal fibers [13].  

Naaman et al.(1991) conducted an experimental investigation on fiber 

pull-out behavior to study the maximum pull-out load and slip [14]. This 
topic of research was further extended by Zile and Zile (2013) by varying the 

types of fibers and embedment length of fiber in the matrix [15]. 

 

3 Numerical Investigation 
 

3.1 General 
  

In the current study, interfacial bond between the fiber and matrix was 

found through pull-out test based on the numerical simulation. Finite 
Element Analysis software ABAQUS was chosen as the prime platform to 

perform the analysis.  
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Pull-out process was simulated based on the Implicit Static Structural 

Analysis in ABAQUS. Analysis was carried out with the steel fiber placed at 

the center of concrete matrix where one end of the fiber was placed in the 
matrix and the other end was left free.  

 

3.2 Modelling 
 

A Three-Dimensional concrete specimen has been modelled with a 

dimension of 7.5cm x 2.5cm x 2.5cm. Various shapes of steel fiber such as 
straight, hooked end and crimped fiber were also modelled in three-

dimensional aspect for various dimensions. A total of fifty-four models have 

been planned. Extensive details of the dimensions of steel fibers with various 

embedment lengths that have been analyzed for various concrete strength 
were specified in Table 1(a), 1(b) and 1(c) for three-dimensional concrete 

model with hooked end, straight and crimped fiber respectively. Dimensions 

of steel fiber were chosen based on the availability in the construction field 
so that it could be feasible to compare with the experimental results in future. 

Three-dimensional concrete matrix was shown in Figure 1. The section of 

hooked end, straight and crimped steel fibers were shown in Figures 2(a), 

2(b) and 2(c) respectively. Single fiber was placed at the center of concrete 
matrix where one end of the fiber was free and other end of fiber was placed 

in the concrete matrix with various embedment lengths, therefore the model 

had to be varied for every different embedment length and also for various 
types of fibers. Before placing the steel fiber, the concrete matrix was cut 

through the path in which the steel fiber had to be placed. The matrix was 

partitioned as the two halves to maintain the exact center and it was swept 
cut through the fiber path for the desired length and shape. After making the 

sweep cut, the fiber was carefully aligned in the direction of the cut surface 

and made sure whether the fiber was exactly placed in its path without 

deviation. The same practice was followed for all straight, hooked end and 
crimped fibers to place in the concrete matrix. The assembled fibers in the 

concrete matrix were shown for hooked end, straight and crimped steel fibers 

in Figures 3(a), 3(b) and 3(c) respectively.  
Concrete material was modelled with density of 2400 kg/m

3
 and three 

different concrete strength with modulus of elasticity. Concrete strength was 

chosen as 30,40 and 50 MPa and corresponding modulus of elasticity for the 
concrete matrix were chosen as 27386, 31622 and 35355MPa respectively. 

Density of steel fiber was taken as 7800 kg/m
3
. The Young’s modulus of 

2x10
5
 MPa and poisson’s ratio of 0.3 were also considered. Steel fiber was 

placed in the concrete matrix in z direction plane therefore the pull-out 
tensile force was also applied in the corresponding direction to get maximum 

load. 
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Table. 1(a): Details of numerical models using Hooked End Fiber 

 
Table. 1(b): Details of numerical models using Straight Fiber 
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3.3 Interaction and Meshing 
  

Concrete matrix and steel fiber were assembled based on the required 
condition after assigning the material property. Interaction were applied for 

the concrete surface in which the steel fiber was placed. Friction coefficient 

for concrete and steel surface was taken as 0.5. After interaction, model has 
to be meshed in order to run the analysis commendably. Swept Mesh type 

was used to mesh the complex solid and surface regions. In order to get 

accurate results and to enhance the meshing quality at the critical path, the 
seed size of these section was made finer. The meshed model was shown in 

Fig.4. 

 

3.4 Loading and Boundary Condition 
  

Step time plays an important role in this analysis as the loading is given 

in the form of displacement per second and it was varied for different 
embedment lengths. The idea behind the varied step time was, the model 

with 0.5d embedment length requires more time for the fiber to slip from 

concrete matrix whereas the model with 10mm embedment length takes up 

only reduced step time.  
Boundary conditions were applied in two steps, one for the concrete 

surface and the other for steel fiber. Concrete matrix was fixed at all three 

direction U1, U2 and U3 as shown in Fig.5, to prevent the displacement and 
rotation movement during analysis. Steel fiber was fixed only at the free end 

in U1 and U2 direction and released in the U3 direction. This idea was 

executed to capture the pull-out of fiber in Z direction due to applied tensile 
load. Load was applied in U3 direction i.e Z direction as shown in Fig 6. The 

displacement rate during the pull-out test was taken as 1mm/min i.e. 

0.016mm/seconds. 

 

3.5 Post Processing 
  

After the completion of analysis, post processing was done. The 
procedure remained the same for all types of models. The maximum pull-out 

load was extracted from the Z direction reaction forces.   
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Table. 1(c): Details of numerical models using Crimped Fiber 

   

 
Fig. 1: Concrete Matrix 

 
Fig. 2: Section of Steel Fibers 
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Fig. 3: Assembled Concrete Matrix and Steel Fibers 

 

Fig. 4: Meshing         Fig. 5: Boundary conditions          Fig. 6: Application of load 

 

4 Validation 
 

Earlier the created model was validated with the experimental data 
reported in [13]. Straight and Hooked end fibers were used for the validation 

purpose with various mortar strengths as specified in test data available in 

literature. The mechanical and geometrical properties of steel fibers were 
given as input values for model creation. Model was calibrated by choosing a 

finer mesh size of the particular mortar matrix in order to get accurate results. 

Straight fiber analysed was of 0.5 and 0.8mm diameter and hooked end fiber 

analysed was of 0.8mm diameter. Low and high strength type of mortars 
were used. The details of validation results were shown in Table 2. 

The results of maximum pull-out load for both straight and hooked end 

fibers showed that the current numerical analysis procedure closely follows 
that of the experimental results provided in the literature, the maximum 

percentage difference being 4.34. Based on the available results it can be 

concluded that there was a good agreement between the previous 
experimental and current simulated results. Hence the model created in this 

numerical study can be used to evaluate the pull-out response of steel fibers 

in concrete matrix with adequate accuracy. 
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Table. 2: Details of Validation results 

Type of 

Fiber 

Diameter 

(mm) 

Mortar 

Type 

Maximum Pull-out Load 

(N) 

Shear Stress(N/mm
2
) 

Exp. Num. % 

deviation 

Exp. Num. % deviation 

Straight  0.5 Low 71.6 73 1.96 1.52 1.55 1.97 

High 126.6 124 2.05 2.69 2.63 2.23 

0.8 Low 190.4 194 1.89 2.53 2.57 1.58 

Hooked 

End  

0.8 Low 299.0 312 4.34 3.96 4.14 4.54 

High 363.0 371 2.20 4.82 4.92 2.07 

Exp.-Experimental , Num.-Numerical 

 

5 Results and Discussions 
 

The current numerical investigation aimed at getting pull out load versus 

slip behavior including the observation of failure type of models, peak load, 
deflection at peak load for fibers such as hooked end, straight and crimped. 

The parameters used for this study were fiber type, aspect ratio 

(length/diameter) of fiber, embedment length of fibers (10mm and half length 
of the fiber) and concrete strength. The results obtained were shown in Table 

3(a), 3(b) and 3(c) for three-dimensional concrete model with hooked end, 

straight and crimped fiber respectively. From the obtained results, shear 
stress and work done were determined. The effect of using different fiber 

types, concrete strengths, various fiber aspect ratio, fiber diameter and 

embedment length were discussed in this section. 

 

5.1 Pull-out Load versus Slip Behavior 
 

The pull-out load versus slip behavior was observed for hooked end, 
straight and crimped fibers embedded in concrete matrix. The load-slip 

characteristics of hooked end steel fibers (for embedment length of 10mm) 

was shown in Fig.7(a)(i), (ii) and (iii) for diameters 0.5,0.75 and 1 mm 
respectively. Similarly load-slip characteristics of straight steel fibers (for 

embedment length of 10mm) was shown in Fig.7(b)(i), (ii) and (iii) for 

diameters 0.5,0.75 and 1 mm respectively. Load-slip characteristics of 

crimped steel fibers (for embedment length of 10mm) was shown in 
Fig.7(c)(i), (ii) and (iii) for diameters 0.5,0.75 and 1 mm respectively. The 

load-slip characteristics of hooked end steel fibers (for half embedment 

length) was shown in Fig.8(a)(i), (ii) and (iii) for diameters 0.5,0.75 and 1 
mm respectively. Similarly load-slip characteristics of straight steel fibers 

(for half embedment length) was shown in Fig.8(b)(i), (ii) and (iii) for 

diameters 0.5,0.75 and 1 mm respectively. Load-slip characteristics of 

crimped steel fibers (for half embedment length) was shown in Fig.8(c)(i), 
(ii) and (iii) for diameters 0.5,0.75 and 1 mm respectively.  
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For straight fibers, after achieving peak pull-out load, a sudden decrease 

of the pull-out load was observed, indicating the increase of the damage at 

the fiber-concrete matrix interface. Afterwards pull-out load was observed to 
be decreased to a greater extent for all cases. For hooked end fibers, initial 

stage of resisting tensile load involves straightening of the hooked end. 

Hence pull-out load observed was found to be more compared to straight 
fibers. Compared to straight and hooked end fibers placed in concrete matrix 

subjected to pull-out force, crimped fibers can exhibit more maximum pull-

out load because of maximum resistance for tensile load arising out of the 
undulations of the fibers. Hence pull-out load for crimped fibers was found to 

be maximum of all. 

 

5.2 Failure Type 
 

For straight fibers, debonding process of the fiber generally governs the 

pull-out response and hence a lower peak pull-out load was observed. A 
higher pull out load was observed for hooked end fibre since plastic 

deformation is possible even after debonding. Crimped fibers may fail due to 

fiber fracture for concrete of higher strength. The damage patterns after the 

failure of fiber were extracted for all models in a visual manner and 
presented as images. The damage pattern of assembled model of concrete 

matrix and steel fibers are shown for hooked end, straight and crimped steel 

fibers in Figures 9(a), 9(b) and 9(c) respectively. 
 

 
Fig. 7(a): Load-Slip characteristics of Hooked End Steel Fibers (Embedment 

Length-10 mm) 
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Fig. 7(b): Load-Slip characteristics of Straight Steel Fibers (Embedment Length-10 

mm) 

 

 
Fig. 7(c): Load-Slip characteristics of Crimped Steel Fibers (Embedment Length-10 

mm) 

 

 
Fig. 8 (a): Load-Slip characteristics of Hooked End Steel Fibers (Half Embedment 

Length) 
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Fig. 8(b): Load-Slip characteristics of Straight Steel Fibers (Half Embedment 

Length) 

 

 
Fig. 8(c): Load-Slip characteristics of Crimped Steel Fibers (Half Embedment 

Length) 

 
Fig. 9: Damage pattern of Assembled Model of Concrete Matrix and Steel Fibers 

 

5.3 Peak Load 
 

The peak load observed for all models were shown in Table 3(a), 3(b) 
and 3(c) for three-dimensional concrete model with hooked end, straight and 

crimped fiber respectively. A lower peak pull-out load was observed for 

straight fibers since debonding occurred at early stages of loading. A higher 
peak pull-out load was observed for hooked end and crimped fibers because 

of plastic deformation and undulations in the case of crimped fibers. Peak 

pull-out load observed for hooked end fiber was about 3.78 times that of 

straight fiber whereas for crimped fiber it was about 6 times that of straight 
fiber. 
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5.4 Deflection at Peak load 
 

Deflection at peak pull-out load was observed to be less for straight 
fibers embedded in concrete matrix. Comparatively larger value was 

observed for hooked end and crimped fibers. The difference was more 

pronounced for models of larger embedment lengths. 

 

5.5 Work Done 
 

The work done for all models were determined from peak load and the 
corresponding deformation. It was shown in Table 3(a), 3(b) and 3(c) for 

three-dimensional concrete model with hooked end, straight and crimped 

fiber respectively. 

 

5.6 Maximum Shear Stress 
 

Based on the pull-out load, shear strength  in the matrix was 
calculated by 

                                                                   (1) 

 where Fmax is the maximum pull-out load, df is the diameter of fiber and 
LE is the embedment length of fiber. 

The maximum shear stress for all models were determined from peak 

load and dimensions of fiber using Equation (1). It was shown in Table 3(a), 
3(b) and 3(c) for three-dimensional concrete model with hooked end, straight 

and crimped fiber respectively.  

 

5.7 Effect of Concrete Strength 
 

The effect of using concrete of varying strength is more pronounced in 

peak pull-out load of straight fibers. For concrete model with straight fiber, 
the increase in peak load for model of concrete strength  
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Table. 3(a): Results of numerical investigation of Hooked End Fiber Models 

 
 

Table. 3(b): Results of numerical investigation of Straight Fiber Models 
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50N/mm

2
 is 2.36 times that of model of concrete strength 30N/mm

2
, 

keeping other parameters the same. This factor was found to be 1.75 and 1.27 

for hooked end and crimped fiber models respectively. 
Obviously, the effect of using concrete of varying strength is more 

pronounced in work done as well, of straight fibers. For concrete model with 

straight fiber, the increase in work done for model of concrete strength 

50N/mm
2
 is 2.45 times that of model of concrete strength 40N/mm

2
, keeping 

other parameters the same. This factor was found to be 1.84 and 2.14 for 

hooked end and crimped fiber models respectively. 

 
Table. 3(c): Results of numerical investigation of Crimped Fiber Models 

 
 

5.8 Effect of Fiber Type used 
 

The peak pull-out load of concrete matrix with varied steel fiber types 

was studied and it was found to be more for crimped fibers. For concrete 
model with crimped fiber, the increase in peak load was 19.05 times that of 

model with straight fiber, keeping other parameters the same. This factor was 

found to be 6.12 for hooked end fiber model when compared to straight fiber 
model. For concrete model with crimped fiber, the increase in work done was 

about 10 times that of model with straight fiber, keeping other parameters the 

same. This factor was found to be 5.6 for hooked end fiber model when 

compared to straight fiber model. 
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5.9 Effect of Aspect ratio 
 

The effect of using steel fiber of varying aspect ratio (length to diameter 
ratio) was more pronounced in peak pull-out load of straight fibers. For 

concrete model with straight fiber of aspect ratio 50, the increase in peak 

load was 4.44 times that of model with aspect ratio 100, keeping other 
parameters the same. This factor was found to be 2.98 for aspect ratio 80 

when compared to aspect ratio 100. For concrete model with hooked end 

fiber of aspect ratio 50, the increase in peak load was 2.74 times that of 
model with aspect ratio 100, keeping other parameters the same. This factor 

was found to be 1.92 for aspect ratio 80 when compared to aspect ratio 100. 

These factors were found to be less when crimped fibers are used in concrete 

matrix. Similarly, for concrete model with straight fiber of aspect ratio 50, 
the increase in work done was 6.36 times that of model with aspect ratio 100, 

keeping other parameters the same. This factor was found to be 2.80 for 

aspect ratio 80 when compared to aspect ratio 100. For concrete model with 
hooked end fiber of aspect ratio 50, the increase in peak load was 3.85 times 

that of model with aspect ratio 100, keeping other parameters the same. This 

factor was found to be 2.74 for aspect ratio 80 when compared to aspect ratio 

100. These factors were found to be less when crimped fibers are used in 
concrete matrix. 

 

5.10 Effect of Diameter 
 

The effect of using steel fiber of varying diameter was more pronounced 

in peak pull-out load of straight fibers, less in crimped fibers. Usage of larger 
fiber diameter leads to increased peak pull-out load and larger work done.  

 

5.11 Effect of Embedment Length 
 

The effect of using steel fiber in concrete matrix with varying 

embedment length was more pronounced in peak pull-out load of straight 

fibers. The percentage increase in peak load for concrete model with straight 
fiber with half embedment length, was in the range of 26.9 to 80.5 compared 

to model with embedment length of 10mm, keeping other parameters the 

same. Similarly, the percentage increase in peak load for concrete model with 
hooked end and crimped fibers were found to be 11.48 to 59.6 and 9.5 to 

28.72 respectively. The effect of using steel fiber in concrete matrix with 

varying embedment length was more pronounced in work done of hooked 

end fibers. The increase in work done for concrete model with hooked end 
fiber with half embedment, was 15.02 times that of a model with embedment 

length of 10mm length, keeping other parameters the same. This factor for 

concrete model with straight and crimped fibers were found to be 6.08 and 
9.04 respectively. 
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6 Conclusions 
 

From the current numerical investigation, it was found that peak pull-out 
load of model using crimped fibers was maximum. The effect of using 

concrete of varying strength was more pronounced in peak pull-out load of 

straight fibers. Concrete model with crimped fiber, exhibited increase in 
work done, about 10 times greater than that of straight fiber, keeping other 

parameters the same. Aspect ratio of fibers was found to have less effect on 

crimped fibers. The effect of using steel fiber in concrete matrix with varying 
embedment length was more pronounced in work done of hooked end fibers. 
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