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Abstract 
 

This research aims to develop a model using Finite Element Method (FEM) 

to investigate the pullout behaviour of single steel fiber embedded in 

concrete matrix on simulation basis, thereby avoiding conduct of laborious 

experiments involving usage of constituent materials of concrete, thus 

leading to sustainable development. Cracking of concrete is depending on the 

type and amount of fiber in concrete that contributes in delaying failure and 

obtaining post cracking tensile strength. Concepts on bond behaviour 

between fiber/matrix becomes essential to understand the pullout responses. 

Frictional behaviour of straight and hooked end steel fiber is identified while 

entrenched in High Strength Concrete (HSC) with cubical concrete cross 

sectional area. Plastic deformation and shrinkage of steel fiber are considered 

to be effective in evaluating the local damage of fiber/concrete matrix. Pull 

out performance of fiber in HSC matrix (of grade M70 and M80) is analysed 

and are compared. The developed model accounts for analysing the pullout 

behaviour of single fiber with various configurations of fiber, concrete 

strength, aspect ratio and embedment length. The findings from the analysis 

indicate variation in fiber morphology proved to have considerable effect on 

peak load and pullout energy. With anchorage effect and deformed topology,  

hooked end fiber has got maximum peak load and better interfacial bond 
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strength with high strength concrete matrix. In case of straight fibers, due to 

the absence of anchorage effect, fiber failed due to sliding effect that resulted 

in a minimal bond strength between fiber/matrix. Earlier the model is 

successfully calibrated and validated with the mesh sensitivity analysis with 

the previously published results.  

 

Keywords: Finite Element Analysis, Pull-out load, Bond strength, Steel 

fiber, High Strength Concrete 

 

1 Introduction 
 

Cementitious material such as mortar and concrete are known for its 

brittle nature that performs weak in tension. Quasi brittle and ductile nature 

of concrete leads to poor crack resistance and tensile stress but tethers with 

addition of fiber in the concrete. This action improves the tensile behaviour 

and energy absorption properties at various percentage additions and aspect 

ratio of fibers. In modern concrete technology, steel fiber plays a prime role 

in enhancing crack bridging resistance and delaying failure. Addition of fiber 

of different diameter and in percentage proved to improve direct tensile 

strength by up to 31-47% and flexural strength by 3 - 124% [1]. Performance 

of fiber reinforced concrete depends on its bond mechanism and its failure to 

peak load [2]. It becomes important in identifying the fiber/ matrix interfacial 

properties to understand the failure mechanism in a microscopic pattern. The 

determination of fiber and matrix adhesion is generally recognized by single 

fiber pullout test [3,4]. Performance of hooked end fiber proved to have 

adverse effects than the straight fiber in normal conditions of loading and 

strength properties [5].  

The mechanical interlocking in fiber is a function of cold work that 

requires additional energy to straighten from the matrix. Interfacial bond 

strength between fiber/matrix is enhanced through the transmission of stress 

from fiber to matrix and vice versa that usually depend on the type of fiber 

and aspect ratio while the fiber with lesser aspect ratio performs better 

considering hooked and undulated fiber [6]. Pullout of hooked end fiber has 

adverse effect in terms water/ binder ratio that portrays reduced water/binder 

ratio leads to higher peak load and bond stress [7]. Steel fiber is embedded in 

concrete at different lengths to identify the performance of fiber in both 

exterior and interior surface of concrete [8], in that scenario increase in 

embedment of fiber in concrete tethers improvement of fiber bond strength 

and peak load in slip since the fiber undergoes full plastic deformation and 

utilizes mechanical anchorage. As the research developed on bond 

mechanism of fiber, experimentation on pullout process of fiber embedded in 

HSC widened the aspect, findings from the research portrayed mechanical 

anchorage of fiber has complete influence due to it improved slip resistance 

and toughness [9,10].  
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Even though experimental research on pullout of fiber was carried 

extensively, theoretical and numerical prediction of these results had 

comparatively lesser documented on the results with the fiber/matrix 

interfacial behaviour. Prediction of fiber pullout strength for both straight and 

hooked end fiber is evaluated by fracture mechanics or by force equilibrium 

approach, with various theoretical and numerical model in existence, etc. [11, 

12]. The results from [12] indicated proposed theoretical model predicted the 

pullout behaviour of straight and hooked end fiber to particular extent with a 

satisfactory agreement [13]. Besides the numerical prediction, simulation 

model and analysis also emerged into wider area of research with various 

aspects taken into consideration such as type of fiber, aspect ratio, 

inclination, etc. [14], modelling of fiber includes added intricacies associated 

with lateral pressure on interface, inelastic deformation and partial damage of 

matrix. Research on modelling of hooked end fiber proved to have some 

differences between the simulation and modelling due to the turbulences 

during dynamic mechanism [15, 16].  

Complete simulation advanced to predict the quasi static pullout of fiber 

was developed by several researchers [17,18] indicating the significance of 

learning the efficiency of fiber morphology and bond mechanism. Pullout in 

ultra-high-performance concrete provided ample information about the 

damage mechanism indicating fiber path inside the matrix does not have 

acute effects after pullout, signifying durable matrix properties and bonding 

between fiber/matrix [17]. Recent studies on numerical and analytical model 

of straight, hooked end and corrugated fiber [19] opened various aspects of 

research that could be further projected to illuminate the fiber pullout 

mechanisms related with fiber geometry, on account of pullout load-slip 

relationship, friction, and shrinkage of straight steel fiber. FEM framework 

utilized in this research unveiled the largest improvement factor for 

mechanically deformed fiber [20]. The proposed analytical models 

established an advanced precision related to the previous analytical models 

unlikely with the various FEM platforms [21,22]. Experimental testing of 

single fiber pullout test stands as a direct way to evaluate fiber/matrix 

interfacial properties. Since this practice of procedure ends in time 

consuming, high cost process and requires additional manpower, 

consideration on predicting the pullout force evolved to be a prime 

replacement. As these procedures fail to relate the real time failure of fiber in 

matrix, it is objected to conduct simulation modelling of single fiber pullout 

test for precise results [11]. 

The novelty of the current research is to perform a numerical 

investigation by simulation of single fiber pullout test to assess the bond 

between fiber and matrix in high strength concrete keeping aspect ratio and 

embedment length as main parameters. Straight and hooked end fibers are 

investigated using Finite Element Analysis (FEA) software. Fracture and  
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failure mechanism of fiber are extracted to predict the pullout behaviour and 

for clarifying the straightening of fiber in HSC matrix. Earlier the single fiber 

pullout model is validated with the previously published experimental results 

[11] and calibrated successfully. 

 

2 Related Works 
 

The results from Yoo et al, (2017) confirmed that performance of fiber in 

higher matrix strength was relatively good in terms of peak load, average and 

equivalent bond strength. Matrix strength up to 84N/mm
2
 implicates higher 

pullout resistance which leads to higher energy absorption and pullout load 

[23].  

Ellis et al, (2014) proposed a complete simulation on single fiber pullout 

test and the findings from the research helped in modelling the fiber and 

matrix in current research in model description, meshing, loading and 

boundary condition [24].  

Zhang and Yu, (2016) carried a numerical investigation on interface law 

proposed for frictional behaviour of matrix and fiber and utilized in 

identifying the bond behaviour of inclined fiber from the matrix. The results 

indicate that, compared to straight fiber, inclined fiber provides higher 

resistance to failure that delayed the slippage from matrix [25]. 

Zhang et al, (2019) developed an analytical model with straight, hooked 

and corrugated fibers based on modified interfacial friction law which 

showed better accuracy in terms of predicted results and pullout work [26]. 

 

3 Analytical Modelling 
 

3.1 General 
 

Numerical simulation of single fiber pullout test is performed to identify 

the interfacial bond between fiber and matrix. Finite element model was 

created using a FEA software ABAQUS 6.14 that performs to be a prime 

platform for analytical investigation. Simulation follows Implicit Static 

Structural Analysis procedure with the three-dimensional simulation using 

ABAQUS 6.14. These analyses are classified in to two categories such as 

strength approach and energy-based approach. In the strength approach, the 

debonding arises due to the influence of interface shear bond strength which 

is purely due to shear stress. But in an energy-based approach, the tolerance 

of the peel crack requires that the rate of potential energy release of the 

composite constituents reach a vital rate, i.e. the toughness at interface 

failure. 
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3.2 Structural Model 
 

A three-dimensional concrete specimen is modelled with a dimension of 

2.5cm x 2.5cm x 7.5cm. In this investigation, straight and hooked end fibers 

with various aspect ratio are modelled in three dimensions. The details of 

numerical models of straight and hooked end fibers with embedment length 

and concrete strength under consideration are displayed in Table. 1 for three-

dimensional concrete model. Fixation of fiber dimensions are based on the 

field and market availability in order to corelate these results with the 

experimental investigation in future. 

Corresponding finite element concrete model is shown in Fig. 1. Sections 

of straight and hooked end fiber are shown in Fig 2(a) and 2(b) respectively. 

In this simulation, a part of fiber is centrally placed in concrete matrix where 

upper half of fiber is left free for application of tensile load and other half of 

fiber is embedded in concrete matrix as per desired embedment length 

mentioned in Table. 1. Since simulation follows a three-dimensional 

analysis, it is required to prepare the model of concrete matrix placed 

centrally with the desired fiber shape and length for embedment. Partition of 

concrete matrix in two halves is done to maintain the exact centre of matrix 

and for creating the fiber path, the matrix is swept cut for desired embedment 

length and shape of fiber. The fiber is placed in the position of swept cut path 

that is carefully aligned and checked for precision. Fiber assembled in the 

concrete matrix is shown in Fig 3(a) and 3(b) for straight and hooked end 

fiber respectively. 

 

 

 

 

 

 

 
 

 

 

Figure 1 Concrete Matrix 

 

Concrete matrix was modelled with properties such as density (2400 

kg/m
3
) and modulus of elasticity (varying based on concrete compressive 

strength). Modulus of elasticity specified in the analysis are 41833N/mm
2
 

and 44721N/mm
2
 for Grade M70 and M80 concrete respectively. Youngs 

modulus of steel is taken as 2x10
5
 N/mm

2
. Poisson’s ratio and density are 

taken for steel as of 0.3 and 7800 kg/m
3
 respectively. Steel fiber is embedded 

concrete matrix in Z direction that is subjected to the tensile force to evaluate 

and extract peak load (P) versus slip (s) curves for various fiber types. Table 

1 provides details of Numerical Models using Straight and Hooked End 

Fiber. 
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a) Straight Fiber                                   b) Hooked End Fiber 

 

Figure 2 Section of Steel Fibers 

 
Table 1 Details of Numerical Models using Straight and Hooked End Fiber 

 
 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fiber 

Type 

Length/ 

Diameter 

Embedment 

Length (mm) 

Concrete Strength 

(N/mm2) 

Model 

Designation 

70-S-100-10 Straight 

 

100 10 70 

80 80-S-100-10 

25 70 70-S-100-25 

80 80-S-100-25 

80 10 70 70-S-80-10 

80 80-S-80-10 

30 70 70-S-80-30 

80 80-S-80-30 

50 10 70 70-S-50-10 

80 80-S-50-10 

25 70 70-S-50-25 

80 80-S-50-25 

Hooked 

End 

 

100 10 70 70-H-100-10 

80 80-H-100-10 

25 70 70-H-100-25 

80 80-H-100-25 

80 10 70 70-H-80-10 

80 80-H-80-10 

30 70 70-H-80-30 

80 80-H-80-30 

50 10 70 70-H-50-10 

80 80-H-50-10 

25 70 70-H-50-25 

80 80-H-50-25 

Model Designation-First two numbers-Concrete strength in N/mm2, Next letter-

Type of fiber  (S-Straight) (H-Hooked End),Next two/three numbers- Length to 

Diameter ratio of fiber, Next two numbers-Embedment length in mm 
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a) Straight Fiber         b) Hooked End Fiber    

Figure 3 Assembled Concrete Matrix and Steel Fiber 

 

3.3 Interaction and Mesh Analysis 
 

Steel fiber is assembled in concrete matrix with required conditions of the 

embedment length and type of fiber after assigning the material property. 

Important aspect in assessing bond behaviour is adhesion of fiber is 

accounted by interaction. The swept cut path in concrete surface and outer 

face of fiber embedded in concrete matrix are accounted for interaction. 

Surface to surface interaction is applied on fiber and concrete described as 

contact between two deformable surfaces. Frictional coefficient for the 

current numerical investigation is presumed as 0.5 to predict the bond 

behaviour in fiber and concrete during the pullout process. 

 

 

 

 

 

 

 

 

 
 

 

Figure 4 Meshing                                            Figure 5 Interaction                
 

It is required to finely discretize the matrix and fiber in order to obtain 

correlative results. Matrix mesh is advanced around the fiber mesh to match 

and make it as a single surface for capturing effective slip failure. Out of 

various meshing techniques, this analysis undergoes swept mesh to mesh 

complex solid regions where the nodes are copied along the edge of matrix. 

Mesh sensitivity analysis is executed while investigating the performance of 

element and node size to extract the response of fiber and matrix in terms of  
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computational frequency and end results, the results portrayed that element 

sizes developed in this work had aggregable influence in terms of simulation 

results and mesh sensitivity. The meshed model is shown in Fig. 4 and model 

with interaction between matrix and fiber is shown in Fig. 5. 

 

 

 

 

 

 

 

 

 

 
 

Figure 6 Boundary Condition          Figure 7 Application of Load 

 

3.4 Loading and Boundary Condition 
 

Tensile load applied at the free end of fiber is specified in terms of 

displacement per second in simulation. The displacement in simulation is 

correlated to the step function as the tensile load is applied with the step time. 

Tensile load varies for different analyses based on the fiber embedment 

length in matrix. The model with 0.5 times the depth of embedment length 

requires additional tensile load and computational time for slippage. 

Flexibility of testing system is modelled to specify the boundary 

condition of fiber/matrix. The model is separated as two steps by concrete 

matrix and fiber that are subjected to boundary conditions. The part in 

concrete matrix part is fixed completely and made rigid by restricting in all 

three directions such as U1, U2 and U3 as shown in Fig. 6, to prevent the 

rotation and displacement. 

Fiber in the matrix is fixed only in two directions i.e. U1 and U2 and 

released in the direction U3 as fiber tends to undergo tensile load in Z 

direction i.e. U3 that could be viewed in Fig. 7. Displacement rate applied for 

tensile pullout of fiber in analysis is specified as 1mm/min i.e. 

0.016mm/seconds. 

 

3.5 Post Processing 
 

After completion of initial processes as like interaction, meshing, loading 

and boundary condition, analysis is carried out for straight and hooked end 

fiber for varied combinations of concrete strength and embedment length. 

Pullout load is extracted from Z direction reaction forces, corresponding slip 

is also noted. Extraction of results remains alike for all analysis.  
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4 Model Calibration and Validation 
 

The proposed finite element model is validated and calibrated with the 

previous experimental information reported in Soetens et al., (2013) [11] for 

straight and hooked end fibers. Calibration is focused on two issues such as 

mesh sensitivity analysis and interaction between fiber/matrix. Validation is 

conducted for similar type of fibers in both low and high strength concrete. 

Mechanical and geometrical properties of fiber referred from [11] are given 

as input values for model creation. Model is calibrated by varying the mesh 

size to fine pattern so as to obtain close correlation with minimum deviation 

in the results. Straight and hooked end fibers used in validation possess 

diameter of 0.5 and 0.8mm embedded in low and high strength matrix. The 

details of specimen and validation results with percentage deviation are 

presented in Table 2. 

The simulation results from the validation proved that model created to 

replicate the experimental results from [11] closely follows the peak load 

with very minimum deviation percentage. The bond stress relation is also 

well presented in terms of peak load that is reasonably consistent. It is 

evident from the simulation that comparison between computed and 

experimental results obtained follows a similar pattern. Overall, it is 

observed that created model in this numerical investigation follows close 

correlation with the experimental results that could be further reproduced and 

reliably studied for the current investigation. 

 
Table 2 Details of Validation Results 

 
Type 

of 

Fiber 

Diameter 

(mm) 

Mortar 

Type 

Maximum Pull-out Load 

(N) 

Shear Stress(N/mm2) 

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 
 

Fiber pullout behaviour of straight and hooked end fiber simulated in the 

current numerical investigation is governed by pullout load (P) and 

corresponding slip (s) obtained from the results. Peak load obtained from  
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load versus slip curve is further extended to obtain average bond stress (τav) 

and maximum tensile stress of fiber (σf,max) between fiber/matrix. Interfacial 

bond between fiber/matrix will exist and can be obtained as average bond 

strength (τav) and fiber stress from the peak load function. The parameters 

pondered for extraction of results are, type of fiber, aspect ratio, concrete 

strength and embedment length. The effect of pullout slip of fiber, strength 

contribution of matrix, delayed fracture of fiber and performance of fiber 

from exterior surface i.e. embedment length during tensile load are discussed 

with results in this section. 

 

 5.1 Fiber Pull-out Behavior 
 

Simulated pullout load (P) versus slip (s) curves for straight and hooked 

end fiber for varied parameters are presented in this section. Parameters 

explored from the results are in terms of pullout load (P) vs slip (s) curve, 

maximum pullout load (Pmax), maximum tensile stress (σf,max), average bond 

strength (τav), pullout energy (Wp) and equivalent bond strength(τeq) [23]. 

Average bond strength (τav) and maximum tensile stress (σf,max) are extracted 

from peak load from the load vs slip curve, Average bond strength (τav) 

between fiber/ matrix is given by 

    
    

     
                                                                       (1) 

where Pmax is the maximum pull-out load, df is the diameter of fiber and LE is 

the embedment length of fiber. 

The maximum tensile stress (σf,max) of fiber/matrix interface is a critical 

factor for identifying appropriate fiber type in concrete matrix 

       
    

  
                                                              (2) 

Pmax is the maximum pullout load, Af is the area of the fiber (π x df
2
/4), and df 

is the fiber diameter. 

Pullout energy (WP) absorption is extracted from the area under the 

pullout load (P) vs slip (s) curve from the analysis. From the pullout energy 

gained, the equivalent bond strength (τeq) is given by, 

    
   

     
                                                                (3) 

5.2 Effect of Fiber Type 
 

High strength concrete models embedded with straight and hooked end 

fibers, subjected to pullout load are discussed in this section. Load-slip 

characteristics of straight steel fibers are shown in Fig. 8(a) and Fig. 8(b) for 

10mm and half embedment length respectively. Similarly load-slip 

characteristics of hooked end steel fibers are shown in Fig. 9(a) and Fig. 9(b) 

for 10mm and half embedment length respectively. It is observed from the 

results that pullout load (P) versus slip (s) curves follow almost a similar 

pattern for all cases for both the concrete grades. The practice of straight  
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steel fiber embedded in HSC concrete improved the bond resistance to a 

notable extent and found effective, similar to [22]. Due to the absence of 

mechanical anchorage in straight fibers, the resistance to failure and bond 

developed is related primely with the matrix strength. The fiber tends to grip 

due to the high strength matrix properties at the initial slip position that 

initiates increase in peak load up to 373N as shown in Fig. 8(b). After 

reaching peak load, there is a steady declined pattern followed in all aspect 

ratio cases due to reduced interface strength on applied tensile force. Steel 

fiber with shorter length found to improve average bond strength (τav) in 

HSC which is interrelated to post cracking behaviour in tensile strength. In 

case of hooked end fiber, the presence of mechanical anchorage at the end of 

fiber favors increase of peak load at all concrete strength and aspect ratio 

under consideration. In case of hooked end fiber, fiber tends to undergo 

adhesion and initial friction contributed by matrix strength at initial stage, 

once this phase is activated, mechanical anchorage in fiber tends to resist the 

slippage that exhibits peak load. Maximum pullout load (Pmax)for model with 

hooked end fiber is 2.64 times that of straight fiber, similar to [14]. 

Utilization of straight fiber further improved in defying the peripheral tensile 

load that reduces the internal crack propagation and additional damage 

mechanism in concrete. Due to the high localized pressure caused by 

mechanical anchorage in hooked in fiber, the fiber tends to develop micro 

cracks inside the matrix. Damage pattern of concrete matrix and steel fiber 

are shown in Fig. 10(a) and Fig. 10(b) for straight and hooked end fiber 

respectively. 

 

                          

i) L/d = 100                     ii) L/d = 80                iii) L/d = 50 
Figure 8(a) Load-Slip characteristics of Straight Steel Fibers (10mm Embedment 

Length) 
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5.3 Effect of Concrete Strength 
 

The use of high strength concrete (70N/mm
2
 and 80N/mm

2
 in current 

study) for analysing model embedded with straight and hooked end fiber had 

distinct effect on peak load and average bond strength (τav). In case of 

straight fiber, as the concrete strength increases, peak load followed by 

delayed slipping time from matrix occurs which results in additional 

frictional bond resistance. The maximum pullout load (Pmax) for model with 

straight fiber at concrete strength 80N/mm
2
 is 27% more than that of concrete 

strength 70N/mm
2
 keeping other parameters the same. For the hooked end 

fiber as discussed in the earlier section, splitting of micro cracks is caused 

due to localized pressure triggered by mechanical anchorage that affects the 

fiber performance at higher length and diameter. The maximum pullout load 

(Pmax) in case of concrete model with hooked end fiber embedded in concrete 

of strength 80N/mm
2 

is found to be 13.4% more than that of concrete 

strength 70N/mm
2
. Similar observation is made in previous research carried 

out in terms of HSC matrix, similar to [7]. The effect of concrete strength is 

directly proportional to peak load and equivalent bond strength (τeq) of 

fiber/matrix. All the fibers embedded in 80N/mm
2
 strength concrete showed 

improved bond behaviour leading to higher load carrying capacity during the 

initial slip length, similar to [12].  

 

5.4 Effect of Aspect Ratio 
 

 

                                                      

i) L/d = 100                              ii) L/d = 80                   ii) L/d = 50 

Figure 8(b) Load-Slip characteristics of Straight Steel Fibers (Half Embedment 

Length) 

 

The performance of straight and hooked end fiber in pullout test in terms 

of aspect ratio becomes challenging to draw a conclusive result due to 

varying length and diameter. Maximum pullout load (Pmax) for model with 

straight fiber S50 perceived is 125% more than that of model with S100fiber.  
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Similarly, for S80 case, it is 75% more than that of S100 fiber keeping all 

parameters the same. It is observed from the simulation that straight fiber 

with reduced aspect ratio S50 performs better than the other two fiber cases 

S80 and S100, similar to [6]. Similarly, for concrete model with hooked end 

fiber H50 indorsed 112% more than that to model with S100 fiber. Similarly, 

for S80 case, it is 70% more than that of S100 fiber keeping all parameters 

the same. The peak load, average (τav) and equivalent bond strength (τeq) of 

H50 fiber is higher than S50 fiber as shown in Table. 3. Due to splitting of 

micro cracks and fracture in hooked end fiber equivalent bond strength (τeq) 

is smaller than that of average bond strength (τav) for most of the cases, 

similar to [19]. The results shown in Table. 3, indicates that average bond 

strength (τav) and equivalent bond strength (τeq) of S50 and H50 fiber are 

9.27/8.73 N/mm
2
 and 26.52/ 26.41N/mm

2
 respectively.  

 

 

 

 

 

 

 

                    

 

 

 

      

 

 

 

 
i) L/d = 100               ii) L/d = 80                 iii) L/d = 50 

Figure 9(a) Load-Slip characteristics of Hooked End Steel Fibers (10mm 

Embedment Length) 

 

5.5 Effect of Embedment Length 
 

The behaviour of fiber embedded in concrete with two embedment 

lengths are evaluated for straight and hooked end fiber considered in this 

study. Two different cases of half and 10mm embedment length have been 

considered for straight and hooked end fiber. Performance of straight fiber in 

higher embedment length had rigorous effects in terms of maximum pullout 

load (Pmax) and pullout energy (Wp). Percentage increase in peak load for 

model with straight fiber with half embedment length was in the range of 

69.3% more compared to model with 10mm embedment length keeping other 

parameters the same. Similarly, percentage increase in peak load for model  
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with hooked end fiber with half embedment length was in range of 63% 

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

same. 

                      

i) L/d = 100                ii) L/d = 80                 iii) L/d = 50 

Figure 9(b) Load-Slip Characteristics of Hooked End Steel Fibers (Half Embedment 

Length) 

 

      The fiber provided with more embedment length is highly expedient to 

improve fiber/matrix interface bonding that remains reliable with further 

variations. Influence of mechanical anchorage in fiber causes higher average 

(τav) and equivalent bond strength (τeq) at smaller embedment length, similar 

to [14] in both the concrete strengths. 

 

5.6 Fiber Pullout Energy 
 

Fiber pullout energy (WP) was determined from the area under the pullout 

load (P) versus slip (s) curve and the results are presented in Table. 3. The 

findings from results illustrate slip between the fiber /matrix is influenced by 

the matrix strength and type of fiber contributes to maximum pullout load 

(Pmax) and total pullout energy WP. Pullout energy for model with straight 

fiber is influenced only by matrix strength due to absence of mechanical 

anchorage at the ends. The effect of anchorage mechanism in hooked end 

fiber potentially increased the pullout energy (WP) for concrete strength of 

70N/mm
2
. The effect in terms of fiber embedment length was obvious for 

aspect ratio under consideration of straight and hooked end fiber. Since 

energy is highly dependent on pullout displacement, the higher embedment 

length of fiber provokes higher pullout energy irrespective to the fiber aspect 

ratio which is evident from other researches [12]. 
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a) Straight Fiber                                 b) Hooked end Fiber 

Figure 10 Damage Pattern of Concrete Matrix and Steel Fiber 

 

Table. 3 Results of numerical investigation of Straight and Hooked End Fiber 

Models 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fiber 

Type 

Designati

on 

Peak 

Load 

(N) 

Average 

Bond 

Strength 

(N/mm2) 

Work 

done 

(Nmm) 

Equivale

nt Bond 

Strength 

(N/mm2) 

Maximu

m Tensile 

Stress of 

Fiber  

(N/mm2) 

Strai

ght 

 

70-S-100-

10 117.81 7.50 423.16 5.39 600.31 

80-S-100-

10 139.59 8.89 542.32 6.91 711.29 

70-S-100-

25 193.08 4.92 2050.21 4.18 983.85 

80-S-100-

25 237.18 6.04 2673.36 5.45 1208.56 

70-S-80-

10 192.06 8.16 822.77 6.99 434.96 

80-S-80-

10 244.53 10.38 990.56 8.41 553.78 

70-S-80-

30 281.29 3.98 3675.23 3.47 637.03 

80-S-80-

30 337.15 4.77 4335.74 4.09 763.54 

70-S-50-

10 265.32 8.45 1092.62 6.96 337.99 

80-S-50-

10 291.06 9.27 1370.07 8.73 370.78 

70-S-50-

25 345.00 4.39 4462.94 4.55 439.49 

80-S-50-

25 373.42 4.76 4693.81 4.78 475.69 
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6 Conclusions 

 

The current research includes simulation on single fiber pullout model to 

examine the effect of type of fiber used and concrete strength embedded in 

various embedment lengths on its pullout performance. Two different types 

of fiber, straight and hooked end fiber, of three aspect ratios were 

investigated considering two high strength concrete matrices. The model was 

simulated based on the pervious experimental research and systematically 

validated through calibration. Frictional force from the analytical model was 

initially correlated to the bond resistance through matrix strength followed by 

the mechanical anchorage. For straight fiber, the peak load obtained was only 

due to the enhancement in matrix strength that yields minimal pullout energy 

and equivalent bond strength. In case of hooked end fiber, the simulation 

results exhibited peak load until the mechanical deformation causing 

straightening of fiber which leads to additional matrix damage. This damage 

influences the enhancement in pullout energy and bond strength between 

fiber/matrix. Hooked end fiber in 80N/mm
2
 matrix is found to attain higher 

pullout load than other matrix, in longer embedment length. The effect was  

 
 

Hook

ed 

End 

 

70-H-

100-10 387.09 24.66 1865.40 23.76 1972.43 

80-H-

100-10 415.80 26.48 2075.42 26.44 2118.73 

70-H-

100-25 602.76 15.36 8227.33 16.77 3071.39 

80-H-

100-25 677.25 17.25 8894.49 18.13 3450.96 

70-H-80-

10 624.69 26.53 2705.98 22.98 1414.73 

80-H-80-

10 708.84 30.10 2890.62 24.55 1605.30 

70-H-80-

30 742.92 10.52 9249.45 8.73 1682.48 

80-H-80-

30 815.44 11.54 9886.19 9.33 1846.71 

70-H-50-

10 819.72 26.11 3191.48 20.33 1044.23 

80-H-50-

10 832.59 26.52 4146.52 26.41 1885.55 

70-H-50-

25 928.62 11.83 11676.56 11.90 2103.03 

80-H-50-

25 987.03 12.57 13465.24 13.72 2235.31 
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compared with previous experimental results considering high strength 

concrete. 
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