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Abstract 

The structural connections in a building transfer the load from one element to the next and are critical 

to the integrity of the structure. The load is transferred through the reinforcement and requires a 

suitable lap length to transfer the forces. There is debate on how long lap lengths should be and the 

design codes have major inconsistencies. The 2010 Model Code will be used in the new Eurocode 2 

and requires a much larger lap length than the current Eurocode 2, which will be  harder to work with 

and cost more to construct. 

 

In design, steel fibres are only occasionally used due to  limited knowledge around their behaviour 

within concrete and how they can be properly mixed during casting.  This investigation looks at the 

influence of steel fibres on the strength and deformation capacity of reinforced concrete connections 

using nonlinear finite element analyses and examines the possibility of reducing the required lap 

length. A study of the equations in Eurocode 2 and the 2010 Model Code was undertaken to determine 

which is the most suitable for use in design. Small-scale concrete experiments were performed 

alongside the modelling to support the investigation and assess how the fibres behaved in practice.  

 

It was found that steel fibres have a significant role in increasing the strength and deformation 

capacity of a reinforced concrete connection by preventing a brittle failure. The greater strength 

allows a shorter lap length to reach yield which could be advantageous in reducing the quantity of 

materials while still ensuring a sufficient transfer of load throughout the structure. The experiments 

concluded that steel fibres do increase the ductility of a concrete connection and therefore impede a 

sudden failure. However, due to the unpredictable behaviour of the fibres during concrete casting, the 

strength was lower than expected.  
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1 Introduction 

1.1 Background 

Providing safe and stable infrastructure is a key priority for civil engineers. The connections of 

structural members, both beam-beam connections and beam-column connections, within a piece of 

infrastructure are an integral part of the structure’s stability. Reinforced concrete connections are 

designed with lapped reinforcement bars which transfers the steel force along the bars. One of the 

main objectives when designing connections is to ensure there is a large enough lap length to allow 

the connection to transfer the load at the ultimate limit state. The strength of a connection is related 

to the yield strength of the reinforcement bars which correlates to the maximum load that the 

connection can sustain. It is useful to understand how much displacement occurs at this yield load 

before failure as a connection can still have a brittle failure once the force redistribution starts. This 

is where fibres may be able to increase the deformation capacity of the connection. The use of fibres 

in a reinforced concrete connection may be able to reduce the lap length required, decreasing the cost 

of material and easing constructability. 

 

Analysing the structural response of connections experimentally can be a challenging task. There are 

many requirements that hinder this process being carried out at a real-life scale such as the  time 

taken; space required; cost of operation; and health and safety concerns. Due to these factors, 

computer modelling has become a very popular technique and using the correct simplifications, the 

building elements behaviour can be analysed. Using computer models, together with selected 

experiments, can ensure that the investigations are done in a more economical and timely manner. 

Nonlinear finite element modelling can provide an understanding of the response of reinforced 

concrete.  

 

In previous University of Glasgow projects, the response of reinforced concrete using CDPM2 was 

investigated. As an example, Lockhart (2017) modelled the failure of reinforced concrete with and 

without fibres using CDPM2 in LS-DYNA. There is, however, little research to explain how the 

addition of steel fibres affects the structural response and how the steel fibres affect the length of the 

reinforcement laps. 

 

1.2 Aim and Objectives 

The aim is to investigate the influence of steel fibres on the strength and deformation capacity of 

reinforced concrete connections using nonlinear finite element analysis. 
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The main objectives are: 

• To verify and validate the model for a reinforced concrete prism to ensure that the model is both 

implemented correctly and producing accurate results which are then able to represent more 

complex situations.  

• To improve the understanding of reinforced concrete connections by investigating how the 

length of the reinforcement lap affects the strength and deformation capacity and investigate the 

difference in the design codes values for the required lap length.   

• To investigate how the reinforced concrete connections strength and deformation capacity are 

influenced by the addition of steel fibres and how the required lap length is affected as well as 

analyse how the fibres affect the ductility of the specimen.  

 

1.3 Methodology 

In this investigation, the nonlinear finite element approach is used to investigate the aim as stated 

above. Within the nonlinear finite element framework the Concrete Damage Plasticity Model 2 

(CDPM2) has been used which incorporates both damage mechanics and plasticity to describe the 

multiaxial failure of concrete. For steel, a simple elasto-plastic model is used. For the analyses, the 

conventional finite element programme LS-DYNA has been used.   

 

Small-scale concrete experiments have been conducted in the laboratory to strengthen the 

understanding of the effect of steel fibres in a concrete specimen. They show the different failures for 

a plain concrete sample compared to samples with volume fractions of steel fibres of 0.5 % and 1 %.  

 

1.4 Outline of Report 

This report consists of six chapters as follows: 

• Chapter 2 is a literature review which explains the concepts and theory behind the project.  

• Chapter 3 details the theory behind the nonlinear finite modelling, the constitutive models, 

the design of the required lap length and the maximum crack spacing. 

• Chapter 4 explains the analyses including the geometry of each analysis; the input parameters; 

the results obtained; and then discusses and explains the results in relation to the theory. 

• Chapter 5 describes how the concrete experiments were conducted and tested and explains 

the results in relation to the theory. 

• Chapter 6 concludes the investigation and gives suggestions for further research.
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has a Lode angle, 𝜃 = 0. The compressive meridian has a Lode angle, 𝜃 =
𝜋

3
 and corresponds to the 

stress states with two equal principal stresses larger than the third one. The Lode angle is defined by 

Jirásek and Bažant (2002) as “the deviatoric projection of the angle between the radius vector of the 

current stress point and the axis 𝜎1”.  

 

 

 

 

 

 

 

 

 

 

 

Grassl et al. (2013) explains that concrete is a heterogeneous material and displays a “complex 

nonlinear mechanical behaviour”. When subject to tension, the failure can be described as softening, 

which is a decrease of stress with an increase of deformation. These irreversible deformations occur 

during the plastic region of concrete failure and show up as cracks on a concrete specimen. 

 

Under  uniaxial tension, the stress-strain curves will behave elastically initially up to high stresses. 

Chen (2007) states that microcracks are found in concrete where interfaces form between coarse 

aggregates and mortar. A weak link is formed at this aggregate-mortar interface due to it having a 

lower tensile strength than the mortar and this is where failure will occur. According to Chen (2007), 

these microcracks will start to propagate when the stress is over 60% of the uniaxial tensile strength, 

𝑓𝑡.  When the load is increased, the microcracks will start to connect and create a localised zone at 

the weakest section. At 75% of 𝑓𝑡  the specimen has reached the maximum load that it can resist and 

the cracks bridge together. The cracks that form will be perpendicular to the stress and the failure will 

be due to a small number of bridging cracks.  

 

Figure 2.3(a) shows the load-displacement curve for a concrete sample under uniaxial tension. This 

relation can be converted into a stress-strain graph when there is a uniform deformation of stress. This 

can be done by dividing the displacement by the length of the concrete sample. 

Figure 2.2: Failure surface of concrete in three-dimensional stress space (Chen, 2007) 
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Failure of concrete with steel fibres can occur from either the pull-out or the splitting of the fibre. 

Both failure mechanisms depend on a number of factors which are: the aspect ratio; anchorage; tensile 

strength; and bonding strength of the fibres to the concrete (Maidl and Dietrich, 1995).  

 

2.2.1 Bond of Concrete to Fibres 

Bond characteristics depend on a number of factors which are: the orientation of the fibres; the 

embedded length of the fibres; the shape of the fibres; and the strength of the concrete (Aslani and 

Nejadi, 2012). The bond stress also depends on the make-up of the surface of the fibre as a rougher 

surface allows more bond stress to transfer from the fibre to the concrete (Maidl and Dietrich, 1995). 

The mechanical properties of the concrete are influenced by the bond characteristics between the 

fibres and the concrete. The load at which the fibre either pulls out or fractures is related to the transfer 

of the bond stress between the fibres and the concrete and on the anchorage length of the fibres (Maidl 

and Dietrich, 1995).  

 

2.3 Steel Reinforced Concrete 

Steel reinforcement bars are often used in concrete structures to strengthen the structure against 

tensile forces. The bars are often ribbed which helps the concrete and reinforcement to bond together. 

The steel reinforcement bars are ductile which means that when subjected to loading, both elastic and 

plastic deformations occur (Grassl, 2014). The bar will initially behave elastically until the applied 

force reaches the elastic limit. The stress at the elastic limit is normally called the yield strength of 

the reinforcement. After the elastic limit has been reached, the behaviour of the bar will become 

plastic and any deformations that occur after this point will not be recoverable. The relationship 

between stress and strain can be represented in a simplified graph shown in Figure 2.5. 

Figure 2.4: Typical load elongation response in tension of steel fibre reinforced concrete (Naaman, 1987) 
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are unable to form due to the small transfer length between the already formed cracks. The tensile 

force is transferred from the reinforcement bar to the surrounding concrete by bond stresses and each 

new crack decreases the overall stiffness of the concrete member. The stage after the development of 

the cracks is called stabilised cracking where no new cracks form, but as the load continues to 

increase, the crack widths increase. 

 

2.3.1 Bond of Concrete to Reinforcement 

Bond is defined in CEB-FIP (2013) as the interaction and transfer of forces between reinforcement 

bars and concrete. The stresses at the interface between these two materials are called bond stresses. 

When the reinforcement bar slips, the bond stresses will then become active (Grassl, 1999).  The bond 

between concrete and reinforcement is often improved by using ribbed bars which help to transfer 

force along the bar (Cairns, 2015). 

 

The bond stress–slip relationship is influenced by rib geometry, concrete strength, position and 

orientation of the bar during casting, state of stress, boundary conditions and concrete cover as stated 

in CEB-FIP (2013).  Figure 2.7 shows the bond stress–slip relationship for monotonic loading. CEB-

FIP (2013) explains that the first part of the graph represents local crushing and microcracking in the 

concrete which then becomes constant for confined concrete where advanced crushing and shearing 

of the concrete between the ribs occurs. The last stage is where the bond stress decreases with 

increasing slip which happens as concrete between the ribs is sheared off. In unconfined concrete, 

splitting failure is shown on the graph by a sudden decrease in the bond stress with increasing slip.  

 

 

Figure 2.7: Analytical bond stress-slip relationship for monotonic loading (CEB-FIP, 2013) 
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2.3.2 Tension Stiffening 

Bischoff (2001) explains that tension stiffening is when the concrete between cracks carries some of 

the tensile forces due to the bond action of the reinforcement and the concrete. The bond of the steel 

to the concrete is an important property which determines the amount of tension which is transferred 

to the concrete between the cracks (Bischoff, 2001). This will stiffen the member and hence reduce 

the deflections up to the yield limit of the reinforcement (Bischoff, 2003).  

 

2.4 Steel Reinforced Concrete with Fibres 

The advantage of using steel fibres in reinforced concrete is that they help to create a post-cracking 

residual tensile strength as well as a large tensile strain (CEB-FIP, 2013). The cracks in the concrete 

form perpendicular to the direction of the tensile stress and the fibres work most effectively when 

embedded in the concrete in the same direction as this tensile stress, therefore crossing the crack at 

right angles  (Maidl and Dietrich, 1995). Aslani and Nejadi (2012) state that when fibres bridge the 

cracks, stress is allowed to transfer across cracked surfaces, slowing down the crack propagation. 

 

2.4.1 Tension Stiffening 

The definition of tension stiffening has been explained in Section 2.3.2 for steel reinforced concrete. 

The difference in the tension stiffening of a steel reinforced concrete member with fibres is that at the 

cracks the concrete is now able to carry some of the tensile forces due to the presence of the fibres as 

well as carrying tension between the cracks (Bischoff, 2003). This has many advantages which are 

that it increases the tension stiffening of the member; improves crack control; and provides additional 

strength to the member after the reinforcement has yielded. When fibres are used, they improve the 

bond conditions within the member. The addition of fibres will result in a reduced crack spacing as 

shown in Figure 2.8 due to the concrete having an increased tensile resistance at a crack. Figure 2.8 

shows that the reinforced concrete member can only carry tensile forces in the concrete between 

cracks whereas the fibre reinforced concrete can carry tensile forces in the concrete at the cracks as 

well as between.  
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2.5 Behaviour of Connections 

Reinforced concrete connections are an integral part of a building’s design and ensure the sufficient 

transfer of the loads throughout the structure. The loads are transferred through the connection by the 

transfer of bond stresses in the lapped reinforcement. This requires an adequate lap length in order to 

allow the bond stresses to fully transfer the bond stresses from one bar to the other. The bond between 

concrete and reinforcement bars has been explained in Section 2.3.1.  

 

Cairns (2015) explains that bond is related to the geometry of the section, the materials used and on 

the stress state. Bond can cause failure depending on the level of confinement in the connection 

(Cairns, 2015). The failure will either be due to shearing of the concrete in situations where there is 

more confinement, or due to splitting of the concrete cover from longitudinal cracks that develop 

(Cairns, 2015). Bond at the ultimate limit state affects the strength of the lapped reinforcement section 

in the connection as explained by Cairns (2015), implying that the higher the bond stresses, the higher 

the connection strength. This splitting failure that occurs is a brittle failure, which in design needs to 

be avoided and Cairns (2015) explains that there are two ways  to guarantee a more ductile failure 

mode. More confinement can be provided to ensure that pull-out of the reinforcement bar is the main 

failure mode, or a sufficient reinforcement lap length should be provided so that yield can be achieved.  

 

Figure 2.8: Axial force distribution for stabilized cracking (modified from Bischoff, 2003) 
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increased. The loops have three main failure modes which are a tensile splitting failure of the 

concrete; bond slip failure between the reinforcement and the concrete; and a concrete crushing 

failure (Grassl, 1999). The failure in the loops is due to the radial pressure that acts along the inside 

of the curved part of the bar which is then balanced by the force in the steel.   

 

Grassl (1999) conducted experiments using looped reinforcement bars using a simply supported 

beam. The load was applied underneath the beam in order to view the crack patterns in the beams. 

The failure patterns observed from these experiments varied for the four beams tested. The four beams 

had different properties in order to determine how these factors affected the failure patterns. One 

specimen had a short loop splice; one had a longer splice length; one had double the beam width with 

the shorter loop splice; and the last had straight reinforcing bars. For these specimens, Grassl (1999) 

observed different crack patterns and failure.  

 

For the specimen with the shorter loop splice, it was noted by Grassl (1999) that there was spalling 

of the outer concrete. The cracks for this specimen occurred in the region where the loop splice was 

and followed the shape closely with the largest spalling occurring around the loop. Grassl (1999) 

shows that the first cracks produced were flexural bending cracks which were then followed by cracks 

in the direction of the loop. The spalling of the concrete was avoided when the length of the straight 

splice was increased and therefore increased the stiffness of the specimen. This specimen was able to 

carry a higher load compared to the straight reinforcing splices due to the loops increasing the area 

of reinforcement in this central area. The crack pattern here is more regular and the cracks on the top 

of the specimen are perpendicular to the reinforcement direction. Flexural cracks were first observed, 

both inside and outside the splice zone, before the largest cracks continued to develop and followed 

the direction of the loop. With the straight reinforcement bars, Grassl (1999) noticed flexural bending 

cracks appear before changing to flexural shear cracks originating from the point where the load was 

applied. Grassl (1999) concluded that the looped reinforcement bars were able to withstand a higher 

load capacity than the alternative straight reinforcing bars. When a large enough loop splice is used, 

the spalling of the concrete can also be prevented.  

 

2.6 Nonlinear Finite Element Analysis 

2.6.1 Implicit and Explicit Schemes 

Nonlinear finite element modelling can be based on either an implicit or explicit time integration 

scheme depending on the programme used and the type of analysis. Livermore Software Technology 

Corporation (2019) explains that an implicit analysis involves several iterations in the calculation of 
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the timestep whereas an explicit analysis solves the timestep at the nodes directly. An explicit analysis 

is more favourable when dynamic effects are involved in the analysis as it can efficiently solve the 

equations of motion. An explicit analysis requires a timestep less than the critical timestep, which is 

calculated as the time for a sound wave to travel in the continuum (Livermore Software Technology 

Corporation, 2019). An implicit analysis is time consuming as it involves the inversion of a stiffness 

matrix which therefore increases the computational expense.  

 

2.6.2 Finite Elements  

There are different types of elements which can be used in finite element analysis ranging from one-

dimensional to three-dimensional. One-dimensional elements are known as beam or line elements 

and they normally have two nodes. Shell elements are two-dimensional and solid elements are three-

dimensional. These different element shapes can be used to represent different materials or sections 

of the model and are analysed using different methods.  

 

2.6.3 Modelling Reinforcement 

Within finite element modelling there are many techniques to model the interaction between the 

concrete and the reinforcement. Schwer (2014) explains that there are two main  ways to model the 

reinforcement either via shared nodes or by constraint techniques. The shared node method  is where 

both the steel and concrete are modelled with the nodes of the elements merged together as shown in 

Figure 2.12. The bond can be modelled by modelling the ribbed parts of the bar using a very fine 

mesh, however this can cause the calculations in the model to be very time consuming. The other way 

to model the bond is by an  interface where elements connect the coinciding nodes in the concrete. In 

the analyses in Grassl (1999) this method was used to model the reinforcement.  

 

 

Figure 2.13: Schematic of beam element constrained 

in solid to model reinforcement 

Figure 2.12: Schematic of shared nodes with ribs to model 

reinforcement 
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The constraint method allows the reinforcement to be defined independently of the concrete with 

separate nodes and this involves constructing the nodes separately for the concrete and the 

reinforcement and modelling the bond interaction by constraining the reinforcement within the solid. 

The simplest way to do this is using a beam element as shown in Figure 2.13. The issue with this 

method is that the model overcompensates the volume of concrete, which ultimately increases the 

stiffness and could lead to results which are not an accurate representation of the reality. This could 

then be compensated for by adjusting the stiffness and density. 

 

2.6.4 Verification and Validation 

Computer models are not always accurate and must be verified and validated in order to ensure that 

the results produced are reasonable and correctly represent the real-life problem. Assumptions are 

made when creating a computer model in order to simplify the real-life situation which are normally 

the main cause of error.  

 

The verification process checks that the model has been implemented correctly (MacLeod, 2005). 

There are two types of verification that can be used as stated in Schaller et al. (2004) which are code 

verification and calculation verification. Schaller et al. (2004) defines code verification as the 

“process of determining that the computer code is correct and functioning as intended” by carrying 

out a software quality assurance. Calculation verification is defined by Schaller et al. (2004) as the 

“process of determining the solution accuracy of a particular calculation”. Calculation verification is 

done by checking the convergence of a solution which assesses the error in the simulation, known as 

numerical error estimation (Schaller et al., 2004). 

 

The validation process checks the accuracy of a given model and examines if it is capable of satisfying 

the investigation requirements (MacLeod, 2005). The validation of a model is carried out by 

comparing the model’s numerical solutions to experimental data, which determines how close a 

model is to representing the real-life situation (Schaller et al., 2004).  
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3 Model Theory 

In this chapter, the theory behind the nonlinear finite element analyses, including the constitutive 

models used in this investigation, are explained. It also describes and explains the  equations used for 

the design of the reinforcement lap length from both EC2 and MC10.  

 

3.1 Nonlinear Finite Element Analysis 

3.1.1 Solution Method 

An explicit analysis was carried out in the finite element programme LS-DYNA which has been 

defined in Section 2.6.1. The timestep size chosen in LS-DYNA affects the dynamic response of the 

element. A balance needs to be struck between using a small enough timestep size to minimize the 

dynamic effects whilst also ensuring the timestep size is not so small that the analyses take a very 

long time. Livermore Software Technology Corporation (2018c) explains how the timestep is 

calculated in LS-DYNA.  

 

The way LS-DYNA works is by using the force on each node from the timestep before and then using 

this to find the acceleration of the node from 𝐹𝑜𝑟𝑐𝑒 = 𝑀𝑎𝑠𝑠 × 𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛. The displacement can 

then be calculated from 𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 = 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 × 𝑇𝑖𝑚𝑒. The stress on each node is then 

calculated and used to determine the applied force on the next node for the next timestep.  These 

calculations behave like a wave moving through the mesh for every timestep with the wave travelling 

at the speed of sound. Equation 3.1 shows the equation for the speed of sound for a 3D Continuum 

Wave (Livermore Software Technology Corporation, 2018c). 

𝑐3𝐷−𝑐𝑜𝑛𝑡𝑖𝑛𝑢𝑢𝑚 = √
𝐸(1−𝜈)

(1+𝜈)(1−2𝜈)𝜌
                                               (3.1) 

Where, 𝐸 is the Young’s modulus, 𝜈 is the Poisson’s ratio and 𝜌 is the mass density. The critical 

timestep can be calculated from Equation 3.2 (Livermore Software Technology Corporation, 2018c). 

∆𝑡𝑚𝑖𝑛 =
ℎ𝑒

𝑐
                                                              (3.2) 

Where, ℎ𝑒 is the element length and 𝑐 is the speed of sound. This equation shows that the timestep is 

dependent on the mesh size and the speed at which the wave travels. 

  

3.1.2 Displacement Method 

The analyses involve prescribing a displacement to the prism instead of applying a force and pulling 

the specimen. The resulting load can then be determined from this prescribed displacement to analyse 

the load that the prism can sustain as explained in Section 3.1.1 on the timestep in LS-DYNA.  
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3.2 Constitutive Models 

The finite element modelling involved three constitutive models to represent the concrete, the 

reinforcement and the bond between the concrete and the reinforcement. MAT_CDPM was used as 

a material model for the concrete; MAT_PLASTIC_KINEMATIC as a material model for the 

reinforcement; and CONSTRAINED_BEAM_IN_SOLID to represent the bond between these two 

materials.  This section explains the input parameters required in each of these models and the values 

used in this investigation.  

 

3.2.1 Constitutive Model for Concrete 

The material model used for the concrete is the concrete damage plasticity model: MAT_CDPM. The 

Concrete Damage Plasticity Model 2 (CDPM2) is a constitutive material model for the failure of 

concrete under multiaxial loading which relies on both the use of damage mechanics and plasticity as 

explained by Grassl et al. (2013). This model can be input into the finite element software LS-DYNA 

for analyses of the failure of concrete. This model is an advancement on the previous model, Concrete 

Damage Plasticity Model 1 (CDPM1) developed by Grassl and Jiràsek (2006). 

 

Previous constitutive models have been developed before CDPM1 using plasticity models, damage 

mechanics and a combination of the two (Grassl et al., 2013). However, none of these models were 

able to correctly describe the complete failure of concrete. The stress-based plasticity models were 

able to model concrete subject to triaxial stress states since the yield surface corresponds at a certain 

stage of hardening to the strength envelope of concrete. This model was unable to represent the 

reduction of stiffness that occurs during the unloading stage for the softening response of the concrete. 

Strain-based isotropic damage mechanics models can directly determine the stress state of the 

concrete due to the stress evaluation process being explicit but is incapable of expressing the 

irreversible deformations that are found in the concrete. 

 

Grassl and Jiràsek (2006) combined both a stress-based plasticity model with a strain-based damage 

model in CDPM1. Grassl et al. (2013) explain that this model was capable of analysing concrete 

subjected to multiaxial stress states and obtaining mesh-independent results for the overall load-

displacement response. However, by assuming a perfect plastic response, this created mesh-

dependent results for the plastic strain profiles. This model was constructed with only one parameter 

to model both tension and compression which caused issues when trying to model the transition from 

tensile to compressive failure accurately. This led to the creation of CDPM2 which as shown in Grassl 
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et al. (2013) produces mesh independent results to explain the failure of concrete as well as accurately 

describing the transition between the tensile and compressive failure.  

  

CDPM2 follows the stress-strain relationship: 

𝝈 = (1 − 𝜔𝑡)𝝈𝒕 + (1 − 𝜔𝑐)𝝈𝒄                                         (3.3) 

Where, 𝝈𝒕 is the positive component of the effective stress; 𝝈𝒄 is the negative component of the 

effective stress; and 𝜔𝑡 and 𝜔𝑐 are scalar damage parameters. The scalar damage parameters have 

values which range from zero to one, where a value of zero represents the undamaged situation and 

a value of one represents the damaged situation. CDPM2 consists of two main frameworks: plasticity 

and damage mechanics which are discussed below.  

 

The plasticity model is centred around the effective stress and is unrelated to damage. There are four 

components to the plasticity part which are the evolution law for the hardening variable, the flow 

rule, the hardening law, and the yield function (Grassl et al., 2013). 

 

The yield surface can be represented by the cylindrical coordinates in the principal effective stress 

space, known as the Haigh-Westergaard coordinates. The hardening law dimensionless variables 𝑞ℎ1 

and 𝑞ℎ2 are functions of the hardening variable 𝜅𝑝, and control the size and shape of the yield surface. 

Grassl et al. (2013) also states that the evolution law for the hardening variable ensures that the rate 

of the hardening variable is equal to the norm of the plastic strain rate scaled by a hardening ductility 

parameter. The flow rule in CDPM2 is non-associated as the yield function does not correspond to 

the plastic potential which implies that the plastic flow will be normal to the yield surface. Grassl 

(2016) explains that having a non-associative flow rule is an important aspect of the model for 

concrete as if it was associative it would overestimate the maximum stress.  

 

The damage component of the model can be split into both tensile damage and compressive damage. 

The tensile section of damage as shown in Grassl (2016) can be represented by a bi-linear stress – 

inelastic displacement law and the compressive section of damage can be presented as a stress – 

inelastic strain exponential relationship as shown in Figure 3.1. 
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• Uniaxial Tensile Strength, 𝒇𝒕: 

The uniaxial tensile strength can be estimated from the expression given in CEB-FIP (2013): 

𝑓𝑐𝑡𝑚 = 0.3(𝑓𝑐𝑘)
2

3                                                   (3.7) 

• Uniaxial Compression Strength, 𝒇𝒄𝒎: 

Taken as the mean value in all analyses. 

• Hardening Parameter, 𝑯𝒑: 

LS-DYNA gives the default value for the hardening parameter as 0.5. However, for models 

without a strain rate effect, a recommended value of 0.01 is given as was used in Grassl et al. 

(2013). 

• Hardening Ductility Parameter 1, 𝑨𝒉: 

The default value in LS_DYNA is given as 0.08. 

• Hardening Ductility Parameter 2, 𝑩𝒉: 

The default value in LS_DYNA is given as 0.003. 

• Hardening Ductility Parameter 3, 𝑪𝒉: 

The default value in LS_DYNA is given as 2. 

• Hardening Ductility Parameter 4, 𝑫𝒉: 

The default value in LS_DYNA is given as 1 × 10−6. 

• Ductility Parameter During Damage, 𝑨𝒔: 

The default value in LS_DYNA is given as 15. 

• Flow Rule Parameter, 𝑫𝒇: 

The default value in LS_DYNA is given as 0.85. 

• Rate Dependent Parameter, 𝑭𝒄𝟎: 

This parameter is only needed if the value of STRFLG = 1. If this is the case the recommended 

value is 10 MPa. 

• Flag for Tensile Damage Type (TYPE): 

There are four different cases for this parameter: 0 is for linear damage formulation; 1 is for bi-

linear damage formulation; 2 is for exponential damage formulation; and 3 is for no damage. The 

default value in LS-DYNA is given as 0 for a linear damage formulation, however results can be 

improved by using a value of 1 which represents the bi-linear damage formulation. 

• Damage Ductility Exponent During Damage, 𝑩𝒔: 

The default value in LS_DYNA is given as 1. 
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• Tensile Threshold Value for Linear Tensile Damage Formulation, 𝒘𝒇: 

This parameter is used to control the tensile softening branch for the exponential tensile damage 

formulation. 

For TYPE = 1:                                          𝑤𝑓 = 4.444
𝐺𝑓

𝑓𝑡
                                                         (3.8) 

Where, 𝐺𝑓 is the fracture energy. 

The fracture energy can be determined from an expression in CEB-FIP (2013): 

𝐺𝑓 = 73 × 𝑓𝑐𝑚
0.18

                                                  (3.9) 

Where, 𝑓𝑐𝑚 is the mean compressive strength in MPa. For all analyses a value for TYPE = 1 has 

been used. For tetrahedral meshes it is recommended that the value is altered by 0.56𝑤𝑓, which 

is the case for all analyses. This is due to the way the element length is computed which 

overestimates the fracture energy.  

• Tensile Threshold Value for the Second Part of the Bi-Linear Damage Formulation, 𝒘𝒇𝟏: 

The default value in LS_DYNA is given as 0.15𝑤𝑓. 

• Tensile Strength Threshold Value for Bi-Linear Damage Formulation, 𝒇𝒕𝟏: 

The default value in LS_DYNA is given as 0.3𝑓𝑡. 

• Strain Rate Flag (STRFLG): 

There are two different cases for this parameter: 0 is no strain rate dependency and 1 is strain rate 

dependent. A value of 0 has been used in all analyses. 

• Failure Flag (FAILFLG): 

There are two different cases for this parameter: 0 is not active and no erosion and the other case 

is a percentage of all integration points that must fail before erosion. A value of 0 has been used 

in all analyses. 

• Parameter Controlling Compressive Damage Softening Branch, 𝜺𝒇𝒄: 

Used in the Exponential Compressive Damage Formulation shown in Figure 3.1(b). Default value 

in LS-DYNA is 1 × 10−4 m. A value of  1 × 10−3 m has been used for all analyses.  

 

The fibre reinforced concrete with traditional steel bars (RFC) material parameters were estimated 

from Naaman (1987) and Bolander. The failure mechanism of the fibres was assumed as pull-out 

failure in all analyses. Naaman (1987) defines the cracking strength as 

𝜎𝑐𝑐 = 𝜎𝑚𝑢(1 − 𝑉𝑓) + 𝛽1𝛽2𝜏𝑉𝑓
𝐿𝑓

𝑑𝑓
                                             (3.10) 

Where, 𝜎𝑚𝑢 is the tensile strength of concrete and taken as 3 MPa; 𝑉𝑓 is the volume fraction of fibres 

taken as 0.01; 𝛽1 is the orientation efficiency factor for 3D random fibre distributions taken as 0.5; 
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𝛽2 is the fraction of bond strength mobilized at cracking which is assumed by Bolander as 20%; 𝜏 is 

the average bond strength at fibre concrete interface which is assumed by Bolander as 4; 𝐿𝑓 is the 

length of fibre which is 35 mm; and 𝑑𝑓 is the diameter of the fibre which is 0.55 mm.  

 

The post-cracking strength is defined by Naaman (1987) as 

𝜎𝑝𝑐 = 𝜆1𝜆2𝜆3𝜏𝑉𝑓
𝐿𝑓

𝑑𝑓
                                                         (3.11) 

Where, 𝜆1 is the average pull-out length ratio which is 0.25; 𝜆2 is the factor accounting for post-

cracking orientation efficiency which Bolander states as 𝜆2 = 𝛼1 and therefore taken as 0.5; and 𝜆3 

is the group reduction factor which Bolander assumes a value of 4. 

 

The cracking strength is then taken as the tensile strength of the fibre reinforced concrete, 𝑓𝑡 and the 

post cracking strength is taken as the tensile strength threshold value, 𝑓𝑡1. The tensile softening branch 

parameter, 𝑤𝑓 was estimated using the pull-out behaviour assumption. 

𝑤𝑓 =
𝐿𝑓

2
                                                               (3.12) 

Where, 𝐿𝑓 is the fibre length. The parameter, 𝑤𝑓1 was taken as the same value as for reinforced 

concrete (RC). These values have been plotted in a stress – crack opening curve and compared to the 

RC curve as shown in Figure 3.2. All other parameters were taken the same as for RC, defined above. 

Figure 3.2: Stress – crack opening curves for RC and RFC 
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3.2.2 Constitutive Model for Reinforcement 

The material model used for the reinforcement is the MAT_PLASTIC_KINEMATIC model. This 

model has 10 parameters which are described below and are explained in Livermore Software 

Technology Corporation (2018b). All the definitions described below have been taken from this 

source. 

• Mass Density, 𝝆𝒔: 

The mass density of the steel. BS EN 1992-1-1 (2004) gives the density of reinforcing steel as 

7850 kg/m3. This value has been used for all analyses. 

• Young’s Modulus, 𝑬𝒔: 

The modulus of elasticity of reinforcing steel which gives an indication of the stiffness. CEB-FIP 

(2013) gives the Young’s modulus of reinforcing steel as 200 GPa. 

• Poisson’s Ratio, 𝝂𝒔: 

Bright and Roberts (2010) gives the value for the Poisson’s ratio of reinforcing steel as 0.3. 

• Yield Stress, 𝒇𝒚: 

Bright and Roberts (2010) states that the yield stress of reinforcing steel for use in the UK is 500 

MPa. 

• Tangent Modulus: 

The default value in LS_DYNA is given as 0. 

• Hardening Parameter, 𝜷: 

The default value in LS_DYNA is given as 0 (0 < 𝛽′ < 1). 

• Strain Rate Parameter, 𝑪𝒔 and 𝑷𝒔 : 

For Cowper Symonds strain rate model. If this value is 0, the rate effects are ignored in the 

analysis. The default value in LS_DYNA is given as 0. The yield stress is scaled by the factor,  

1 + (
𝜀̇

𝐶
)

1

𝑃
, in the Cowper and Symonds Model, where 𝜀̇ is the strain rate. 

• Effective Plastic Strain for Eroding Elements, 𝑭𝒔𝒕𝒓𝒂𝒊𝒏: 

The default value in LS_DYNA is given as 1 × 1020. 

• Formulation for Rate Effects, 𝒗𝒑: 

There are two different cases for this parameter: 0 is no strain rate dependency and 1 is strain rate 

dependent. A value of 0 has been used in all analyses. 

 

3.2.3 Constitutive Model for Bond Between Concrete and Reinforcement 

The keyword CONSTRAINED_BEAM_IN_SOLID has been used in LS-DYNA to model the bond 

between the concrete and reinforcement. This model has six parameters which are described below 
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as explained in Livermore Software Technology Corporation (2018a). All the definitions described 

below have been taken from this source. 

• Slave: 

Defines the part set ID of the beam structure, where the beam structure represents the 

reinforcement.  

• Master: 

Defines the part set ID of the solid element, where the solid element represents the concrete. 

• Coupling Direction: 

There are two different cases for this parameter: 0 is a constraint applied along all directions and 

1 is a constraint only applied along normal directions and along the beam axial direction there is 

no constraint. The default value in LS-DYNA is 0 which has been used in all analyses. 

• Start: 

Start time for coupling. Default value in LS-DYNA is 0 which has been used in all analyses. 

• End: 

End time for coupling. Default value in LS-DYNA is 0 which has been used in all analyses. 

• ID of a user defined function (axfor): 

Defines the coupling force versus slip along the axial direction of the beam. A value of 0 in LS-

DYNA turns the function off, which has been used in all analyses. 

 

3.3 Reinforcement Lap Lengths 

For the design of the reinforcement lap length in the connections, both BS EN 1992-1-1 (2004)  and 

CEB-FIP (2013) were used and the results compared. The lap lengths calculated from these two 

methods vary considerably. The analyses involve using a range of lap lengths from the highest value 

larger than the recommended value from MC10 and the lowest value lower than the EC2 value.  

 

The basic design equations have been explained in the following section and the calculations for both 

EC2 and MC10 can be found in Appendix A. Mean values have been used in the design instead of 

design values and hence the partial safety factors have all been taken as 1. This is so that the hand 

calculations can be compared to the finite element analysis where mean values were used.  

 

3.3.1 Eurocode Design Equations 

BS EN1992-1-1 (2004)  Section 8 sets out the process and equations for the design of the lap length 

of reinforcement in concrete connections. The equations and parameter definitions have all come 

from BS EN1992-1-1 (2004).  
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3.4 Crack Spacing 

The crack spacing of a reinforced concrete connection can be calculated from Section 7 of BS 

EN1992-1-1 (2004). CEB-FIP (2013) does not have specific equations for the calculation of the crack 

spacing.  

 

3.4.1 Eurocode Design Equations 

The calculations for the maximum crack spacing can be found in Appendix B. The equations and 

parameter definitions have all come from BS EN1992-1-1 (2004). 

 

The maximum crack spacing is given by Equation 3.22.  

𝑆𝑟,𝑚𝑎𝑥 = 𝑘3𝐶 + 𝑘1𝑘2𝑘4
∅

𝜌𝑠,𝑒𝑓𝑓
                                               (3.22) 

Where, 𝑘1 is the coefficient which takes account of the bond properties of the bonded reinforcement; 

𝑘2 is the coefficient which takes account of the distribution of strain; 𝑘3 is a coefficient with a 

recommended value in the National Annexe of 3.4; 𝑘4 is a coefficient with a recommended value in 

the National Annexe of 0.425; ∅ is the bar diameter; 𝐶 is the concrete cover; and 𝜌𝑠,𝑒𝑓𝑓 is given by 

Equation 3.23. 

𝜌𝑠,𝑒𝑓𝑓 =
𝐴𝑠𝑡𝑒𝑒𝑙

𝐴𝑐,𝑒𝑓𝑓
                                                          (3.23) 

 

For a member in tension, 𝐴𝑐,𝑒𝑓𝑓 is given by Equation 3.24. 

𝐴𝑐,𝑒𝑓𝑓 = 𝐴𝑐𝑡,𝑒𝑓𝑓 + 𝐴𝑐𝑏,𝑒𝑓𝑓                                              (3.24) 

Figure 3.5 shows where the tension areas are for a member in tension and 𝐴𝑐𝑡,𝑒𝑓𝑓 and 𝐴𝑐𝑏,𝑒𝑓𝑓 are 

given by Equation 3.25.  

𝐴𝑐𝑡,𝑒𝑓𝑓 = 𝐴𝑐𝑏,𝑒𝑓𝑓 = (2.5(ℎ − 𝑑)) × 𝑏                                       (3.25) 

Where, 𝑏 is the breadth of the specimen. 

Figure 3.5: Effective tension area for a concrete member in tension (BS EN1992-1-1:2004) 
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4.4 Results  

All contour plots have been plotted showing the maximum principal strain with black corresponding 

to a crack opening of 0.3 mm from Equation 4.1. 

𝜀 = 𝜀𝑒 + 𝜀𝑖 = 0 +
𝑤𝑐

ℎ𝑒
                                                        (4.1) 

Figure 4.6: Connection with straight lapped 

reinforcement 3D view 

Figure 4.7: Connection with straight lapped reinforcement cross-

section view at z = 1000 mm 



 

34 

Where, 𝜀 is the strain, 𝑤𝑐 is the crack opening and ℎ𝑒 is the element length which has been taken as  

20 mm for the medium mesh.  

 

The following figures show the graphs and contour plots for the RC and RFC specimens. The load 

displacement curves for the different lap lengths and the continuous reinforcement bar have been 

compared and the steel force from one lapped reinforcement bar has been plotted and compared to 

one continuous bar. The crack evolution for the long lap and short lap have been shown. Here the 

long lap corresponds to Lb = 1200 mm which is well above the MC10 lap length value, and the short 

lap corresponds to Lb = 500 mm which is between the EC2 and MC10 lap length value. All graphs 

have been plotted dimensionless for easy comparison. The loads were divided by the rebar strength 

and the displacement divided by the displacement at yield.  

 

The rebar strength is equal to the maximum load that the reinforced concrete member will be able to 

sustain. The reinforcement bars used in all analyses have 200 mm of strengthened ends which have 

double the diameter of reinforcement. The rebar strength will still be from the smaller diameter bars 

as these bars will yield first which ultimately determines the rebar strength. The lapped reinforcement 

bars will also have the same rebar strength due to the 20 mm diameter bars still reaching yield first. 

The rebar strength can be calculated from Equation 4.2. 

𝐹𝑦 = (𝐴𝑠𝑡𝑒𝑒𝑙 × 𝜎𝑦) × 𝑛                                                       (4.2) 

Where, 𝐴𝑠𝑡𝑒𝑒𝑙 is the area of steel of one bar which is 314 mm2; 𝜎𝑦 is the yield strength of steel which 

is 500 MPa; and 𝑛 is the number of bars. The rebar strength for four 20 ∅ bars has been calculated to 

be 628 kN. 

 

The displacement at yield was calculated by considering the strain for the normal diameter 

reinforcement bars and the strengthened reinforcement bars as shown in Figure 4.8. 

The strain for the 20 mm diameter bars can be calculated from Equation 4.3. 

𝜀𝑦 =
𝜎𝑦

𝐸
                                                                      (4.3) 

Figure 4.8: Strain for different sections of reinforcement bar 
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Where, 𝜎𝑦 is the yield strength of steel taken as 500 MPa and 𝐸 is the Young’s modulus of the steel 

taken as 200 GPa. Therefore, 𝜀𝑦 was calculated as 2.5 × 10−3. 

 

The strain for the strengthened ends can be calculated from a force balance, shown in Equation 4.4. 

𝐹 = 𝐴𝑠𝑡𝑒𝑒𝑙𝜀𝑦𝐸 = 𝐴𝑠𝑡𝑒𝑒𝑙,𝑠𝑡𝑟𝑜𝑛𝑔𝜀𝑠𝑡𝑟𝑜𝑛𝑔𝐸                                       (4.4) 

Where, 𝐴𝑠𝑡𝑒𝑒𝑙 has been taken as 314 mm2 and 𝐴𝑠𝑡𝑒𝑒𝑙,𝑠𝑡𝑟𝑜𝑛𝑔 has been taken as 1257 mm2 . Therefore, 

𝜀𝑠𝑡𝑟𝑜𝑛𝑔 was calculated as 6.25 × 10−4. 

 

The displacement at yield can then be calculated from Equation 4.5. 

𝛿𝑦 = 2𝐿𝑠𝑡𝑟𝑜𝑛𝑔𝜀𝑠𝑡𝑟𝑜𝑛𝑔 + 𝐿𝑦𝜀𝑦                                               (4.5) 

Where, 𝐿𝑠𝑡𝑟𝑜𝑛𝑔 is 200  mm and 𝐿𝑦 is 1600 mm. The displacement at yield is therefore 4.25 mm. 

 

The comparison graph shows the maximum force for each lap for RC and RFC,  where the lap length 

has been divided by the bar diameter of 20 mm. The long lap corresponds to 
𝐿𝑏

∅⁄ = 60 and the short 

lap corresponds to 
𝐿𝑏

∅⁄ = 25. 

4.4.1 Reinforced Concrete 

 

Figure 4.9: Reinforced concrete load displacement curve for lapped reinforcement bars 
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4.5 Discussion 

With all modelling, simplifications are necessary to avoid excessive computational expense 

associated with large and complicated models. The simplifications make the modelling process more 

efficient, but in turn lead to limitations with the model. A designer must be aware of the 

simplifications made within any model so that the results can be interpreted for the real-life situation. 

 

There are two main limitations in this model: modelling of rebar using beam elements and assumption 

of perfect bond conditions. Using beam elements instead of solid elements means that the model will 

overcompensate the volume of concrete compared to when the rebar is fully modelled. The 

assumption that there is perfect bond ignores the bond-slip which would occur from the 

reinforcement. These two model limitations could explain the sudden brittle failure that occurs for 

three of the lap lengths shown in Figure 4.9. 

 

Modelling the reinforcement as a beam element means that there is a larger area of concrete in the 

model compared to the real-life situation which has been modelled. The reinforcement has effectively 

been modelled as a line instead of the full  20 mm diameter bar. This will increase the stiffness of the 

beam as there will be a higher percentage of concrete. The continuous reinforcement specimen will 

have an increase in stiffness of roughly 2 % and the longest lapped bar specimen (1200 mm) would 

have an increase in stiffness of roughly 3.2 %.  

 

The modelling of the reinforcements interaction with concrete can be accomplished in a few different 

ways ranging in complexity as described in Section 2.6.3. For all analyses, the reinforcement was 

modelled with perfect bond which implies no bond-slip. Perfect bond causes the crack spacing to 

decrease and causes the concrete to crack immediately as the force has nowhere to go. However, as 

can be seen in the contour plots, there are spaces between the cracks which implies that there must be 

some bond-slip incorporated into this model even though perfect bond conditions have been 

modelled.  

 

Bond slip is related to mesh size and a mesh study was undertaken on the continuous reinforcement 

to investigate the effect of the mesh size on the crack spacing. This was part of the verification of the 

model to ensure that the model was behaving the same way as expected. Figure 4.20 shows the load 

displacement response for the three mesh sizes which illustrates that the difference in response 

between the medium mesh and fine mesh is very small. This suggests that the results from the medium 

mesh are suitable for the purpose of the investigation whilst also saving computational time.   
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Figure 4.21 shows the contour plots for the three mesh sizes. The coarse mesh has larger cracks spaced 

closer together which highlights the perfect bond conditions which were expected. When the mesh 

size is decreased, the cracks become more distinct and spacing between the cracks can now be seen. 

For the fine mesh, the cracks have become very regular with clear spacings between each crack. These 

contour plots imply that when the mesh size is decreased, bond-slip has been incorporated into the 

model without purposely modelling it. Therefore the effect of  bond slip on the layer around the 

concrete is dependent on the mesh size.   

 

This leads to concerns when adding bond-slip into the model as the perfect bond model has some 

bond-slip when the mesh size is small enough. It would be erroneous to try and model bond-slip 

without including an allowance for the bond-slip incorporated with the mesh size change.  This means 

that when adding bond slip to a model, it is necessary to adjust the amount so as not to overcompensate 

for how much there actually is in the real-life scenario.  

Figure 4.22 shows the steel force along one reinforcement bar, again the coarse mesh acts more like 

a ‘perfect bond’ model. This can be explained by the concrete not being able to carry any tensile 

forces and the cracks are occurring very close to each other and the steel force therefore does not 

decrease by much. Whereas for both the coarse and fine mesh, the steel force decreases between 

cracks as the concrete is able to carry some of the tensile forces in these areas.  

Figure 4.22: Steel force along one reinforcement bar for reinforced concrete straight reinforcement bars 
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The mesh independency of the model can be seen by comparing the medium and fine mesh sizes. 

There are only very small differences between these two. One more crack appears in the contour plot 

for the fine mesh and the cracks are spaced very similarly, with the medium mesh having larger crack 

areas due to the perfect bond mechanism. This mesh study therefore confirmed the mesh 

independency of the model and allowed the subsequent analyses to be undertaken using the medium 

mesh size to save computational time and expense.  

 

The timestep size was also investigated to analyse the effect of dynamic loading on the results. 

Dynamic effects can occur if the displacement is applied too fast and  is best to be avoided as it would 

affect the results. To investigate if the timestep had an influence on the results, a verification on the 

continuous reinforcement model was undertaken using a timestep of 0.1 sec compared to a longer 

timestep of 1 sec. 

 

Figure 4.23 shows that there is not much change between using a longer timestep compared to the 

shorter timestep of 0.1 sec. The dynamic effects from the faster timestep of 0.1 sec are very small and 

therefore have not had a considerable effect on the results. The contour plots for both timesteps are 

show in Figure 4.24 and are almost identical, as are the steel force graphs in Figure 4.25. Therefore, 

to save computational time, the timestep of 0.1 sec was used for all analyses.  

Figure 4.23: Reinforced concrete load displacement curve showing change in the timestep 
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and 200 mm were used for the single element tests – which correspond to small, medium and large 

respectively – with the geometry shown in Figure 4.26.  

 

 

 

 

 

 

 

 

 

 

 

 

For both RC and RFC a force-displacement curve and a stress-crack opening curve were potted as 

shown in Figure 4.27 and Figure 4.28 for RC and in Figure 4.29 and Figure 4.30 for RFC.  

Figure 4.27: Force-displacement curve for RC 

Figure 4.26: Single element geometry - 3D view 
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Figure 4.28: Stress-crack opening curve for RC 

Figure 4.29: Force-displacement curve for RFC 
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The force – displacement plots shows the structural response of the element. As the cube doubles in 

size, the force increases by the square of the cube size. This graph can then be converted into a stress-

crack opening curve by calculating the crack opening from Equation 4.6. 

𝑤𝑐 = 𝛿 − 𝛿𝑒                                                             (4.6) 

Where, 𝛿𝑒 is the elastic displacement of the element which is calculated from Equation 4.7.  

𝛿𝑒 =
𝜎

𝐸
× 𝐿                                                              (4.7) 

The stress crack opening curve shows the material response of the element, which for both RC and 

RFC are the same for all three element sizes. This shows that the material parameters are unaffected 

by the size of the elements when modelling and confirms that the model is correctly applying the 

material parameters. Figure 4.28 and Figure 4.30 can be compared to Figure 3.2  which confirms that 

the model is correctly applying the material properties as expected as the curves are identical.  

 

A validation of the model was done by checking the crack spacing aligned with the theory and design 

codes. The crack spacing changes considerably with the addition of fibres as can be seen by 

comparing the contour plots of Figure 4.10 and Figure 4.15. The RFC specimens have smaller crack 

spacings with the cracks not reaching the crack opening of 0.3 mm shown by the grey cracks. This 

aligns with the theory described in Section 2.4.1 as the addition of steel fibres will decrease the crack 

Figure 4.30: Stress-crack opening curve for RFC 
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Figure 4.31 shows the steel force graph for the continuous reinforcement for RC and RFC. The steel 

force has this behaviour due to the cracks that form along the bar. Where these cracks form, the steel 

force is carried fully by the reinforcement and then between the cracks the steel force is carried by 

both the reinforcement and the concrete. At these locations the steel force is less and is shown by the 

dips in the figure. The steel force reaches a maximum of 25 % of the reinforcement yield because the 

graph shows the force for only one bar. Four bars would then equate to 100 % of the reinforcement 

yield strength.  

 

The steel force can be explained by Figure 4.32. Between cracks, the force of the steel will decrease 

whilst the force in the concrete increases and then at a crack, the concrete force decreases whereas 

the steel force increases again. At the cracks the steel force increases to the rebar strength as the 

concrete is no longer able to carry any of the tensile forces. The reason for the concrete being able to 

carry some of the tensile forces between the cracks is due to the bond between the reinforcement and 

the concrete. The force is transferred from the steel into the concrete via bond stresses. This is known 

as tension stiffening and has been explained in detail in Section 2.3.2.  

 

 

 

Figure 4.31: Continuous reinforcement steel force along one reinforcement bar for RC and RFC 
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need to have an adequately long lap length in order to have a long enough transfer length to 

sufficiently transfer the tensile forces from one bar to the next. This transfer length can just be seen 

for the 800 mm lap. For the RC specimens, the 1200 mm lap has a slight overlap which shows that it 

also has a very small transfer length.  All other laps do not possess an adequate transfer length and 

are therefore not suitable for design. 

 

Another interesting observation can be seen in Figure 4.11. Here the crossover between the 

reinforcement bars steel force is not at the midpoint and instead is at 40 % of the total length. This is 

unexpected as it would have been assumed that the reinforcement would transfer the force at the 

midpoint. A possible reason could be due to dynamic effects from pulling the specimen which may 

cause the force to transfer earlier. This only occurs for the RC specimens and an explanation is that 

the RFC specimens have a sufficient strength to allow the forces to transfer in the correct position.  

 

The crack evolution plots show that the end cracks form first before yield with the cracks in the 

middle becoming more pronounced as yield occurs. At this point, the cracks in the middle of the bars 

become more defined. Distinct cracks form where the lapped bar ends, and these cracks are more 

strongly pronounced at the end closest to where the load is applied. This could be down to the dynamic 

effects of the load being applied too fast and this would cause the force transfer to be inconsistent.   

 

4.6 Summary 

The results of the nonlinear finite element modelling show that the addition of steel fibres can reduce 

the length of lapped reinforcement and withstand higher loads. The fibres removed the brittle failure 

that was seen in the RC specimens and the failure behaves in a more ductile manner. These results 

show that the lap length required by EC2 is not suitable for design as the reinforcement yield was not 

reached before a brittle and sudden failure occurred. In addition, the investigation confirmed the mesh 

independency of the CDPM2 material model as well as verifying that the model had been 

implemented correctly and was working as intended for the purpose of the study. The model was 

validated by confirming that the calculated rebar strength was reached ensuring that accurate results 

were produced. For the crack spacing, the validation confirmed  that the model had a lower crack 

spacing than the maximum crack spacing allowed by EC2.  

 

Therefore, these analyses conclude that steel fibres influence the performance of a reinforced concrete 

specimen and increase the strength by roughly 12 %. The deformation capacity is improved by the 

bridging effects of the fibres causing the failure to become more ductile. 





 

55 

before being stripped and placed in the water bath. The samples were left in the water bath for 61 

days before being tested.  The steel fibres that were used in sets two and three are shown in Figure 

5.2. The fibres have hooked ends and are 35 mm long with a 0.055 mm diameter.  

  

 

 

5.3 Concrete Strength Tests 

Concrete strength tests were conducted to aid the understanding of how the steel fibres affect the 

behaviour of concrete. Photographs from the experiments can be found in Appendix F.  

 

5.3.1 Tension Splitting Test 

The tension splitting test was used to determine the tensile strength at failure. A cylindrical sample 

of concrete was tested to destruction by applying a vertical compressive force. The cylinder was 

placed between two strips of timber with dimensions 12 mm x 3 mm along the top and bottom and 

the force applied until the concrete specimen cracked along its vertical diametric plane (Grassl, 2014). 

The splitting test on the cylinder specimens was performed using a displacement control at a rate of 

0.2 mm/min. The tensile stress at failure was calculated from the maximum load that the cylinder 

withstands, defined  in BS EN12390-6 (2009) as: 

𝑓𝑡 =
2𝐹𝑚𝑎𝑥

𝜋𝐿𝐷
                                                                  (5.1) 

Where, 𝐹𝑚𝑎𝑥 is the maximum load at failure measured in newtons (N), L is the length of the cylinder 

in millimetres (mm) and D is the diameter of the cylinder in millimetres (mm).  

 

5.3.2 Compression Test 

The compression test was conducted on the concrete cube samples to determine the compressive 

strength of the concrete. This test was performed by gradually increasing the vertical force on the 

sample until failure occurs. The stress which the sample failed at is taken as the maximum 

Figure 5.1: Wet concrete in moulds Figure 5.2: Steel fibres 
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The failure of the cube samples is shown in Figure 5.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The inconsistencies in the experiments could be due to several factors. Firstly, the mixing of the 

concrete was very slow, and it is possible that the fibres were not properly mixed or distributed evenly  

within the concrete. Another reason might be because of the limited proportions of coarse aggregate 

in the mix (see Figure 8.7 and Figure 8.8 in Appendix F) and this could have affected the strength 

and the bond of the fibres to the concrete.  

 

5.5 Summary 

The results from the small-scale experiments confirmed the bridging effect of the fibres. They showed 

how the fibres work in transferring the load once a concrete member has cracked and how they then 

influence the deformation behaviour of the concrete specimen. However, the results show 

inconsistencies with the theory as the sets with fibres had a lower tensile and compressive strength 

when fibres are meant to increase the tensile strength of a concrete specimen. The reasons for this can 

be explained by the mixing and distribution of the steel fibres as well as the type of aggregate that 

was used. It is therefore very important when using steel fibres to have strict quality control on the 

concrete mix design to ensure that the mix has the required strength and that the fibres have been 

evenly distributed. The results clearly show the difficult nature of fibres and how the casting of the 

concrete is crucial in achieving the expected strength gain.  

(a) 

(b) 

(c) 

Figure 5.5: Failure of concrete cylinders during compression test for (a) set 1 - normal concrete; (b) set 2 - 0.5 %  

fibres; and (c) set 3 – 1 %  fibres 
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6 Conclusions 

6.1 General Conclusions 

The aim of this project was to investigate the influence of steel fibres on the strength and deformation 

capacity of reinforced concrete connections using nonlinear finite element analysis. This aim was 

achieved by subjecting a reinforced concrete connection to tension by prescribing a displacement to 

one end using the finite element programme LS-DYNA.  

 

The main investigation examined the behaviour of reinforcement lap lengths and explored the 

differences in the design codes required values. The required lap length for MC10 was larger than for 

EC2 and the analyses showed that only a lap length much larger (1200 mm) than the MC10 required 

value was able to withstand the load and allow the reinforcement to reach its yield strength. The 

addition of steel fibres revealed that the three lap lengths greater than EC2 were able to reach the 

reinforcement yield strength and were able to withstand the load, implying that the strength had been 

increased.  The lap length smaller than EC2 (300 mm) still exhibited the brittle failure that was seen 

without the addition of fibres.  Even though the other laps reached reinforcement yield, there was no 

transfer length for the small lap (500 mm) and only a very small transfer length for the one above 

(800 mm), thereby showing that these laps were still at the lower limit of the quantity of reinforcement 

that needed to be provided.  

 

The concrete experiments assessed how steel fibres affect the strength and failure response of plain  

concrete cubes and cylinders and concluded that the fibres decreased the strength. This unexpected 

result has been accounted for by the concrete mixing and distribution of fibres and emphasises the 

importance that the mixing procedure has. Nevertheless, the experiments improved the failure 

response as the fibre concrete had a more ductile failure, indicating a higher deformation capacity. 

These experiments gave an indication of how steel fibres behave in concrete but since these 

experiments were not conducted on reinforced concrete connections, conclusions cannot be made on 

how the fibres would improve the connection response in experiments. Separate experiments would 

need to be undertaken to investigate and compare the connection response to the modelling results.  

 

In conclusion, steel fibres have a promising influence on reinforced concrete connections as the 

specimens had a higher load capacity and ductility implying that both the strength and deformation 

capacity had increased. The investigation did highlight however, that in reality the fibres are not 

always able to provide this higher strength and great care must be taken when using them in 

construction.  
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6.2 Suggestions for Further Work 

This investigation focused on understanding how straight reinforcement laps behave with the addition 

of steel fibres. Reinforced concrete connections can use a variety of different reinforcement 

combinations and shapes and an interesting addition would be to analyse how looped reinforcement 

bars behave with steel fibres and compare these to the results achieved here. 

 

Due to the simplifications used as explained in Section 4.5 it would be of interest to model the bond-

slip that would occur between the reinforcement and concrete – allowing for the bond-slip that was 

achieved in the ‘perfect bond’ model executed here. It would also be beneficial to model the 

reinforcement using the techniques explained in Section 2.6.3 such as the shared nodes with the  ribs 

modelled using a fine mesh and see the effect on the results. Modelling the rebar as solid elements 

would be a useful analysis to understand how much the beam element model overcompensates the 

concrete volume.  

 

As explained in the general conclusions, experiments on the reinforced concrete connections 

modelled in the analyses would provide an interesting investigation on the practical use of fibres. 

This would allow the distribution and mixing of the fibres with the reinforcement bars to be examined 

in greater detail. However, experiments on this scale would be expensive and time consuming.  

 

Steel fibres are rarely used in industry due to their unpredictable behaviour, but they have very 

advantageous properties and are becoming more popular especially in areas prone to earthquakes. It 

would therefore be relevant to assess how steel fibres respond when under seismic loading and how 

they affect the structural integrity of a building that may be subject to earthquake loading. 

 



 

61 

7 References 

Aslani, F. and Nejadi, S. (2012). Bond characteristics of steel fibre reinforced self-compacting 

concrete. Canadian Journal of Civil Engineering, 39(7), pp.834-848. 

Bischoff, P. (2001). Effects of shrinkage on tension stiffening and cracking in reinforced 

concrete. Canadian Journal of Civil Engineering, 28(3), pp.363-374.  

Bischoff, P. (2003). Tension Stiffening and Cracking of Steel Fiber-Reinforced Concrete. Journal of 

Materials in Civil Engineering, 15(2), pp.174-182.  

Bolander, J. Fiber Reinforced Concrete: Cracking and Post-cracking Strength Estimations. 

Bright, N. and Roberts, J. (2010). Structural Eurocodes - Extracts from the Structural Eurocodes for 

Students of Structural Design. 3rd ed. British Standards Institution. 

BS EN 12390-3:2009. Testing Hardened Concrete, Part 3: Compressive Strength of Test Specimens. 

BS EN 12390-6:2009. Testing Hardened Concrete, Part 6: Tensile Splitting Strength of Test 

Specimens. 

BS EN 1992-1-1:2004 + A1:2014. Eurocode 2: Design of Concrete Structures, Part 1-1: General 

rules and rules for buildings.  

Cairns, J. (2015). Bond and anchorage of embedded steel reinforcement in fib Model Code 

2010. Structural Concrete, 16(1), pp.45-55. 

CEB-FIP. (2013). CEB-FIP Model Code for Concrete Structures 2010, fib, Ernst & Sohn. 

Chen, W. (2007) Plasticity in Reinforced Concrete, J. Ross Publishing, pp. 4-26. 

Grassl, P. (1999). Splicing of Reinforcement Loops in Beams - Experiments and Non-linear Finite 

Element Analyses, Division of Concrete Structures, Chalmers University of Technology, Göteborg, 

Sweden.  

Grassl, P. and Jirásek, M. (2006). Damage-plastic model for concrete failure. International Journal 

of Solids and Structures, 43(22-23), pp.7166-7196.  

Grassl, P., Xenos, D., Nyström, U., Rempling, R. and Gylltoft, K. (2013). CDPM2: A damage-

plasticity approach to modelling the failure of concrete. International Journal of Solids and 

Structures, 50(24), pp.3805-3816.  



 

62 

Grassl, P. (2014), Construction Materials Lecture Notes, Civil Engineering Year 1, University of 

Glasgow, School of E, Glasgow, Scotland. 

Grassl, P. (2016), User manual for MAT_CDPM (MAT_273) in LS-DYNA, Available at: 

https://petergrassl.com/Research/DamagePlasticity/CDPMLSDYNA/index.html [Accessed 18 Oct. 

2018]. 

Grassl, P. (2018), Structural Concrete Lecture notes, Structural Concrete Year 5, University of 

Glasgow, School of Engineering, Glasgow, Scotland.  
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8 Appendices 

Appendix A – Reinforcement Lap Length Calculations 

The following calculations show how the lap lengths were calculated for both the Eurocode 2 and 

2010 Model Code equations.  

 

Eurocode 2 

∅ = 20 mm  

𝑓𝑐𝑚 = 40 MPa  

𝛼𝑐𝑡 = 1 (recommended value) 

𝛾𝑐 = 1 

𝑓𝑐𝑘 = 𝑓𝑐𝑚 − 8 = 40 − 8 = 32 MPa 

 

𝑓𝑐𝑡𝑚 = 0.3 × (𝑓𝑐𝑘)2/3 

𝑓𝑐𝑡𝑚 = 0.3 × (32)2/3 = 𝟑 𝐌𝐏𝐚 

𝜂1 = 1.0 (for ‘good’ bond conditions) 

𝜂2 = 1.0 (for 𝜙 ≤ 32 mm) 

𝑓𝑏𝑚 = 2.25𝜂1𝜂2𝑓𝑐𝑡𝑚 

𝑓𝑏𝑚 = 2.25 × 1.0 × 1.0 × 3.0 = 𝟔. 𝟖 𝐌𝐏𝐚 

𝑓𝑦𝑘 = 500 MPa 

𝛾𝑠 = 1  

𝜎𝑦 = 𝑓𝑦𝑑 =
𝑓𝑦𝑘

𝛾𝑠
 

𝜎𝑦 = 𝑓𝑦𝑑 =
500

1.0
= 𝟓𝟎𝟎 𝐌𝐏𝐚 

 

𝐿𝑏,𝑟𝑞𝑚 = (
∅

4
) (

𝜎𝑦

𝑓𝑏𝑚
) 

𝐿𝑏,𝑟𝑞𝑚 = (
20

4
) (

500

6.8
) 

𝐿𝑏,𝑟𝑞𝑚 = 𝟑𝟔𝟖 𝐦𝐦 

For straight bar in tension: 

𝛼1 = 1.0  
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𝛼2 = 1 − 0.15
(𝑐𝑑−∅)

∅
  

For straight bars, 𝑐𝑑 = min (
𝑎

2
, 𝑐1, 𝐶) 

𝐶 = 30 mm 

𝑐1 = 30 mm 

𝑎

2
=

150

2
= 75 mm  

∴ 𝑐𝑑 = 30 mm 

⟹ 𝛼2 = 1 − 0.15
(30−20)

20
= 0.925  

𝛼3 = 1 − 𝐾𝜆 (in tension) 

Take 𝐾 = 0 (conservative assumption)  ∴ 𝛼3 = 1.0 

𝛼5 = 1 − 0.04𝑝 = 1.0 (conservative assumption) 

𝛼6 = (
𝜌1

25
)

0.5

= 1.0 

𝐿𝑏 = 𝛼1𝛼2𝛼3𝛼5𝛼6𝐿𝑏,𝑟𝑞𝑚 

𝐿𝑏 = 1.0 × 0.925 × 1.0 × 1.0 × 1.0 × 368 

∴ 𝐿𝑏 = 𝟑𝟒𝟎 𝐦𝐦 

 

2010 Model Code 

𝑓𝑐𝑚 = 40 MPa 

𝑓𝑠𝑡𝑚 = 500 MPa (for good bond conditions) 

∅ = 20 mm  

𝑐𝑚𝑖𝑛 = min (
𝑐𝑠

2
, 𝑐𝑥, 𝑐𝑦) = 30 mm 

𝑐𝑚𝑎𝑥 = max (
𝑐𝑠

2
, 𝑐𝑥) = 55 mm (as 𝑐𝑠 = 110 mm) 

𝑘𝑚 = 0 (as 𝑐𝑠 < 8𝑐𝑦) 

 

𝑓𝑠𝑡𝑚 = 54 (
𝑓𝑐𝑚

25
)

0.25

(
25

∅
)

0.2

(
𝐿𝑏

∅
)

0.55

[(
𝑐𝑚𝑖𝑛

∅
)

0.25

(
𝑐𝑚𝑎𝑥

𝑐𝑚𝑖𝑛
)

0.1

+ 𝑘𝑚𝑘𝑡𝑟] 

500 = 54 (
40

25
)

0.25

(
25

20
)

0.2

(
𝐿𝑏

20
)

0.55

[(
30

20
)

0.25

(
55

30
)

0.1

+ 0] 

∴ 𝐿𝑏 = 𝟔𝟑𝟓 𝐦𝐦 



 

66 

Appendix B – Crack Spacing Calculation 

The maximum crack spacing was calculated from the equations in Eurocode 2.  

 

For a member in tension: 

 

ℎ = 250 mm 

𝑏 = 250 mm 

𝑑 = 210 mm 

𝐴𝑐𝑡,𝑒𝑓𝑓 = 𝐴𝑐𝑏,𝑒𝑓𝑓 = (2.5(ℎ − 𝑑)) × 𝑏 

𝐴𝑐𝑡,𝑒𝑓𝑓 = 𝐴𝑐𝑏,𝑒𝑓𝑓 = (2.5(250 − 210)) × 250 

𝐴𝑐𝑡,𝑒𝑓𝑓 = 𝐴𝑐𝑏,𝑒𝑓𝑓 = 25000 mm2 

 

𝐴𝑐,𝑒𝑓𝑓 = 𝐴𝑐𝑡,𝑒𝑓𝑓 + 𝐴𝑐𝑏,𝑒𝑓𝑓 

𝐴𝑐,𝑒𝑓𝑓 = 100 × 250 + 100 × 250 

𝐴𝑐,𝑒𝑓𝑓 = 50000 mm2 

𝐴𝑠 = 1256 mm2 (4 x 20 mm diameter bars) 

𝜌𝑠,𝑒𝑓𝑓 =
𝐴𝑠

𝐴𝑐,𝑒𝑓𝑓
 

𝜌𝑠,𝑒𝑓𝑓 =
1256

50000
 

𝜌𝑠,𝑒𝑓𝑓 = 0.02512 

∅ = 20 mm 

𝐶 = 30 mm 

𝑘1 = 0.8 (for high bond bars) 

𝑘2 = 1.0 (for pure tension) 

𝑘3 = 3.4 

𝑘4 = 0.425 

𝑆𝑟,𝑚𝑎𝑥 = 𝑘3𝐶 + 𝑘1𝑘2𝑘4

∅

𝜌𝑠,𝑒𝑓𝑓
 

𝑆𝑟,𝑚𝑎𝑥 = 3.4 × 30 + 0.8 × 1.0 × 0.425 ×
20

0.02512
 

𝑺𝒓,𝒎𝒂𝒙 = 𝟑𝟕𝟑 𝐦𝐦 
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Appendix C – Input File 

 

The input file used in all analyses was as follows: 
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The data was output into files by adding the following into the input file: 
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The ends of the rebar were strengthened by adding the following into the input file: 
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The boundary conditions were applied using the following in the input file: 

 

 

 

The rebar was constrained in the solid element using the CONSTRAINED_BEAM_IN_SOLID 

keyword as follows: 
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Appendix D – Material File 

The material file for the Reinforced Concrete specimens was as follows: 

 

 

The material file for the Fibre Reinforced Concrete with Traditional Steel Fibres specimen was as 

follows: 
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Appendix E – Concrete Mix Design Forms 

 

The concrete mix designs form used in the design of the three sets of concrete are shown on the next 

three pages. Each mix design has quantities for three cubes and three cylinders along with 15% extra 

material added in for waste.  
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Appendix F – Concrete Experiment Photographs 

Additional photographs from the concrete experiments described in Chapter 5 are shown here to show 

how the experiments were conducted in more detail.  

Concrete Mixing 

 

 

 

 

 

 

(a) (c) (b) 

Figure 8.2: Concrete mixes. (a) set 1 ; (b) set 2 ; (c) set 3 

Figure 8.1: Concrete mixing drum 

Figure 8.3: Concrete tamping on vibrating table 
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Concrete Testing 

 

 

  

Figure 8.4: Concrete samples curing in water bath 

Figure 8.7: Plain concrete cube after compression test Figure 8.8: Half of plain concrete cylinder after splitting test 

Figure 8.5: Concrete cube samples ready for testing Figure 8.6: Concrete cylinder samples ready for testing 
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Figure 8.11: 0.5 %  steel fibre concrete after splitting test Figure 8.12: 1 %  steel fibre concrete after splitting test 

Figure 8.9: Steel fibres bridging the crack on a steel fibre 

cylinder set 
Figure 8.10: Normal concrete cylinder after splitting test 




