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Abstract 
 

In searching for effective methods for directing stormwater safely, permeable concrete has become 

significantly more popular in recent times. With a purposely high void content, permeable concrete 

is significantly weaker than conventional concrete and therefore, methods of improving the 

mechanical properties without disrupting the desirable permeability have been sought out. 

A joint study has been undertaken on mixing steel fibres into the permeable concrete to determine 

the effects on the main mechanical properties and permeability. This paper focusses specifically on 

whether the mechanical properties are improved by the fibres and the potential of simulating plain 

and fibrous permeable concrete behaviour patterns with the CDPM2 concrete behaviour model. 

Conneely (2019) focusses on the permeability aspect of this study. 

The study of the mechanical properties has been achieved by experimentally testing samples, with 

and without fibres, in compression and tensile splitting tests to determine the changes in the 

behavioural response parameters. These parameters have then been used as the basis for 

material inputs in a simulation model of the tensile splitting test. This simulation utilises a 

homogeneous mesh and the CDPM2 model which is optimised for conventional concrete. 

The experimental results show that the fibres increase strength significantly in compression and 

slightly less so in tension. The stiffness of the permeable concrete is also increased, as is the 

resistance to crumbling and disintegration. The simulation results show that the load required for 

splitting failure can be reasonably estimated and that the standard CDPM2 behaviour model 

performed generally well against the compression test results during parameter determination. 

However, the tensile post-peak behaviour could not be accurately studied with the splitting test.  

These results show that steel fibres significantly improve the mechanical behavioural properties of 

permeable concrete but, both experimentally and computationally, a different kind of tensile test 

would have to be undertaken to fully understand the tensile benefits and draw a complete and 

accurate tensile fracture response comparison. 

In the context of the joint study, research from Conneely (2019) indicates that the fibres also 

increase the permeability as well as increasing the strength. Therefore, the overall conclusion is 

that the use of steel fibres in permeable concrete mixes is beneficial in optimising both the 

mechanical and permeability properties. 
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1 Introduction 
 

1.1 Background 
 

As our built environment expands, the human impact on the natural landscape is ever increasing. 

A major issue concerning these impacts is the effect on stormwater runoff where large areas of 

impermeable pavement are either catching the water and causing significant puddling or rapidly 

depositing it into the natural drainage system, causing potentially damaging flash flooding. A rising 

solution to this problem is the use of permeable concrete that allows water to pass through large 

connected voids and provides more controllable drainage into the ground for most major rainfall 

events. 

Permeable concrete is made from a combination of aggregate, cement and water. Compared to 

conventional concrete, the amount of fine aggregate is significantly reduced, or not used at all, to 

create voids between the aggregate particles. The goal being that these voids connect to form 

paths that water can travel through. As with normal concrete, the mix design can be altered to 

emphasise certain properties and ensure that the finished product is suitable for the design 

situation. In using permeable concrete, the strength is significantly reduced due to the high void 

content however this is offset by its advantageous drainage properties. The balance between 

strength and permeability is key as one must be sacrificed to gain the other and therefore, it makes 

sense to search for ways to optimise both characteristics by altering the constituents or improving 

the efficiency of the present mix properties. Incorporating steel fibres has been used as a method 

of improving the mechanical properties of conventional concrete but has not been studied in great 

detail for permeable concrete. 

In terms of modelling permeable concrete behaviour, previous University of Glasgow studies such 

as McTaggart (2016) and Lockhart (2017) have so far focussed on the modelling of conventional 

concrete or reinforced conventional concrete respectively. More specifically, they have validated 

the use of the concrete model CDPM2 for modelling structural failure in these materials, but not 

permeable concrete. CDPM2 is a combined damage-plasticity model that is able to define the 

general failure behaviour of concrete. It can be used to simulate the response of many different 

types and strengths of conventional concrete with the alteration of the input parameters. However, 

conventional concrete can be described by an almost entirely filled, homogeneous matrix for which 

the model was designed whereas permeable concrete has many voids and exposed interfaces. 

Less attention has been given to whether CDPM2 can also be applied to simulate the potential 

failure response and properties of plain and fibrous permeable concrete, rather than resorting to 

complex microscale analyses. If this can be realised efficiently, optimisation of permeable concrete 

usage in construction projects may become more achievable. 
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1.2 Aims and Objectives 
 

The overall aim of this project is to investigate how the mechanical properties of permeable 

concrete can be improved while maintaining its high permeability. This study will focus on 

determining changes in the mechanical response of permeable concrete when steel fibres are 

added to mixes of different aggregate sizes. A separate study, produced by Conneely (2019), will 

determine the extent of which this fibre addition alters concrete permeability for similar mixes. A 

comparison of both studies will determine whether a strength increase can be achieved without 

significant reduction of permeability and show if the addition of fibres is beneficial. Furthermore, a 

finite element model simulation will be created to investigate the applicability of using the concrete 

behaviour model CDPM2 with a simplified mesh for modelling permeable concrete. 

 

1.3 Project Outline and Methods 
 

1.3.1 General Outline 
 

The project will revolve around characterising the material response and parameters of the plain 

and fibrous permeable concrete mixes from experimental testing. The results of these experiments 

will be initially used to gain insight into the behavioural changes when the constituent properties 

are altered. This will allow any positive or negative outcomes to be identified and an initial 

conclusion about the altered mechanical characteristics to be formulated. These results will form 

the basis of discussion when being compared with the permeability results and are presented in 

section 3. 

Next, the individual parameters from the experimental testing will also be used in a simulation that 

utilises the CDPM2 model. Only a few input parameters can be effectively determined from the 

experiments, so this simulation will be used to determine if the damage model in its current state 

can still provide accurate response patterns when only the main inputs such as strength, stiffness 

and damage ductility are changed. The material model and software features are described in 

section 4 and the simulation strategy and results are presented in section 5. A full outline of the 

altered input parameters is given in section 5.1.4. 

Finally, a short discussion will address whether the addition of fibres affects permeability as well as 

strength and combine results from Conneely (2019) to satisfy the overall aim of the project. This is 

presented in section 6. 
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1.3.2 Specific Test Methods 

 

To define the main material properties experimentally, four different permeable concrete mix 

designs will be created with varying aggregate sizes and fibrous content. Three cubes of each mix 

will be subjected to standard compression tests and three cylinders of each mix will be subjected to 

tensile splitting tests. Load-displacement curves will be monitored for both types of test to give a 

range of common material parameters and crack patterns will be monitored for the splitting test. 

A simulation of the tensile splitting test on LS-DYNA will then be created using the CDPM2 

behaviour model. The analysis assumes a homogeneous material mesh such as would be the 

case for conventional concrete but with the input parameters from the permeable concrete 

experiments. This type of mesh is required for the effective use of CDPM2. The simulation will 

initially be used to determine a value for the uniaxial tensile strength of each mix which is a 

required material parameter input for the behaviour model. With this value and other parameters, 

the effectiveness and accuracy of the homogeneous mesh and CDPM2 combination can then be 

evaluated against the experimental tensile splitting test results. The simulation will also be further 

explored against typical responses, mesh dependency and time dependency so that the results 

and usefulness of the simulation itself can be interpreted. 
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2 Literature Review 
 

In this literature review, the general background and theory regarding the behaviour of permeable 

concrete is covered in relation to concrete in general under testing. This is to highlight the 

differences between the two respective types in both composition and mechanical response. A 

summary of the behaviour of fibre reinforced concrete and an extension to previous studies of 

fibres in permeable concrete is also given with a view to gaining an insight on what the results of 

this study may present. Further information is given on the tensile splitting test that will be key to 

this study and a brief review of previous constitutive models for concrete behaviour will be 

presented with their characteristics and performance outlined. Finally, the importance of verification 

and validation to this project will be highlighted with regards to the simulation being created. 

 

2.1 Concrete Characteristics and Behaviour 
 

2.1.1 Permeable Concrete 
 

Permeable concrete contains similar constituents to conventional concrete with cement, 

aggregates, water and sometimes chemical admixtures used to enhance beneficial properties such 

as workability. However, rather than using a mix of fine and coarse aggregates, the aggregates 

used are restricted to coarser grades to create a significant void content within the matrix. The 

water content also needs to be much more tightly controlled so that the mixture retains sufficient 

moulding capabilities. Tennis et al (2004) states that void contents of between 15 and 25 percent 

are generally targeted as this level can allow for enough water storage and permeability to 

withstand the majority of weather events while maintaining a sufficient level of strength. 

Permeability can vary depending on the ratios of constituents used but values from 2x10-3 m/s to 

11.67x10-3 m/s are common (adapted from Tennis et al, 2004). The density of permeable concrete 

usually lies in the range of 1600 - 2000 kg/m3 (Tennis et al, 2004), compared to around 2400 kg/m3 

for normal concrete (Bright and Roberts, 2010), although denser mixes have also been used. 

The main technical issue with permeable concrete is the significant reduction in strength and 

potential variability of strengths between mixes due to the void presence. Numerous tests have 

shown that the general range of compressive strengths is between 3.5 MPa and 28 MPa (Tennis et 

al, 2004) which is quite wide but significantly lower than the range of conventional concrete where 

strengths can reach 90 MPa or higher. Splitting tensile strengths can fall to very low values of 

around 1 MPa as demonstrated by Care et al. (2018). Like conventional concrete, strength 

properties can be improved by lowering the aggregate-to-cement or water-to-cement ratios (Joshi 

and Dave, 2016), but the potential for this will be limited by other requirements such as workability. 
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concrete due to the processes of thermal expansion, drying shrinkage or constituent segregation. 

The weak bond between the aggregate and the cement allows differences in strains of the 

constituents to also form further microcracks when the specimen is loaded. In general, propagation 

of microcracks begins at around 30% of fc and is stable until around 75% of fc. Beyond 75%, the 

specimen becomes unstable and cracks continue to grow even if the loading is held steady. During 

failure, microcracks join and cause the stress capacity to drop indicating a softening response 

(Chen, 2007). In Figure 1(a), there appears to be very little non-linear behaviour before the peak 

stress is reached and this is shown as the case for all the aggregate types tested in Deo and 

Neithalath’s investigation. The immediate stress decrease post-peak is also very steep and 

suggests rapid brittle failure in this region. 

The strain at which the peak stress is recorded is increased in Figure 1(a) with failure occurring at 

around 0.004 strain rather than the 0.002 of normal concrete (Chen, 2007), indicating a more 

flexible material response up to failure. Initial post-peak behaviour can be seen in Figure 1(a) as 

strong softening with stresses rapidly dropping away with increasing strain. However, as with 

normal concrete, the gradient becomes less severe as the strain continues to rise. Another feature 

that is observed is the initial slight curve upwards indicating an increase in stiffness during early 

loading likely due to either light initial crushing of the material or the loading plates finding contact 

with protruding aggregates. 

Complete tensile stress vs strain/displacement response studies of any kind for permeable 

concrete are scarce in literature. The studies that involved determination of tensile strength did not 

also include the response shape measured and only the final strength results were reported. In 

general, the standard response for conventional concrete in Figure 1(b) shows that failure in 

tension is much more brittle. There is significantly less non-linear behaviour before failure and 

nearing the tensile strength, propagating microcracks material again join and cause localised 

deformations (Chen, 2007). A drop in stress capacity is observed again but now, the failure stress 

is significantly lower. Given the overall similarities of the compression response shape to 

conventional concrete, the permeable concrete experiments will likely show a similar pattern. 

Rehder et al. (2014) has suggested that lower porosity increases the tensile load capacity of the 

specimen for given crack widths during post-peak loading. 

Similar to normal concrete, post-peak behaviour of higher strength permeable concrete is more 

brittle with a steeper softening curve immediately after failure. This behaviour can be contrasted to 

the response of high-strength conventional concrete which includes admixtures such as 

microsilica, fly-ash and plasticisers to create mixes of very low void content and reduced crack 

mobility (Naik et al, 2012). This low void content increases the strength so in permeable concrete, 

the opposite happens when void content is increased. 
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Deo and Neithalath (2010) finds that larger aggregates may produce a wider range of results as 

the material structure is not as uniform and that strength capacity may be increased by mixing 

aggregate sizes together to improve homogeneity. It goes on to suggest that the recorded higher 

strength of coarser aggregates is caused by the lesser number of interacting pores and hence, 

potential areas for weaknesses in bonds during damage propagation are reduced. These 

weaknesses are further decreased due to the lower surface area of coarser aggregate and 

therefore, a thicker layer of cement paste can be distributed to each particle. However, there is 

some contention in these results as the mixes used a reduced level of cement and other studies, 

such as Mahalingam and Mahalingam (2016) and Joshi and Dave (2016), have found that smaller 

aggregate sizes lead to higher strengths. The strengths are not significantly different however so it 

does lead to the suggestion that aggregate sizes in the ranges tested may not have a huge effect 

on the overall strength properties. 

 

2.1.2 Behaviour of Fibre Reinforced Concrete 
 

As mentioned in section 2.1.1, concrete is weak in tension and also very brittle. Very low strain 

values can generate stresses sufficient to cause significant cracking within the concrete. Fibres 

can be added to reduce the effect of these characteristics by bridging cracks and holding the 

concrete together as fibres have a higher tensile strength (Naaman, 1987). A typical response and 

some characteristics of a concrete with entrained fibres is shown in Figure 2(a). 

When fibres are added, the tensile response can change in a number of ways. Up to the initial 

cracking stress in Stage 1 of Figure 2(a), behaviour of the fibrous concrete is similar to plain 

concrete in that behaviour is relatively linear and the strain that takes place occurs in the concrete. 

As concrete is very stiff, displacements are very small and not significant enough to activate any 

fibre response so they have little effect in this region. After the cracking stress has been reached, 

Stage 2 can vary greatly. The maximum post-cracking stress can be altered depending on fibre 

type and volume used and may even be higher than the initial cracking stress for some specialist 

mixes (Naaman, 1987). However, it as shown as lower in Figure 2(a) as this is more representative 

of a standard mix with fibres included. Until the maximum post-cracking stress in this response 

curve, behaviour has been defined mostly by micro-cracking of the concrete. These cracks have 

now propagated significantly by this point so the load the concrete can carry has decreased 

considerably. Therefore, the fibre behaviour controls from now on and fibre failure and pull-out 

become the dominant failure modes. This results in a much more ductile tensile response as the 

concrete unloads and matrix behaviour tends towards fibre behaviour (Naaman, 1987). 

In permeable concrete specifically, Rhedar et al (2014) finds that compressive properties are 

generally not affected by the presence of fibres favourably but that, in some cases, fibres clumping 

together affects the contact between aggregates and ultimately decreases compressive strength. 
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Investigations by Rocco et al (1997) also revealed the effects of changing the bearing plate size 

and sample size on the post-cracking response. Smaller samples and wider bearing strips lead to 

increased load measurements to the point where the post-peak recorded load was higher than the 

original cracking load. This provides the reasoning behind the standardisation of the test by 

national institutions such as the British Standards. Constant specimen sizes and bearing strip width 

of 15 mm are used in every test to reduce the potential size effects and provide comparable 

results.  

 

2.3 Modelling of Concrete Behaviour 
 

The modelling of concrete behaviour is based on non-linear finite element methods where a 

geometric model is discretised into small basic elements. These are then analysed, 

computationally or numerically, to determine parameters such as displacements, forces and 

accelerations at the nodes of each element to build up an approximate material response. Each 

node responds to the element loading situation according to a constitutive material model that 

governs the general material response over a single element. In the case of concrete, this material 

model is significantly non-linear. The total system of response equations from every element is 

then assembled and solved either implicitly or explicitly (Reddy, 2015). Implicit solving is defined by 

Sun et al (1999) as a process based on iteratively balancing forces through a Newton iteration 

scheme. Explicit methods involve integration of element mass and stiffness properties and finding 

displacements corresponding to discretised loading on each node. 

Different types of constitutive model have been proposed for modelling the response and failure of 

concrete. Generally, these fall into one of the three main classes as plasticity, damage or damage-

plasticity which is a combination of the previous two (Grassl et al, 2013). 

Plasticity models that have been developed can be used to describe deformation in triaxial stress 

states such as confined compression. Menetrey and Willam (1995) describes the concept of a 

failure surface using three stress invariants with a deviatoric section that is nearly circular at high 

confinements but becomes more triangular at lower confinements. The significance of this failure 

Table 1: Relationships between uniaxial tensile strength and 
splitting test tensile strength from Malárics & Müller (2010) 
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surface is that it can be developed further into linear-elastic and work-hardening theory where 

behaviour is described as linear-elastic inside this stress region but beyond this, further yield 

surfaces develop with plastic deformation or cracking occurring (Chen, 2007). Plasticity methods 

work well with triaxial stresses and deformation is generally well predicted but any stiffness 

decrease or softening that would be observed when a sample unloads due to damage in the 

material is not captured.  

Damage models explicitly account for the reduction of stiffness and strength and are particularly 

effective in tension or unconfined compression. Damage was originally introduced as an approach 

by Kachanov (1958) which discusses the reasoning behind the change in behaviour of certain 

materials towards more brittle responses over time due to creep damage. The concept of 

microcracking in the material was developed and how this can reduce the stiffness as well as 

cause failure from fatigue at smaller strains than would be expected. Carol et al (1999) 

summarises many different perspectives on damage formulation. Isotropic damage is described as 

the simplest approach with a consistent stiffness reduction in all directions based on the level of 

damage incurred. More complicated approaches for anisotropic damage models may involve 

damage vectors or the more commonly used damage tensors. The general idea is that the 

reduction in stiffness and strength can be captured and the current stress-state can be determined 

precisely. A downside is that permanent deformations are usually not accurately described. 

The combination of these models allows for a universal description in one complete model of 

failure in both tension and compression. This has led to the development of Damage-plasticity 

models. They allow the characteristics of permanent deformations and changes in material 

behaviour due to damage to be expressed together. Different approaches can be taken to this 

such as the energy-based approach of Ju (1989) which utilises the “damage energy release rate” 

to describe the energy needed for microcrack development based on stress invariants. Another 

model using stress invariants is CDPM2 (Grassl et al, 2013). This model is based on the effective 

stress principle for the plasticity part with damage formulated in terms of the strain encountered. 

The operation and implementation of this will be described in more depth in section 4.3.1. 

Microplane approaches are also available where constitutive laws are applied in various directions 

within a material matrix. Descriptions of inelastic behaviour on each plane are then superimposed 

to form a complete response characterisation. Bažant and Oh (1983) developed a model suitable 

for concrete by utilising the strains, rather than stresses, between microplanes which form the 

matrix space and contact layers between nearby aggregate particles. This approach has the 

advantage that concentrated stresses caused by closely spaced aggregate particles do not 

invalidate the method. In the stress-based approach, stresses are assumed to be uniform across 

the material and resolved which is not necessarily an accurate description of the material state. A 

similar more recent example from Lian et al (2011) explains a discrete modelling technique for 
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pervious concrete where the forces associated with the cement paste bond, contact and friction 

between particles are calculated individually for a previously simulated mesoscale mesh. 

 

2.4 Verification and Validation 
 

This project involves the creation of a model of the tensile splitting test and it is therefore important 

to ensure that it is operating correctly and producing reliable and acceptable results. This means it 

must be verified and validated. 

When simulating a physical experiment, a complete, accurate model of the specified test must 

consider all the relevant theory, dimensions, programming language and testing conditions to allow 

the model to perform to a predetermined standard. According to Babuska et al (2004), this is an 

iterative process that involves testing and refining the model towards its final representative state. 

Verification is defined generally by Babuska et al (2004) as establishing that the operation of the 

model in relation to the programming code and theory is accurate and that all test conditions have 

been recognised as part of the model. 

The two main types of verification are Code and Solution Verification. Code verification generally 

involves the running of simple test problems to find and solve any issues with the code that may 

affect the final simulations. These problems always have known analytical solutions that the model 

can be checked against. Solution verification involves estimating the uncertainties in the outputs of 

the model and comparing them against predetermined tolerances. This helps determine whether a 

sufficient level of verification, or confidence in the model output, is achieved. In this project, 

verification could be achieved by checking that the model response converges towards an 

expected solution or that overall behaviour is not radically dependent on the mesh size. As the 

analysis performed will be an explicit dynamic analysis, the response of changing the simulated 

time can also be studied to ensure results are not being distorted grossly by dynamic loading 

effects. 

Validation is defined generally by Babuska et al (2004) as investigating whether relevant results 

produced by the model are accurate to a specified degree for the proposed use of the model and 

sufficiently represent the physical experiment. The results of the physical experiment must also be 

repeatable otherwise validation is impossible. 

Verification and validation are both relative terms as both relate to a certain level of accuracy within 

tolerances based on the recognition that the model will not be completely and exactly valid. If the 

model under rigorous testing manages to meet these targets, then it will be judged to be sufficiently 

valid for use. 
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Figure 7: 10 mm Aggregate Compressive Force vs Load Displacement Comparison with and without Fibres 
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Figure 6: 20 mm Aggregate Compressive Force vs Load Displacement Comparison with and without Fibres 
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3.4.1.3 Discussion 

 

As mentioned in section 2.1.2, previous studies found that the compressive properties for porous 

concrete were not hugely affected by the addition of fibres but from Figure 6, discounting the 

clearly outlying measurements of plain sample 2 (this result is discounted from all following 

analysis), the strengthening effects of the fibres can clearly be seen in this experiment, 

contradicting the earlier investigations. The average failure load of the plain 20 mm aggregate 

samples was around 85 kN and this corresponds to an average compressive stress of 8.5 MPa. 

For the fibrous samples, this value rises significantly to around 150 kN or 15 MPa in compressive 

stress which is an increase of just over 76%. This is surprising that the strength would be affected 

so greatly however the gain is consistently replicated in each of the fibrous samples. Since the 

samples were stored and tested in approximately the same manner, the consistency of the load 

carried by the fibrous samples gives some confidence that the experimental method was reliable 

and so the strength gain must be due to the actual material response. 

The gradient of the curves in Figure 6, although not directly depicting strain, can also be linked to 

the bulk stiffness of the material. The slightly steeper loading response seen in the fibrous samples 

indicates that the overall bulk stiffness is marginally higher than the plain samples although the 

difference is not as significant as the difference in strength. This leads to higher plate 

displacements recorded at failure with an average value of around 0.55 mm (after accounting for 

the significant underdeveloped contact time at the beginning of fibrous sample 1 as well) compared 

to around 0.4 mm for the plain samples. This indicates a more ductile pre-failure response can be 

obtained with fibre inclusion for this particular aggregate size. 

The 10 mm aggregate samples also show an improvement in mechanical properties as shown in 

Figure 7. This time however, the strength increase is clearly not as dramatic in terms of relative 

improvement. The fibrous samples reached around 268 kN or 26.8 MPa while the plain samples 

reached around 188 kN or 18.8 MPa which is an increase of only 44%. This may, in part, be due to 

the coarse material having a more irregular structure so allowing fibres to bridge the irregularities 

together will have more effect than doing the same in a more homogeneous material such as the 

10 mm samples. Furthermore, the loads recorded in the fibrous samples are not dissimilar to 

strengths that could be recorded in conventional concrete cubes. 

A point to note is that a parallel compression study for conventional concrete, produced at the 

same time with this method performed by Middlemiss (2019), found a significant decrease in 

compressive strength when fibres were added. The compressive strength for the plain concrete 

was found as 42.6 MPa but adding 0.5% volume of fibres decreased this to 25.8 MPa. Adding 1% 

volume of fibres lowered it further to 22.8 MPa which is lower than the 10 mm permeable samples. 

This shows that care must be taken to ensure the fibres are actually benefitting the specified mix in 

its intended purpose. 
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The bulk stiffness is again slightly higher for the fibrous samples but not significantly and as before, 

this leads to higher plate displacements failure with very similar values to the 20 mm samples 

recorded for both plain and fibrous samples. 

What can be seen from both samples is the rise in load capacity in the post-peak regime. The load 

capacity falls slowly but steadily in all samples as the loading plate displacement increases but the 

fibrous samples are at a consistently higher load. Figure 8 may show the reason for this as the 

fibrous samples in Figure 8(b) stay together much better than the plain samples in Figure 8(a) 

which have completely cracked and fallen apart. The added resilience to cracking is also 

consistent the mechanism for the significant increase in strength. Cracks that open are bridged 

with the fibres and halted from propagating so the energy required to open and join cracks is 

significantly increased. Therefore, the energy provided by the loading must be higher to cause 

cracking failure. 

Rather surprisingly, a significant amount of plastic deformation is visible in all samples before 

failure which again, contradicts earlier investigations. The peak of each curve is rounded and not 

demonstrating any sudden transition from loading to softening which is more in line with 

conventional concrete behaviour. However, since this is a consistent result and the curve appears 

very similar in most samples, propagation of microcracks is likely the governing overall failure 

mechanism rather than any premature collapse due to weak planes in the material. 

A final feature of every response to note is that there is a strong upwards curve at the beginning of 

the each test. This is mostly due to the undulating nature of the surface meaning contact with the 

loading plate is not entirely developed until some minor displacement takes place.  

 

 

 

(a) 

Figure 8: (a) Crumbling of plain concrete samples and (b) integrity of fibrous samples 

(b) 
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3.4.2.3 Discussion 

 

As with the compression tests, the addition of fibres leads to improvement in the mechanical 

properties under tensile load but interestingly, to a generally lesser degree. 

The plain 20 mm samples in Figure 10 failed on average at a load of 80 kN which corresponds to 

an ft,sp value of 1.14 MPa whereas the 20 mm fibrous samples failed on average at 95 kN or an ft,sp 

value of 1.34 MPa. This is an increase of 17.5%. The average of the fibrous samples is skewed by 

sample 1 which reaches nearly 120 kN compared to loads of 80 kN for the other two. However, this 

also seems to be the sample that follows the original plain sample loading gradient as the other 

samples deviate on a less stiff response curve so it has still been retained in the results. 

Theoretically, sample 1 follows the expected curve with crack propagation limited by the presence 

of fibres so loading should be able to rise higher. The other samples failing at loads lower than the 

highest plain samples may be caused by the unpredictable distribution of fibres across areas of 

highest stress and whether cracks can negotiate their way around the fibres following the weakest 

route. In the first fibrous sample, it seems likely that the fibres were well distributed and cracks 

could not propagate easily but the other two samples did not have an efficient or effective fibre 

distribution. 

What is still clear in the 20 mm aggregate samples is that the initial apparent softening response is 

significantly lessened. The plain samples drop away very quickly to low levels after failure and at 

lower displacements. The fibrous samples are held together by the fibres slowing crack 

propagation and do not split in half as quickly. 
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The 10 mm aggregate samples in Figure 11 show a similar trend however the spread of the plain 

sample maximum loads is considerably greater while the fibrous samples show much more 

consistent loading. The inclusion of fibres in the 10 mm aggregate samples increases the average 

failure load to 135 kN or 1.92 MPa, compared to an original average of 100 kN or 1.41 MPa. This is 

an increase of 36%. The plate displacement at failure is also increased and as with the 20 mm 

samples, the softening response is not as extreme. The more consistent fibrous sample strength 

means that a greater relative strength improvement is shown when compared to the 20 mm 

samples. Further samples would be required for both the 10 and 20 mm aggregates to determine 

whether these results are regular or whether they can be attributed to statistical outliers. 

Additional post-peak behaviour after the initial cracking softening is sporadic but does show some 

general trends based on how the samples stay together. The load capacity in all samples of the 

plain materials drops to generally quite a low level and continues to fall since both fractured halves 

of the sample are able to freely move away from each other. This means that over time the loading 

area from the strip decreases however some load is still able to be carried through the 

compression of each half. The fibrous samples on the other hand generally remain at a much 

higher level since they are held together by the fibres. The first 20 mm fibrous sample begins 

reloading again even though the stress state of the concrete material has entirely changed. If 

displacement had continued further, this reloading may have been observable in other samples as 

well. The central tension in the cement and aggregates has disappeared however the sample is 

held together by the fibres utilising their tensile strength and bridging the major cracks. Since the 

sides are not pushed apart as easily, the specimen continues to be loaded by the plate as it would 

before fracture with aggregates interlocking. However, now the aggregates and cement are mainly 

in compression while the fibres are in tension. This situation is favourable for the respective 

materials and the load can now significantly before potentially fibre pull-out or compressive failure. 

This complex situation also means the tensile stress in the material cannot be estimated during this 

period as the cylindrical stress estimation, formula (1), is not appropriate. 

This exposes the main issue with using the splitting test in this experiment. The tensile post-peak 

behaviour, where the fibres will generate the greatest benefits against tensile crack opening, is not 

truly represented and does not provide any useful insight into what effect they will have in pure 

tension. The only real information that indicates that the fibres are affecting the response is the 

change in splitting tensile strength, the difference in splitting test post-peak behaviour mentioned 

above and the immediate apparent softening response. Any further deductions on crack opening 

width, uniaxial tensile softening and estimations of fracture energy would require a different type of 

test to be undertaken. 
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The fibrous samples, being held together by the fibres as mentioned, showed a significant 

reduction in crack width to the point that it was difficult to determine the exact mode of failure. 

However, some cracks were visible along the radial edges of the samples and cracks were not  

always through the centre suggesting that they were propagating along lines of weakness between 

the stabilising fibres. Some examples of this are shown in Figure 14(b). This is relevant to the final 

outcomes of this investigation as the fibres provide a back-up to cracking failure. The usage of 

permeable concrete in pavements and roads mean that this kind of failure could be quite likely at 

exposed edges so extra resistance to crumbling apart provided by fibres is useful. 

(a) (b) 
Figure 14: Tensile Splitting Failure modes of (a) a plain 10 mm sample and (b) the 10 mm fibrous samples 

(a) (b) 

(c) 

Figure 13: Tensile Splitting Failure modes of the 20 mm plain concrete for (a) sample 1, (b) sample 2 and (c) sample 3 
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4 Material Simulation Models 
 

The compressive strength can be approximated directly from the results of the compression test 

assuming that stresses and strains are averaged through the material. On the other hand, the 

splitting test tensile strength may not be a good representation of the actual tensile strength without 

the determination of a conversion factor, as discussed in section 2.2. To formulate a potential 

conversion factor for permeable concrete, it was decided that the splitting test would be simulated 

as a finite element analysis. The analysis was further used to determine whether information about 

the behaviour, both pre-peak and post-peak, could be extracted from the splitting test simulation as 

this would determine the applicability of the CDPM2 model and mesh simplification method for 

future applications. 

This section focusses on the description of material models and features of the LS-DYNA software. 

Section 5 discusses the actual simulations undertaken, specific model inputs and the results. 

 

4.1 Modelling in Macroscale 
 

In this investigation, the mesh will be simulated as a homogenous material with parameters of 

CDPM2 altered to reflect results gained from the permeable concrete experiments. This provides a 

much more flexible and general approach where the mesh does not need to be regenerated if the 

constituent properties are changed and, since the mesh is much simpler, computational time can 

be saved. This success of this method with CDPM2 will be analysed in the discussion of the 

results. 

 

4.2 Non-Linear Finite Element Method 
 

The solution method will consist of an explicit dynamic non-linear finite element simulation, as 

found in literature, that pairs well with homogeneous meshes. The nature of this solution method 

means that significant computation is required to solve large diagonal matrices over several time-

steps dictated by the geometry of the discrete elements. Required features of the analysis such as 

the specific constitutive material models and time steps are described in greater detail below. 

 

4.3 CDPM2 Non-linear Finite Element Constitutive Model 
 

CDPM2 (Concrete Damage-Plasticity Model 2) is a damage-plasticity constitutive model that 

describes the failure of concrete by combining the effects of plasticity based on effective stresses 

with a damage model relating to occurring strain (Grassl et al, 2013).  
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4.3.1 Model Operation and Implementation 
 

CDPM2 is a further refinement of CDPM1 developed by Grassl and Jirásek, (2006) that related 

well to physical experiments, however potential improvements that would allow for extensions of 

the model were noted. In the original model, only one damage parameter was utilised for both 

tension and compression and while for some circumstances, this was sufficient, for situations such 

as tensile failure transitioning into compressive failure, it could not capture the response 

realistically. Therefore, the refined model has one damage parameter for compression and one for 

compression. The basic stress-strain formula that forms the basis of the model is described in 

Grassl et al (2013) as: 

𝜎 = (1 − 𝜔𝑡)𝜎𝑡 + (1 − 𝜔𝑐)𝜎𝑐 

where 𝜎𝑡 is the positive part of effective stress tensor 𝜎, 𝜎𝑐 is the negative part of effective stress 

tensor σ and 𝜔𝑡, 𝜔𝑐 are scalar damage variables where a value of 0 corresponds to no damage 

and 1 corresponds to full damage. 

It is based on the effective stress tensor as the model functioning on nominal stresses would be 

restricted to confined compression and strain hardening. The response uniqueness would not be 

satisfied and more than one solution could be obtained for certain strain histories in other load 

cases. These restrictions do not apply to the models based on effective stress and describe 

softening without divergence in solutions (Grassl et al, 2013). 

The plasticity model is dependent on the yield function and the flow rule primarily. The Haigh-

Westergaard co-ordinates based on volumetric effective stress, 𝜎̅𝑣,  deviatoric effective stress 

norm, 𝜌̅,  and the load angle, 𝜃̅, along with hardening variable, 𝜅𝑝 define the cylindrical shape of the 

yield surface. 𝜅𝑝 relates the plastic strain rate loading conditions to the model and determines the 

values of 𝑞ℎ1 and 𝑞ℎ2 which describe yield surface progression. A further function, 𝑟(cos 𝜃̅), 

determines the deviatoric section shape (Grassl et al, 2013). 

In a general sense, the yield surface defines the limits of suitable stress states that can exist within 

the concrete before failure. It can be specifically represented as Haigh-Westergaard Co-ordinates 

within a 3D principle stress space which the CDPM2 model utilises. The 3 constituent Haigh-

Westergaard Co-ordinates are described in Grassl (2018) as: 

• The volumetric stress length  

𝜉 =  √3𝜎𝑣̅̅ ̅ 

where 𝜎̅𝑣 is the volumetric stress. 

 

 

(5) 

(6) 
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MID - Material Identification Number unique to the material that can be chosen arbitrarily and does 

not affect material response. 

RO - ρc: Concrete bulk density. Bright and Roberts (2010) states that the mean value of normal 

weight concrete is 24 kN/m3 or 2400 kg/m3. This is within the range of 2000 - 2600 kg/m3 as stated 

in CEB-FIP (2010) and so will be used for the validation analysis of the simulation. Densities of the 

permeable concrete mixes used in the experiments have already been calculated in section 3.3.1. 

E - Ec: Concrete Young’s Modulus. The relationship between the concrete’s strain response under 

increasing stress. Experimentally determined. 

PR - vc: Poisson’s Ratio. Constant between axial and lateral displacement of concrete under 

uniaxial loading. Bright and Roberts (2010) gives the value for uncracked concrete as 0.2. This 

shall be used for all simulations. 

ECC - Eccentricity parameter between the compressive and tensile strengths. This is calculated by 

LSDYNA using formula (9) from Jirásek and Bazant (2002). 

QH0 - qh0: Initial hardening modulus given as fci/fc. Since 30% of fc is generally known as the “onset 

of localised cracking” ie. the first yield surface and cracks begin to lengthen thereafter (Chen, 

2007), the default value is given as 0.3. 

FT - ft: Uniaxial tensile strength. Determined from a combination of the experiments and 

simulations. 

FC - fc: Uniaxial compressive strength. Determined experimentally. 

HP - Hp: Hardening parameter. A value of 0.01 was chosen as rate dependent strain was not 

implemented in these simulations. 

AH, BH, CH, DH - Ah, Bh, Ch, Dh: Hardening ductility parameters required for the material. These 

use default values for both plain and permeable concrete types listed in Table 6. 

AS - Ductility parameter during damage. 15 is given as the default value. 

DF - Df: Flow rule parameter. 0.85 is given as the default value. 

FC0 - Fc0: A Rate dependent parameter that is only necessary if dependency of the strain rate 

STRFLG (see later) is a required attribute. The default value is 10 MPa. 

TYPE - The strain softening correlation of the material response as a crack opens can be 

represented by multiple types of damage formulation such as linear, bilinear or exponential or no 

damage at all. The CDPM model typically uses bilinear softening which is specified by the value 

1.0. 

BS - Bs: Damage ductility exponent during damage 
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WF - Parameter that determines the maximum tensile damage variable calculated from the total 

fracture energy and the tensile strength. The type of softening regime specified determines the 

formulation that is used to calculate this parameter. As bilinear softening will be used, the equation 

is given as: 

𝑊𝑓 =
4.444𝐺𝑓

𝑓𝑡
 

where Gf is the total fracture energy and ft is the concrete tensile strength. 

If the total fracture energy is unknown, CEB-FIP (2010) recommends that it is calculated using: 

𝐺𝑓 = 73𝑓𝑐
0.18 

where fc is the measured compressive strength of concrete. 

WF1, FT1 - wf1, ft1: Parameters that determine the softening gradients and intermediate thresholds 

of the bilinear softening regime. Defaults are given in Table 6. 

STRFLG - Parameter that either holds the value 1 or 0 and specifies whether strain rate 

dependency is required in the model. This is not required here so the value specified is 0.0. 

FAILFLG - Determines whether model will take erosion of the material (where fully softened 

elements are removed) into account during the simulation. For the purposes of consistency 

between tests, this will not be applied in this study by specifying a value of 0.0. 

EFC - εfc: Parameter that determines the level of softening that occurs under compressive loading 

and the brittleness of the failure. Determined iteratively from simulations in section 5. 

ISOFLAG - Determines whether an isotropic, 1, or anisotropic, 0, damage formulation is specified 

according to the sign of E. CDPM2 uses an anisotropic damage formulation as shown by formula 

(5) and this is specified in the test by using a positive value for E. 

 

4.4 Plywood Bearing Plates Linear Elastic Model 
 

The loading strips were also modelled as part of the simulation. As solid objects, the thin plane 

dimensions of these strips would mean that, when meshed, the element size would become very 

small. As LS-DYNA determines the time-step size based on the smallest elements in the model 

(explained in section 4.5), for coarser meshes, it would be these that would dictate and therefore 

increase the calculation time. Therefore, the plates have been modelled as shells with a specified 4 

mm thickness in the code. They were initially modelled as very coarse mesh plates however this 

was shown to affect the failure curve behaviour so a finer mesh size of 0.005 m was used to allow 

for loading variation across the strips. They are generally made of plywood however the wood 

(10) 

(11) 
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LSDYNA checks over all the elements to determine what element will cause the shortest timestep. 

The element size and material are both controlling factors since a longer element in a material with 

a higher acoustic speed could allow a force to travel across it faster than a smaller element in a 

slower acoustic speed material. Therefore, the shortest time that a wave can travel across an 

element in the mesh is the calculated critical timestep size. To ensure computational stability, this 

is scaled down by a specified value in the program input defined by the TSSFAC keyword (0.8 is 

used in these simulations). 

In Livermore Software Technology Corporation (2006), the timestep, t, is defined as: 

𝑡 =
𝐿𝑒𝑙

𝑐
 ( × 𝑇𝑆𝑆𝐹𝐴𝐶) 

where Lel is the element length or altitude (depending on the source specified) and c is the speed 

of sound in the material as defined by the element type. To save computational expense, a uniform 

mesh is recommended to stop smaller elements in uneven meshes dictating the timestep size 

although refining meshes in areas of interest only will still reduce the number of nodes that need to 

be calculated. 

 

4.6 Displacement Load Definition 
 

This model is intended to simulate both the peak load and post-peak response of the specimen 

while mimicking the experimental process. Therefore, an increasing displacement on the top 

loading strip has been implemented as opposed to a force so that post-peak behaviour of the 

concrete model with regards to stress-reduction and any secondary reloading can be recorded in 

the simulation. This method produces comparable results in which the suitability of the behaviour 

model and overall modelling process can be discussed in terms of the experimental results. 

 

 

 

 

 

 

 

 

 

(12) 
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5 Simulation Analysis 
 

5.1 Setup of Analysis 
 

5.1.1 Modelling Strategy and Tensile Stress Calculation 
 

To estimate the uniaxial tensile strength of the experimental concrete specimens, the model that 

was used to simulate the effects of constituents was created to mimic the conditions of the tensile 

splitting test. 

As with the physical experiments, the reaction force of the lower bearing strip in the simulation was 

measured as a value for load applied and plotted against the displacement of the nodes of the 

loading strip. The peak splitting test tensile stress could then be approximated using 

𝑓𝑡,𝑠𝑝 =
2𝐹𝑚𝑎𝑥

𝜋𝐿𝐷
 

which is stated and explained as formula (1) in section 2.2. 

The CDPM2 model required an input for uniaxial tensile strength, ft, but this had not technically 

been found yet from the experiments. Therefore, an estimation of the conversion factor produced 

by the simulation, αsp, between ft, from the simulation input, and ft,sp, from the simulation output, 

had to be determined. 

A validation material based on conventional concrete was created to test the simulation 

performance and is discussed in greater depth in section 5.3.1. In summary, four different mesh 

sizes were used and out of these, a “fine” mesh of 0.005 m elements was selected for use in each 

simulation. With this mesh, a conversion factor of 1.143 was calculated, as shown in section 

5.3.3.3. This was then used to factor ft,sp values from the experiments to gain an input value of ft for 

the simulation of each concrete set. The effectiveness of this process is analysed in the discussion 

for each set. 

 

5.1.2 Tensile Splitting Test Model geometry 
 

The model geometry is identical to the concrete specimens used in the physical experiments with 

specimen and packing strip sizes (15mm wide and 4mm thick) from BS EN 12390-6, so an 

accurate comparison can be analysed. This is shown in in Figure 17. 

(1) 
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not be the same for every sample due to the variability between samples. So, to ensure that the 

model does not become unstable early during loading through force balance hysteresis, a low 

static friction coefficient of 0.1 was applied. 

 

5.1.4 Deriving Inputs for Permeable Concrete CDPM2 Behaviour Models 
 

CDPM2 has many “default” input values that have been determined as a result of calibration from 

past investigations and have been proved experimentally to provide accurate response patterns for 

conventional concrete (Grassl et al, 2013). Some of these parameters are not easy to determine 

unless significant testing is undertaken which is outside the scope of this study. Fitting the 

experimental data as closely as possible may not give a realistic reflection of the true parameter 

values as information from the experiments is limited. However, some input parameters such as 

compressive and tensile strength can be easily estimated from standard material testing, such as 

in section 3, without having to go through a long iteration process. Part of the premise of the 

modelling element for this project is to determine whether the current CDPM2 model, with the 

complex “default” parameters, and a simplified homogeneous mesh can be used to describe the 

response of permeable concrete by only changing the easily obtainable parameters. Then, it can 

be determined whether only changing these parameters is enough to reasonably describe the 

observed behaviour using CDPM2 and a homogeneous mesh or whether more complex analysis 

methods are required. This does not obscure the main goal of determining estimate values for the 

uniaxial tensile strength. 

With the rest left as default values, the parameters altered and their sources were: 

• RO - ρc: Concrete bulk density. Determined from weighing of the samples after moulding 

• E - Ec: Young’s Modulus. Determined from the positive gradient of the load vs displacement 

compression loading curve after points are converted into stress and average strain 

respectively. 

• FT - ft: Uniaxial tensile strength. Experimental splitting tests gave a value of the splitting test 

tensile stress, ft,sp, at the peak of the force vs loading plate displacement curve for each 

mix. This is multiplied by the conversion factor, αsp, as explained, to give an estimation of ft.  

• FC - fc: Uniaxial compressive strength. Determined from the peak of the compression stress 

vs strain curve. 

• ECC - Eccentricity parameter between the compressive and tensile strengths. Changes 

according to ft and fc using formula (9). 

• WF - 𝑤𝑓: Parameter that determines the maximum tensile damage variable. 

 Set 1 and 2 - Estimated from formulae (10) and (11) as outlined in section 4.3.2. 

 Set 3 and 4 - Estimated using 𝑤𝑓 =
𝐹𝑖𝑏𝑟𝑒 𝐿𝑒𝑛𝑔𝑡ℎ

2
 (N/m) 

 For Set 3 and 4, WF1 will remain as the value used for Set 1 and 2 respectively. 
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5.2.1.2.2 Discussion 

 

The splitting test simulation model for set 1 in Figure 21 produces a general shape that looks 

reasonable given the experimental results although there is some question as to what some of the 

features represent. 

The failure load predicted is reasonably accurate and lies within the experimental observed failure 

loads. This shows that the conversion process for predicting the uniaxial tensile stress of these 

samples is based on a decent estimate for conversion factor αsp. 

Initially, the loading curve in Figure 21 rises more steeply than the experimental results and 

therefore, the simulated specimen fails before the experimental specimens in terms of loading 

plate/strip displacement. This is not entirely unreasonable since the simulation produces a perfect 

contact between the sample and the loading strips while the experimental samples do not have 

smooth sides and have numerous voids visible on the surface. The load is therefore not transferred 

as efficiently so the load rises more slowly which cannot be captured by the homogeneous 

simulated mesh. However, the actual pre-peak response shape is generally accurate. 

The immediate drop-off after failure is very steep in the simulation and considerably steeper than 

what is observed in the experimental samples. This period represents the opening of the main 

tensile crack through the specimen and shows that failure is very sudden and complete in the 

simulation as opposed to the experimental specimens that seem to soften in a more ductile 

manner. This, again, may be due the homogeneity of the mesh. In the experiments, the central 

crack will be opening as the plate is pushing down on the sample however the size of the 

aggregates is much larger than the opening crack. Therefore, the aggregates will still be 

interlocked in some manner and able to transfer vertical load for a short period after cracking. In 

the mesh, there is no aggregate interlock so once the elements have failed, there can be no load 

transfer through the central split and this area is essentially redundant for loading as the strip 

compresses it. The difference between the responses is not large but significant enough to say that 

these interlock processes during the splitting failure are missed. 

The load immediately after failure is similar to samples 1 and 2 but sample 3 is significantly 

different. It is important to note that the failure mode of sample 3 was unconventional while the 

others were as expected. It is not surprising that the similar strip contact area between the 

simulation and the experiments produced similar loads at this point. However, further experimental 

post-peak behaviour is much less consistent and therefore, the effectiveness of the simulation 

cannot be commented on other than producing a much smoother response. 

In Figure 22, the crack-pattern evolution is shown at the loading displacements highlighted by the 

numbers in Figure 21. The strains that are induced in the material mesh as the loading 

displacement increases show areas of high displacement when compared to the size of each 
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element. As would be expected in a real splitting test, strains initially occur underneath the loading 

plates, as shown in pattern 1, as the compressive forces here are much greater than any central 

tensile forces induced at this stage. 

As the specimen nears failure in pattern 2, the strains propagate through the middle of the sample 

away from the loading plate indicating that the tensile forces have now significantly increased. 

However, the strain underneath the loading plates is still dominant and tensile failure has not 

occurred. 

In stage 3, just after failure, a crack has propagated right through the centre of the sample which is 

desirable in the sense that the real splitting test failure mode occurs here. However, as explained 

before in section 3.4.2.3, this failure will still mean that the splitting test method does not represent 

the post-peak tensile cracking response. 

Aside from that, the wedge behaviour observed in the experiments is visible here with a triangle of 

large strains building up between the central crack and the loading strips. These wedges seem to 

have less of an effect in prising the specimen apart over time than in the experiments as can be 

seen in stages 3, 4 and 5 where the crack only widens to 2.14 mm at much greater strip 

displacement rather than the 6 mm observed from the experimental specimen. This could be due 

to the same process that occurred when the single element test was compared to the compression 

test. The stiffness and strength of the aggregates are averaged out by the voids and are mixed into 

one homogeneous material that upon failure, can carry no load. As crushing occurs in the 

experiments under the loading strips, the bonded aggregates still physically exist to prise the 

specimen apart as they are pushed inwards whereas in the simulation, there is no physical 

representation of this effect. Since the material has likely completely failed by this point, the 

damage model dictates that it can infinitely deform without carrying any stress. The thin loading 

strip can move into the cylinder without forcing the sides apart significantly. This is also likely the 

reason why the measured load still decreases as well. As the material progressively fails, fewer 

and fewer elements are able to carry any stress as they are fully damaged. In the experiments, this 

load decrease is partly due to the continuing material failure but also due to the loading area 

decreasing significantly as the cylinder halves are forced apart. An extra point is that there is also 

no gravity in the simulation to allow the sides to fall away naturally so they remain in position which 

further inhibits any increase in crack width not due to loading. 

 

5.2.2 Set 2 
 

Set 2 relates to the plain 10 mm aggregate permeable concrete and the altered input parameters 

used are shown in table 9. The εfc value was adjusted downwards for a steeper initial softening 

response so that the single element simulation represented the compression response found in the 

experiments, shown in Figure 23, more accurately. 
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The post-peak response is more interesting in its features. The lump that also occurs in set 3 is 

visible again but where the main crack propagation ends is the significant change. It occurs at a 

proportionally much higher load for this material parameter set and the immediate post-peak shape 

only bears minor resemblance to the experimental results. However, the shape at very high 

displacements seems to correspond reasonably well to the two experimental samples that did not 

fail completely. Unfortunately, given that the experimental post-peak responses are so 

inconsistent, no real conclusions can be drawn about the overall success without more testing 

although it is likely that similar conclusions can be drawn about the effects of the homogeneous 

mesh as before. 

 

5.2.5 Permeable Concrete Results Summary 
 

In summary, while this simulation does capture the general failure behaviour, the inhomogeneity of 

the experimental samples means that many of the actual processes of both the loading and post-

peak response are generally missed. The mechanical properties of the individual constituents 

being averaged into a material mesh and model that does not physically represent them as existing 

separately does not seem to produce completely comparable results. This is not essentially a 

problem with the behaviour model itself but more an issue with the use of a homogenous mesh 

together with the tensile splitting test which cannot capture the tensile failure and post-peak 

response of the material. More representative results may be achieved in this simulation when 

compared with normal concrete specimens and parameters where the complete mesh is a better 

approximation of a predominantly solid material matrix. 

 

5.3 Model Validation and Objectivity of Results  
 

Before the permeable concrete specimens were simulated, a study of the model performance was 

undertaken on an arbitrary conventional concrete material to initially ensure that consistent and 

usable results were generated by the geometric mesh and CDPM2 model. Mesh dependency and 

time dependency were the focus so that results could be contextualised within the loading rate and 

homogeneous mesh assumptions made. An estimation of the tensile strength conversion factor 

produced was also determined for use in the final permeable concrete simulations in section 5.2. 

From initial attempts, the simulation was found to be very sensitive to the type of contact with 

loading strips specified and small changes in mesh geometry. Therefore, for validation purposes, it 

was not expected that the same response would be produced for every alteration. However, the 

general behaviour and shape of each response pattern had to be in general keeping with 

responses found in the physical experiments and in literature. They also had to be explainable in 

the sense that if any changes occur due to the mesh or time changing, there should be plausible 
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5.3.2 Loading Results 

 

5.3.3 Discussion 
 

5.3.3.1 General Loading Response 

 

The loading force vs displacement response for each mesh shown in Figure 32 shows the 

similarity in general response patterns for each. The simulations were run until either the 3x10-3 m 

strip displacement had been reached or until the simulation became unstable due to widespread 

failure and stopped. The coarse mesh is not included in this figure as it was too coarse to give a 

reliable response in this specific test and would obscure the other results. However, the crack 

pattern is included as it still shows the splitting concept of the test. 

All the included responses curve at the beginning as the bearing strips compress and the 

simulation finds contact across the surface. Then they rise linearly to a maximum load, 

corresponding to a similar tensile stress value specified in the input parameters. Sudden failure 

and crack opening takes place and the load drops. In the finer meshes, the load begins to rise 

again but then falls towards failure. All meshes generally demonstrate the type of failure response 

expected from typical concrete samples. For example, they can be compared with the 

experimental specimens tested and furthermore, samples tested in Rocco et al (1998). In a way, 

the model is solution verified in that the responses do make sense however many mesh dependent 

features can be observed and these have to be accounted for. 

 

5.3.3.1.1 Mesh Dependent Features 

 

The rate at which the load rises is slower and the displacement at failure is higher for coarser 

meshes. Initially, the loading strip finds the contact of the cylindrical mesh slower because the 

0

20

40

60

80

100

120

140

160

180

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Fo
rc

e 
(k

N
)

Load Displacement (mm)

Medium Mesh

Fine Mesh

Fine Mesh 1
second simulation

Extra-fine Mesh

Figure 32: Validation Splitting Test Simulation force vs displacement results with different mesh sizes 



56 
 

mesh is made up of many straight lines essentially. With the strips modelled as shells, the 

thickness is constant therefore, the even displacement of the strip creates a flat edge on the 

cylinder. If the strip lands on a point, the element below must strain before contact with a flatter 

surface is made. After that, the load rises more slowly potentially because the coarser meshes 

smear the loading effects more as opposed to allowing for higher stresses to concentrate on single 

smaller elements. The larger elements must be deformed significantly more to induce the same 

strain which means that lower stresses in these elements exist for longer and the total load takes 

longer to rise. The test relies on the formation of compressive stresses to induce tensile stresses 

and as soon as the stresses in the central crack formation reach the failure stress, the specimen 

then fails. If the compressive stresses are lower then the tensile stresses will also most likely be 

lower so this could be why the load rises more slowly and plate displacement is higher at failure. 

After cracking, a different response is observed as the mesh gets coarser. The medium mesh 

continues to curve downwards heading for an asymptotic meeting with the zero stress axis while 

the finer meshes undergo a reloading pattern towards a more unstable failure. In coarser meshes, 

the area of failed material as the crack finally forms is one element wide. No load is transmitted to 

the base through this element so in the medium mesh for instance, the area the load can continue 

to pass vertically through from the strips is very small and hence, it continues to curve downwards 

at the end of the simulation as may be anticipated in standard tensile splitting tests. In the finer 

meshes, the width of one element is much smaller and so the load from the loading strips can 

continue to travel round the failed area more efficiently. The loading area does not decrease 

enough compared to the loading from the strip displacement so this causes the reaction load to 

rise again. The finer the mesh, the more extreme this behaviour is. 

Given that the failures in the permeable concrete simulations occurred too quickly, these results 

show that this was more due to the mesh size chosen. Choosing a coarser mesh could make the 

pre-peak loading more consistent with the experimental observations however that could risk 

obscuring the post-peak response even more. 

 

5.3.3.1.2 Time Dependent Features 

 

The 1 second simulation uses the fine mesh and was implemented to prove that applying the load 

more slowly would not change the overall response behaviour. With a faster loading application, 

dynamic force effects can propagate through the material and cause the response to not be 

consistent with a fully static test. As can be seen in Figure 32, the longer application time does 

smooth out the failure response and allows a higher load to be carried after failure. However, the 

failure displacement, initial loading rate and general response post-peak still follow the same 

behavioural patterns. The test is still time dependent for the small timespans used as the paths do 

not match to a certain degree but since observed behaviour is very similar and experimental 

samples show greater variation than this, the model is still useful for determining a reasonable 
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predicted response. Therefore, the shorter test is still valid within the high degree of uncertainty 

found in the experiments. 

 

5.3.3.2 Crack Patterns 

 

The crack patterns produced by the simulation were also analysed to ensure that failure would take 

place through the same predicted modes. These are shown in Figure 33. The patterns were taken 

from the first frame after the occurrence of cracking failure and show significant strains in the 

material that would relate to crack opening. As can be seen, the shape, the position and the nature 

of the crack boundaries are very similar in all simulations. The tensile cracks are thinner towards 

the middle and the area of significant strain widens into a wedge shape towards the loading strips 

where crushing is occurring. This shows that the crack opening mechanism observed in the 

permeable concrete simulation is not mesh dependent in terms of the shape.  

 

5.3.3.3 Conversion Factor Calculation 

 

Over the four responses shown in Figure 32, the maximum force converges to a value of around 

148 kN which converts to a predicted tensile splitting test strength, ft,sp, of 2.1 MPa. The input 

uniaxial tensile strength specified by FT was 2.4 MPa so it is clear that a conversion factor was 

produced, as predicted by Malárics & Müller (2010). Given that the extra-fine mesh took 

considerably longer to complete, even for the shorter loading time simulated, the fine mesh was 

selected for use in the permeable concrete simulations as it produced a maximum stress that was 

very similar to the extra-fine mesh result. The ratio between the input tensile stress and the output 

splitting tensile stress was calculated using formula (2) as: 

𝛼𝑠𝑝 =
𝑓𝑡

𝑓𝑡,𝑠𝑝
=

2.4

2.1
 =  1.143 

This was used as the conversion factor to convert the splitting tensile strengths predicted by the 

experimental samples into the input uniaxial tensile strength parameter FT for each permeable 

concrete simulation set, as mentioned in section 5.1.1. 

 

5.3.4 Validation and Objectivity Results Summary 
 

Due to mesh geometry contact and element size, the model is clearly mesh dependent although 

each mesh’s response is reasonable. Time dependency is more visible in the post-peak regime 

however it is relatively insignificant as the pre-peak response and overall behaviour is much the 

same for both timescales simulated. The crack patterns are not mesh dependent as they each 

follow a similar path and show the same features. The only difference is the time at which the main 

cracking failure occurs. 
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7 Conclusions 
 

The overall purpose of this study has been to determine whether the mechanical properties of 

permeable concrete mixes could be improved without severely adversely affecting the 

permeability. This project has focussed on the change in mechanical properties induced by the 

addition of steel fibres. 

Different mixes of plain and fibrous permeable concrete have been experimentally tested through 

compression and tensile splitting tests. It has been found that samples with fibres had significantly 

increased compressive strength, slightly increased tensile strength and a small increase in 

stiffness. Resistance to crumbling was also improved. However, it is recommended that further 

samples are tested to confirm the degree of improvement as the spread of some results was quite 

wide. It has also been determined that a different type of tensile test would be required to 

determine all of the effects caused by the fibres (see Further Work below) as post-peak tensile 

behaviour could not be studied fully. 

Single element simulations have then been performed to confirm behavioural parameters for the 

mixes against the experimental results. Then, the tensile splitting test has been modelled for each 

mix using a homogeneous mesh and the CDPM2 concrete behaviour model to determine the 

applicability of this method for future applications. In the single element tests, it has been 

determined that the behaviour model performed well generally against the experimental 

compression results within the displacement range tested. From the splitting test simulation, it 

became clear that a reasonable prediction of the splitting test pre-peak behaviour and splitting test 

strength could be gained. Therefore, the uniaxial tensile strength could also be roughly determined 

as well with the conversion factor close to unity. Accuracy of tensile post-peak parameters could 

not be explored properly in the simulation due to the use of the splitting test and responses 

generally did not always represent experimental results well, although similar failure patterns 

appeared in each. There is potential for more effective use of this model and mesh combination in 

uniaxial tensile applications since the fibres held samples together in the experimental splitting 

tests as they would with conventional concrete. Behaviour in the uniaxial mode may therefore be 

relatively similar but with no dilution from other physical processes. 

The overall project did not rely on the results of the simulations, only the experiments. The main 

results of Conneely (2019) have been combined with results from this investigation and it has been 

shown that not only did the fibres improve mechanical performance, the permeability also 

increased as well, leading to a complete improvement in overall concrete behaviour. This suggests 

that the introduction of fibres into permeable concrete mixes could be highly beneficial, especially 

for the flexibility and efficiency of future uses. 
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8 Further Work 
 

This section specifically refers to the mechanical properties part of the investigation. 

What has been understood through these experiments is that the tensile behaviour of the sample 

before the peak load has been well investigated and results show that the simulation model could 

describe the general pre-cracking experimental pattern reasonably well. What needs to be 

investigated further is the post-peak behaviour that cannot be accurately described by a tensile 

splitting test. A uniaxial tension test would be more appropriate for the types of model testing 

desired and in general for the exploration of post-peak behaviour. A direct measurement of the 

uniaxial tensile stress required for a material sample to fail would be far more valuable than making 

assumptions based on simplified mesh simulations and furthermore, the post-peak response, in 

relation to the ductility and crack opening, is required to allow the material model to be refined 

accurately. While this is more awkward than the splitting test, hence the reason for not undertaking 

it originally, the confidence in the results would rise sufficiently for this to be worth the cost. A 3-

point bending test could also be employed for this purpose however the complex nature of the 

material may not make it as desirable. 

Regarding measurement methods, the camera setup employed could not realistically or visibly 

describe the tiny deformations observed before or during failure and so was mostly obsolete, aside 

from macroscopic measurements. To help accurately determine very small strains and cracking in 

the material to inform the behaviour description, some form of strain gauge or digital image 

correlation would be recommended. These methods would also be effective with the uniaxial test 

where failure and fracture modes are more reliable and directly measurable. 

The steel fibres within the concrete are a potential source of further research. In normal fibre 

reinforced concrete, water cannot get access to the fibres as the material is relatively impermeable. 

Now, as they are deliberately placed in a material designed to pass water through it, any 

uncovered areas may be liable to corrode over time. This will likely have an effect on the material 

response and potentially create zones of weakness in the material. A long-term study on the 

effects of water in steel fibre permeable concrete could be key to understanding potential use 

limitations and advantages of other fibre types. 
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Material/m3 Required 

Set 1 

Material Maximum Theoretical Densities (Specific Gravity x Density of Water) 

Cement 3150 kg/m3 

Aggregate 2650 kg/m3 

Water  1000 kg/m3 

 

 

Materials/m3 in bulk density 

20 mm aggregate:  𝟏𝟓𝟓𝟎 𝐤𝐠   Aggregate:Cement ratio, 4.0->4.5 range 

(assuming bulk density is density in mix)  Use 4.2 (Tennis et al, 2004) 

 

Cement:  
1550

4.2
= 𝟑𝟔𝟗 𝒌𝒈   Water:Cement Ratio around 0.3 

       (Tennis et al, 2004) 

 

Water:   369 × 0.3 = 𝟏𝟏𝟏𝒌𝒈 

 

 

Checking void content (Joshi and Dave (2016)) - Aiming for between 15% and 25% 

𝑉𝑜𝑖𝑑 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 % = (
𝑇−𝐷

𝑇
) × 100  

𝐷 =
𝑀𝑐−𝑀𝑚

𝑉𝑚
 (actual material density)        𝑇 =

𝑀𝑠

𝑉𝑠
 (maximum theoretical density) 

Mc - Mass of concrete (kg)       Ms - Mass of solid material per m3 of concrete(kg/m3) 

Mm - Mass of mould (kg)       Vs - Volume of solid material per m3 of concrete (m3/m3) 

Vm - Volume of mould (m3) 

Assume D = Ms 

 

𝑀𝑠 = 1550 + 369 + 111 = 𝟐𝟎𝟑𝟎 𝒌𝒈/𝒎𝟑 (target density) 

𝑉𝑠 =
1550

2650
+

369

3150
+

111

1000
= 0.585 + 0.117 + 0.111 = 0.813 𝑚3/𝑚3  

𝑇 =
2030

0.813
= 2497 𝑘𝑔/𝑚3  

 

𝑉𝑜𝑖𝑑 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 % = (
2497−2030

2497
) × 100 = 𝟏𝟖. 𝟕%  
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Set 2 

Materials/m3 in bulk density 

10 mm aggregate:  𝟏𝟔𝟎𝟎 𝐤𝐠   Aggregate:Cement ratio, 4.0->4.5 range 

(assuming bulk density is density in mix)  Use 4.2 (Tennis et al, 2004) 

 

Cement:  
1600

4.2
= 𝟑𝟖𝟏 𝒌𝒈   Water:Cement Ratio around 0.3 

       (Tennis et al, 2004) 

 

Water:   381 × 0.3 = 𝟏𝟏𝟒𝒌𝒈 

 

Checking void content (Joshi and Dave (2016)) - Aiming for between 15% and 25% 

𝑀𝑠 = 1600 + 381 + 114 = 𝟐𝟎𝟗𝟓 𝒌𝒈/𝒎𝟑 (target density) 

𝑉𝑠 =
1600

2650
+

381

3150
+

114

1000
= 0.604 + 0.121 + 0.114 = 0.839 𝑚3/𝑚3  

𝑇 =
2095

0.839
= 2497 𝑘𝑔/𝑚3  

 

𝑉𝑜𝑖𝑑 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 % = (
2497−2095

2497
) × 100 = 𝟏𝟔. 𝟏%  

 

 

Set 3 

Same material amounts used as for Set 1 but with the addition of 0.5% volume of fibres. 

 

Steel Density (Specific Gravity x Density of Water): 7850 kg/m3 

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑓𝑖𝑏𝑟𝑒𝑠/𝑚3 = %𝑣𝑜𝑙 × 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 × 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑓𝑖𝑏𝑟𝑒𝑠/𝑚3 =
0.5

100
× 1 × 7850 = 39.25 𝑘𝑔/𝑚3 

 

 

Set 4 

Same material amounts used as for Set 2 but with the addition of 0.5% volume of fibres (same as 

set 3). 
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Materials required for each set with volume of 0.04073m3  

 

Set 1:  20 𝑚𝑚 𝑎𝑔𝑔. = 1550 × 0.04073 = 63.13 𝑘𝑔 ≈ 63 𝑘𝑔 

  𝐶𝑒𝑚𝑒𝑛𝑡 = 369 × 0.04073 = 15.03 𝑘𝑔 ≈ 15 𝑘𝑔 

  𝑊𝑎𝑡𝑒𝑟 = 111 𝑥 0.04073 = 4.52 𝑘𝑔 ≈ 4.5 𝑘𝑔 

 

Set 2:  20 𝑚𝑚 𝑎𝑔𝑔. = 1600 × 0.04073 = 65.17 𝑘𝑔 ≈ 65 𝑘𝑔 

  𝐶𝑒𝑚𝑒𝑛𝑡 = 381 × 0.04073 = 15.52 𝑘𝑔 ≈ 15.5 𝑘𝑔 

  𝑊𝑎𝑡𝑒𝑟 = 114 𝑥 0.04073 = 4.64 𝑘𝑔 ≈ 4.6 𝑘𝑔 

 

Set 3:  20 𝑚𝑚 𝑎𝑔𝑔. ≈ 63 𝑘𝑔 

  𝐶𝑒𝑚𝑒𝑛𝑡 ≈ 15 𝑘𝑔 

  𝑊𝑎𝑡𝑒𝑟 ≈ 4.5 𝑘𝑔 

  𝑆𝑡𝑒𝑒𝑙 𝐹𝑖𝑏𝑟𝑒𝑠 = 39.25 × 0.04073 ≈ 1.6 𝑘𝑔 

 

Set 4:  20 𝑚𝑚 𝑎𝑔𝑔. ≈ 65 𝑘𝑔 

  𝐶𝑒𝑚𝑒𝑛𝑡 ≈ 15.5 𝑘𝑔 

  𝑊𝑎𝑡𝑒𝑟 ≈ 4.6 𝑘𝑔 

  𝑆𝑡𝑒𝑒𝑙 𝐹𝑖𝑏𝑟𝑒𝑠 ≈ 1.6 𝑘𝑔 
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Appendix B - Tensile Splitting Test LS-DYNA code 
 

B.1 - Tensile Splitting Test Input File 
 

This input file for the tensile splitting test simulation specifically calibrated for Set 1 in section 

5.2.1.2. 

*KEYWORD memory=80000000   
*TITLE 
Tensile Splitting Test (Whitton, 18) 
$ 
*Parameter 
$---+----1----+----2----+----3----+----4----+----5----+----6----+----7----+----8 
    r Tend   0.10     r DtMax   100.e-3  r MaxDisp      3e-3 
$ 
*Parameter Expression 
$---+----1----+----2----+----3----+----4----+----5----+----6----+----7----+----8 
 r TDplot   Tend/15 
 r TASCII TDplot/50 
 r Tend2     2.*Tend 
$ 
*PART 
cylinder 
$---+----1----+----2----+----3----+----4----+----5----+----6----+----7----+----8 
$      pid     secid       mid     eosid      hgid      grav    adpopt      tmid 
         1         1         1         0         0         0         0         0  
$ 
*PART 
bottomplate 
$---+----1----+----2----+----3----+----4----+----5----+----6----+----7----+----8 
$        |         |         |         |         |         |         |         | 
$      pid     secid       mid     eosid      hgid      grav    adpopt      tmid 
       601         2         2         0         0         0         0         0 
$ 
$ 
*CONTROL_ENERGY 
$---+----1----+----2----+----3----+----4----+----5----+----6----+----7----+----8 
         2         2         2         2 
*CONTROL_TIMESTEP 
$---+----1----+----2----+----3----+----4----+----5----+----6----+----7----+----8 
$   DTINIT    TSSFAC      ISDO    TSLIMT     DT2MS      LCTM     ERODE     MS1ST 
    0.0000       0.8         0     0.000     0.000         9 
$---+----1----+----2----+----3----+----4----+----5----+----6----+----7----+----8 
$ 
*CONTROL TERMINATION 
   &Tend 
$  
$  
*CONTROL_OUTPUT 
$  NPOPT NEECHO NREFUP IACCOP OPIFS IPNINT IKEDIT IFLUSH 
      1,   3,      ,       ,     ,    50   
$   
$ 
$---+----1----+----2----+----3----+----4----+----5----+----6----+----7----+----8 
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$ 
$                                 TIME HISTORY                                 $ 
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$ 
$ 
*DATABASE ELOUT 
$---+----1----+----2----+----3----+----4----+----5----+----6----+----7----+----8 
$       dt 
   &TASCII 
$ 
*DATABASE GLSTAT 
$       dt 
   &TASCII    
$ 
*DATABASE_MATSUM 
$       dt 
   &TASCII   
$ 
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*DATABASE_NODFOR 
$       dt 
   &TASCII 
*DATABASE_NODOUT 
$       dt 
   &TASCII      
*DATABASE_SPCFORC 
$#      dt 
   &TASCII 
$---+----1----+----2----+----3----+----4----+----5----+----6----+----7----+----8 
*DATABASE BINARY D3PLOT 
$       dt  
   &TDplot 
$ 
*DATABASE_HISTORY_NODE 
$Displacement node 
5 
$ 
*DATABASE HISTORY NODE 
$Displacement node 
6 
$ 
*DATABASE_HISTORY_NODE 
$Displacement node 
7 
$ 
*DATABASE HISTORY NODE 
$Displacement node 
8 
$ 
*DATABASE_HISTORY_NODE 
$Displacement node 
9 
$ 
*DATABASE HISTORY NODE 
$Displacement node 
10 
$ 
*DATABASE_HISTORY_NODE 
$Displacement node 
11 
$ 
*DATABASE HISTORY NODE 
$Displacement node 
12 
$ 
*DATABASE HISTORY NODE 
$Displacement node 
13 
$ 
*DATABASE_HISTORY_NODE 
$Displacement node 
14 
$ 
$---+----1----+----2----+----3----+----4----+----5----+----6----+----7----+----8 
*DATABASE_EXTENT_BINARY 
$    neiph     neips    maxint    strflg    sigflg    epsflg    rltflg    engflg 
         5                             1         1         1                         
$   cmpflg    ieverp    beamip 
                   0 
$---+----1----+----2----+----3----+----4----+----5----+----6----+----7----+----8 
$ 
$   
*SECTION_SOLID 
$permconcrete 
$#   secid    elform       aet    
         1        10         0         
$ 
$ 
*SECTION_Shell 
$topandbottomplates 
$ SECID       ElForm      SHRF       NIP     PROPT   QR/IRID     ICOMP     SETYP 
         2         2         0 
$---+----1----+----2----+----3----+----4----+----5----+----6----+----7----+----8 
$       T1        T2        T3        T4      NLOC     MAREA      IDOF    EDGSET 
     0.004     0.004     0.004     0.004 
$ 
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$ 
*Include 
s1material.k 
$ 
*BOUNDARY SPC SET 
$---+----1----+----2----+----3----+----4----+----5----+----6----+----7----+----8 
$      SID       CID      DOFX      DOFY      DOFZ     DOFRX     DOFRY     DOFRZ 
         1         0         1         1         1         1         1         1 
$ 
$ 
*BOUNDARY SPC SET 
$---+----1----+----2----+----3----+----4----+----5----+----6----+----7----+----8 
$      SID       CID      DOFX      DOFY      DOFZ     DOFRX     DOFRY     DOFRZ 
         2         0         1         1          
$ 
$ 
*Boundary_Prescribed_Motion_Set 
$---+----1----+----2----+----3----+----4----+----5----+----6----+----7----+----8 
$       ID       DOF       VAD      LCID        SF       VID     DEATH     BIRTH 
         2         3         2       111      -1.0 
$ 
$ applied Y-direction displacement 
*DEFINE_CURVE 
 111, 0, 1., 1., 0., 0. 
  0.0,     0.0 
  &Tend,   &MaxDisp 
  &Tend2,  &MaxDisp 
$ 
$ maximum time increment 
*DEFINE CURVE 
9,0,1.,1.,0.,0. 
   0.0,  &DtMax 
 &Tend,  &DtMax 
 &Tend2, &DtMax 
$ 
*Include 
fincyldp.k 
$ 
*Include 
fineShellPlates.k 
$ 
$ 
*CONTACT AUTOMATIC SURFACE TO SURFACE ID 
$---+----1----+----2----+----3----+----4----+----5----+----6----+----7----+----8 
$        |         |         |         |         |         |         |         | 
$#     cid                                                                 title 
         1                                            Plates to cylinder contact 
$---+----1----+----2----+----3----+----4----+----5----+----6----+----7----+----8 
$        |         |         |         |         |         |         |         | 
$     ssid      msid     sstyp     mstyp    sboxid    mboxid       spr       mpr 
       601         1         3         3 
$---+----1----+----2----+----3----+----4----+----5----+----6----+----7----+----8 
$        |         |         |         |         |         |         |         | 
$       fs        fd        dc        vc       vdc    penchk        bt        dt 
       0.1 
$---+----1----+----2----+----3----+----4----+----5----+----6----+----7----+----8 
$        |         |         |         |         |         |         |         | 
$      sfs       sfm       sst       mst      sfst      sfmt       fsf       vsf 
                        4.0E-3                 
$ 
*END 

 

Variations of this input file were used for all sets simulated including the validation set with the 

material and cylinder meshes changing accordingly.  
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B.2 - Cylinder Mesh Input File 

 

All cylinder mesh variations were generated from this base file using the T3D program. Different 

element sizes were specified in the conversion from the input to the output file. 

#FRP concrete cylinder with height=0.3 m and diameter=0.15 m 
 
vertex 1 xyz 0.0 0.0 0.075 
vertex 2 xyz 0.300 0.0 0.075 
vertex 3 xyz 0.0 0.150 0.075 
vertex 4 xyz 0.300 0.150 0.075 
 
#data points 
vertex 5 xyz 0.0 0.0525 0.075 
vertex 6 xyz 0.0 0.0975 0.075 
vertex 7 xyz 0.075 0.0525 0.075 
vertex 8 xyz 0.075 0.0975 0.075 
vertex 9 xyz 0.15 0.0525 0.075 
vertex 10 xyz 0.15 0.0975 0.075 
vertex 11 xyz 0.225 0.0525 0.075 
vertex 12 xyz 0.225 0.0975 0.075 
vertex 13 xyz 0.3 0.0525 0.075 
vertex 14 xyz 0.3 0.0975 0.075 
 
curve 101 order 4 vertex 1 3 
polygon 1 xyz 0.0 0.0 0.225 weight 0.3333333 
polygon 2 xyz 0.0 0.150 0.225 weight 0.333333 
curve 102 order 4 vertex 1 3 
polygon 1 xyz 0.0 0.0 -0.075 weight 0.3333333 
polygon 2 xyz 0.0 0.150 -0.075 weight 0.333333 
 
curve 103 order 4 vertex 2 4 
polygon 1 xyz 0.300 0.0 0.225 weight 0.3333333 
polygon 2 xyz 0.300 0.150 0.225 weight 0.333333 
curve 104 order 4 vertex 2 4 
polygon 1 xyz 0.300 0.0 -0.075 weight 0.3333333 
polygon 2 xyz 0.300 0.150 -0.075 weight 0.333333 
 
#data point curves 
curve 1 vertex 5 7 
curve 2 vertex 7 9 
curve 3 vertex 9 11 
curve 4 vertex 11 13 
curve 7 vertex 6 8 
curve 8 vertex 8 10 
curve 9 vertex 10 12 
curve 10 vertex 12 14 
 
curve 5 order 2 vertex 1 2 
curve 6 order 2 vertex 3 4 
 
patch 1 normal -1 0 0 boundary curve 101 -102 fixed vertex 5 fixed vertex 6 
patch 2 normal -1 0 0 boundary curve 103 -104 fixed vertex 13 fixed vertex 14 
surface 3 curve 101 6 103 5 
surface 4 curve 102 6 104 5 
 
region 1 boundary patch 1 -2 boundary surface 3 -4 size def fixed curve 1 fixed curve 2 fixed curve 3 fixed 
curve 4 fixed curve 7 fixed curve 8 fixed curve 9 fixed curve 10  
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B.3 - Shell Loading Strips Input File 
 

The loading strips mesh was generated using the T3D program using this input file. After 

generation, sets of nodes were created in LS-Prepost so that displacement loading and fixing of 

the loading and bearing strips respectively could be specified in the main input file. 

# Mesh of plates. Assume 4mm shell thickness 
 
#Bottom Support 
#vertices 
vertex 101 xyz 0.0 0.0675 -0.002 
vertex 102 xyz 0.300 0.0675 -0.002 
vertex 103 xyz 0.300 0.0825 -0.002 
vertex 104 xyz 0.0 0.0825 -0.002 
 
#Bottom Support Curves 
curve 1 order 2 vertex 101 102 
curve 2 order 2 vertex 102 103 
curve 3 order 2 vertex 103 104 
curve 4 order 2 vertex 104 101 
 
#facets 
#Bottom bottom 
patch 3 normal 0 0 -1 boundary curve -1 -2 -3 -4 output yes size def 
#Bottom top 
patch 4 normal 0 0 1 boundary curve 1 2 3 4 output yes size def 
 
#Top Support 
#vertices 
vertex 105 xyz 0.0 0.0675 0.152 
vertex 106 xyz 0.300 0.0675 0.152 
vertex 107 xyz 0.300 0.0825 0.152 
vertex 108 xyz 0.0 0.0825 0.152 
 
#Top Support Bottom Curves 
curve 5 order 2 vertex 105 106 
curve 6 order 2 vertex 106 107 
curve 7 order 2 vertex 107 108 
curve 8 order 2 vertex 108 105 
 
#facets 
#Top bottom 
patch 9 normal 0 0 -1 boundary curve -5 -6 -7 -8 output yes size def 
#Top top 
patch 10 normal 0 0 1 boundary curve 5 6 7 8 output yes size def 

 

 

 




